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We present a novel centrifugal microfluidic platform for the highly efficient manipulation and analysis

of particles for applications in bead-based assays. The platform uses an array of geometrical V-cup

barriers to trap particles using stopped-flow sedimentation under highly reproducible hydrodynamic

conditions. The impact parameters governing the occupancy distribution and capture efficiency of the

arrayed traps are investigated. The unique, nearly 100% capture efficiency paired with the capability to

establish sharply peaked, single occupancy distributions enables a novel, digital readout mode for

color-multiplexed, particle-based assays with low-complexity instrumentation. The presented

technology marks an essential step towards a versatile platform for the integration of bead- and

cell-based biological assays.
Introduction

Microfluidic systems offer a manifold of advantages such as

short diffusion times and precise control of (laminar) flow and

shear rate and therefore have the potential to leverage innovative

tools for biological assays and drug discovery.1 Typical appli-

cations are cell- and bead-based assays where it is mandatory to

capture particles in a well-defined manner and expose them to

a variety of conditions.2,3 In bead-based assays, specific capture

probes are immobilized on the surface of beads which are typi-

cally labeled by a unique spectroscopic fingerprint or distin-

guished by the fluorescent tag of a detection antibody. Using

conventional instruments, the handling of the suspended beads in

the assay protocol is rather straightforward. However, the

spectroscopic identification of the beads and the (simultaneous)

readout of the assay signal originating from their surface

constitute major microfluidic, optical and instrumental chal-

lenges. In most cases a complex and expensive apparatus akin to

commercial flow cytometry systems is required for detection.

Further issues arise from the miniaturization of bead-based

assays. In macroscopic systems, homogeneous assay conditions

can be assured by stirring, and reagents can be readily exchanged

by using filters or magnetic beads. In miniaturized systems, micro

particles can be captured using for example hydrodynamic

trapping in meander channels.4,5 Furthermore, beads can be

embedded in a matrix of a support material 6 or they can be

aggregated, e.g. in step- or weir-structures,7,8 and then exposed to

a sequence of reagents in flow-based schemes. Such bead
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aggregates are very difficult to control in three dimensional

microcavities and also lead to a high fluidic resistance. They are

commonly prone to display statistical voids and noticeable

fractions of the layers may even be missing, in particular at the

ceiling of microfluidic channels. Due to the interplay of the

laminar flow conditions prevailing in microstructures, the para-

bolic Poiseuille flow profile and the commonly rather wide pore

size distribution in the bead aggregate, a considerable spread

between the individual assay conditions for each bead is thus

very common. This intrinsic lack of hydrodynamic control

severely affects the biochemical assays, e.g. through the total

amount of sample passing across the surface of beads, the

binding kinetics and the efficiency of washing due to uncon-

trollable, local variations of fluid shear.

In the overall context of (multiplexed) bead- and also cell-

based assays, this paper introduces a novel strategy for the

capture, retention and treatment of particles which will also

facilitate a digital mode for counting and ID of the particle

content in a given aliquot. Several methods for bead or cell

trapping have been reported in the past. Common methods are

dielectrophoretic trapping (DEP) and hydrodynamic trapping.

Yang et al.9 showed a setup comprising of two parallel channels

separated by a dam structure where cells were trapped due to the

flow between the two channels. Di Carlo et al.10 presented an

array of capture elements using a pressure driven flow. These

capture elements were designed to leave a 2-mm gap in the vicinity

of the eventual capture location to promote liquid flow through

the capturing elements. Skelley et al. advanced this approach to

retain two different cells in each capturing site for cell pairing.11

A similar technique was also used by Khoury et al. for on-chip

culturing of human stem cells.12 Kim and coworkers recently

published a chip for trapping bacteria from a pressure driven

flow.13 Gravity driven sedimentation approaches to capture cells
Lab Chip, 2012, 12, 1289–1295 | 1289
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in microwells have also been investigated in the past.14,15 Lee

et al. developed a system using the artificial gravity created in

a centrifugal microfluidic system to trap cells.16 In their system,

a cell suspension was flown through a radially sloped channel

with pockets in the side walls where the cells were trapped under

the impact of the centrifugal force. Martinez-Duarte et al.

showed a DEP filter integrated on a centrifugal microfluidic

platform, using carbon electrodes to filter cells.17 Another

centrifugal microfluidic structure using DEP for cell separation

was presented by Boettcher et al.18

Centrifugal microfluidic systems offer unique solutions for

sample preparation and liquid handling. Various functions such

as valving, metering, mixing, diluting and particle separation

have been shown in the past.19–21 Furthermore, this technology

enables development of low cost point of care devices.22

In our novel scheme, suspended particles such as 20-mm

polymer beads are captured in an array of V-cups under stopped-

flow conditions, i.e. by mere sedimentation, during fast rotation

of the disc-shaped substrate. Compared to typical, flow-driven

capture schemes, our new method utilizes microfluidic structures

which are easier to manufacture (e.g. no vertical gaps are

necessary to promote flow through the cups), does not need to

connect to periphery such as external pumps, and offers an

unprecedented level of capture efficiency. Furthermore, the

scheme presented here with beads is also applicable to cells. The

influence of the ratio between the particle size and the active

capturing zone of the V-cups on the particle occupancy per cup

and the overall capture efficiency are investigated. We found that

the particle count distributions can be tuned to a sharp peak at

a single occupancy per V-cup. Such single occupancy distribu-

tions introduce highly homogeneous and reproducible assay

conditions for bead- and cell-based assays. This novel particle

capture scheme is the most critical element towards a compre-

hensive platform for capturing and analyzing beads and cell

populations on a centrifugal platform.
Fig. 1 PDMS disc with four identical fluidic structures used in this work.

The position of one capturing array is marked by the red square.
Experimental method & materials

Device fabrication

All devices used in this work have been fabricated in PDMS

(Sylgard 184, Dow Corning GmbH, GERMANY). Molds for

PDMS casting are surface micromachined using a combination

of SU8-3025 (Microchem, USA) for manufacturing the V-cup

array and dry film resist (WBR 2100, DuPont, USA) for the

reservoirs. To this end, a 30-mm layer of SU-8 is spin-coated onto

a 40 0 silicon wafer and baked on a level hot plate at 95 �C for

14 min Subsequently, the wafer is exposed to UV light (exposure

energy 280 mJ cm�2) using a mask aligner (MA56, S€uss Micro-

Tec, GERMANY). To minimize the taper angle of the side walls,

wavelengths below 350 nm have been suppressed using a long

pass filter (PL-360-LP, Omega Optical, USA). Post exposure

bake (PEB) has been performed at 95 �C for 3 min. Next, the SU-

8 has been developed using standard developing solution and

hard baked for 1 min at 150 �C. In a second step two layers of dry

resist are laminated on top of the SU-8 at a roll temperature of

95 �C to create a layer with a total thickness of 200 mm. In the

following step, the dry film is exposed to UV light (energy density

of 440 mJ cm�2). After exposure the wafer is baked on a hot plate
1290 | Lab Chip, 2012, 12, 1289–1295
at 100 �C for 1 min. Unexposed resist is removed in a bath of

1.6% K2CO3. To avoid sticking of PDMS to the mold, the wafer

has been coated by immersing it for 2 h in Hexane (Sigma

Aldrich, IRELAND) with 10 mM Octadecyltrichlorosilane

(Sigma Aldrich, IRELAND), rinsed withMethanol and baked at

100 �C on a hotplate for 1 h, thus creating a hydrophobic anti-

sticking coating.

To replicate this template, PDMS was mixed in ratio of 5 : 1

(base to curing agent by weight), poured on the mold and

degassed under vacuum for 20 min. The PDMS was then

partially cured in the oven at 85 �C for 15 min and removed from

the mold. Access holes have been punched into the PDMS slab.

The disc was sealed with a blank PMMA disc exhibiting a spin

coated layer of PDMS in a ratio 20 : 1 (base to curing agent by

weight) on its surface which has been cured in the oven for 20

min. The PMMA-PDMS assembly was eventually baked at

85 �C for 3 h to establish irreversible bonding.23 Fig. 1 shows one

of the discs used in this work.

Preparation of microfluidic chip

The microfluidic structures used in this work contain arrays with

a density of capturing elements ranging between 180 and 340

elements per mm2, depending on the size of the V-cups. Each

chamber contains 1350–3500 single capture elements. To assure

complete and bubble-free filling, the device is placed in a vacuum

prior to introducing the liquids.24 A computer controlled motor

(Faulhaber Minimotor SA, SWITZERLAND) sets the spin rate

of the disc. Imaging during rotation was achieved using a highly

sensitive camera (Sensicam qe, PCO, GERMANY) attached to

a motorized 12x zoom lens (Navitar, USA) in a setup similar to

the one presented by Grumann et al.25

Working principle

The system presented in this work is based on the sedimentation

of particles in a suspending medium due to the influence of the

centrifugal force and subsequent mechanical trapping of the

particles in an array of mechanical traps. The array comprises
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Medium exchange in v-cup chamber. The chamber is completely

filled with a first liquid (red) (a). The disc is then stopped and a second

liquid (green) is introduced (b). Subsequent spinning of the disc transfers

the second liquid into the array chamber where the first liquid is

completely replaced (c–d). Scale bars are 1 mm.
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of a staggered arrangement of v-shaped cups with each subse-

quent line shifted by 1/3 of the center-to-center distance l

between two neighboring cups. This arrangement eliminates free

radial pathways between the sample inlet and the bottom of

the chamber. Initially, the array is completely filled with pure

liquid.

Beads are then introduced radially inwards from the cup array.

Rotating the disc induces a radially directed sedimentation of the

beads which are denser than the surrounding liquid. The

capturing chamber is designed such that there is no flow of liquid

during the capturing process, i.e. capturing is performed under

stagnant flow conditions. When a bead sedimenting into the

array hits a cup sufficiently close to its center, the bead becomes

mechanically trapped. The capturing and medium exchange

process is shown in Fig. 2 and 3, respectivly to illustrate the

working principle.

The size of the cups determines the number of beads it can hold

and hence the occupancy can be adjusted ranging from single to

multi-bead occupancy depending on the ratio Rc ¼ dC/dB of the

active capturing cross section of the cups dC and the diameter of

the beads dB.

Since the particles sediment in a stagnant liquid, our new

method overcomes a major drawback of pressure driven

capturing schemes. This drawback is linked to the continuity of

streamlines which diverge around obstacles and hence drag the

particles around the capturing elements. This effect has previ-

ously been suppressed in part by introducing small gaps in the

capture elements, e.g. slits or vertical gaps between the top of the
Fig. 2 Bead capturing and procedure for medium exchange. (a) Introduction

sedimentation. (b) Particle suspension is filled in the central reservoir and the

liquid in the capturing array and the sedimentation of the beads (b, c) (until t

bead capturing chamber can be displaced by introducing a second liquid in

chamber, resulting in the rise of the liquid level above the crest point of the siph

of the second liquid is larger than the volume of the capturing chamber, th

successively in order to expose the particles to different reagents. Image g ill

sequence h–k shows the capturing of 20-mm PS beads in an array of cups with

red and green arrows show the sedimentation and deflection of beads along th

also available as supplementary information. Scale bars are 50 mm.

This journal is ª The Royal Society of Chemistry 2012
trapping structures and the lid.10,12,13 These sieve-like openings

are too narrow for the particles to pass, but they do add flow

components directed through the center of the capturing

elements.

However, in particular for small, micron-scale beads, these

structures are rather complex to manufacture and tend to result

in only a slightly improvement of the capture efficiency. In recent

experiments on pressure driven cell capturing, Kim et al.
of a small volume of liquid to fill the capturing array and to enable particle

disc is spun, resulting in a transfer of the particle suspension on top of the

his point there is no flow of liquid through the array). The medium in the

the reservoir and spinning the disc. The liquid flows into the capturing

on. This leads to a liquid flow into the waste reservoir (d, e). If the volume

e liquid volume in the chamber is exchanged (f). This can be repeated

ustrates the capturing principle and forces acting on the beads while the

Rc¼ 1. The yellow arrow shows the capturing of a bead in a cup while the

eir approach of already occupied cups. A video of the capturing process is

Lab Chip, 2012, 12, 1289–1295 | 1291
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reported maximum capture efficiencies of particles as low as

1%,13 whereas our system can be readily configured to achieve

a theoretical capture efficiency of 100%.Our experimental results

come indeed very close to the theoretical limit.

To enable washing, treatment and staining of the captured

particles, the medium in the V-cup chamber is exchanged via

a siphon-based mechanism. The radial position of the crest point

of the siphon sets the maximum filling level of the V-cup

chamber. So adding an amount of liquid corresponding to the

dead volume of the array chamber will prime the siphon past its

crest point and completely replace the original medium

surrounding the beads under the prevalent laminar flow condi-

tions in our microfluidic system. While keeping the flow rates

during the exchange sufficiently low, the vast majority of beads

remain trapped.
Bead-based immunoassays

The particle suspensions used for the immunoassays consisted of

20-mm polystyrene beads (Microparticles GmbH, GERMANY)

diluted in PBS with 5% Bovine Serum Albumin (BSA) (Sigma-

Aldrich, IRELAND) to reduce agglomeration and sticking to the

PDMS. All immunoassay experiments have been carried out

using three colors of 20-mm polystyrene beads. Each color

corresponds to a different IgG coating: mouse anti-ERa IgG (sc-

8002, Santa Cruz, USA) (white PS beads), human IgG (MS143,

Biomeda corp., USA) (red PS beads) and rabbit Anti-fd Bacte-

riophage IgG (B2661, Sigma-Aldrich, IRELAND) (blue PS

beads). The analyte for the immunoassay contained goat-anti-

mouse antibodies (Ab, IgG1) labelled with Alexa Fluor 488

(A11001, Invitrogen, USA), goat anti-human Ab (IgG2) labelled

with Alexa Fluor 488 (A11013, Invitrogen, USA) and goat anti-

rabbit Ab (IgG3) labelled with Atto 488 (A11008, Invitrogen,

USA).

For the bead-based immunoassays capture array comprising

of cups with an active capture zone diameter of 20 mm have

been used in order to induce distributions which are sharply

peaked at single bead occupancy. In a first step, the array region

has been filled with 2 ml of PBS buffer with 5% BSA. Next 2 ml

of bead suspension (�2000 beads ml�1) has been filled in the

bead reservoir. The disc was immediately spun at 20 Hz in order

to transfer the bead suspension in the array chamber and

capture the beads in the V-cups. Shake mode capturing was

applied to achieve single bead occupancy per cup. After the

capturing step, the disc was stopped and 8 ml of analyte (con-

taining IgG1, IgG2 or IgG3) was pipetted into the sample

reservoir. The disc was then rotated again at 20 Hz, leading to

a flow of the analyte into the array chamber accompanied by

the displacement of the initial liquid through the siphon channel

into the waste chamber. After the full substitution of the first

liquid, the disc is stopped and incubated at room temperature

for 90 min.

Following the incubation step, the array is washed 3 times with

8 ml PBS buffer containing 0.1% BSA to remove all unbound

antibodies. Subsequently, the fluorescence of the beads is

measured using an inverted fluorescence microscope (IX 81,

Olympus, Japan) with a FITC-compatible filter.
1292 | Lab Chip, 2012, 12, 1289–1295
Results and discussion

Characterization of particle capture

To characterize the influence of the ratio of the active capturing

cross-section of the V-cups to the bead diameter on the occu-

pancy distribution of the trapped beads, discs with three different

cup sizes (dc ¼ 14 mm, 20 mm and 32 mm) were prepared and

tested with 10 mm and 20 mm diameter particles, respectively. We

observed that the spinning frequency does not have a decisive

impact on the capture efficiency, but only on the time required

for the sedimentation of the particles. Therefore, all subsequent

experiments were run at the same rotational frequency of 20 Hz.

It was also observed that a ‘‘shake mode’’ step was advantageous

to narrow the occupancy distribution. To this end the following

spinning protocol has been used:

1. Bead capturing at 20 Hz

2. Shake mode (acceleration 75 Hz s�1, 40 Hz for 10 s, decel-

eration 75 Hz s�1, 2 Hz for 10 s, 30 cycles)

The results for 10-mm silica bead experiments show that for

a ratio RC ¼ 1.4, 94% of all occupied cups contain a single bead,

while only 0.8% of all cups remained empty. Increasing RC to 2

leads to a broader occupancy distribution characterized by 57%

and 26.6% of single and double occupancy, respectively, and only

2.7% of all cups are left empty. It is to be noted that in particular

the number of empty cups also depends on the absolute number

of introduced beads. Moving RC further up to 3.2 shifts the

maximum of the significantly broadened occupancy distribution

to 8 beads per cup. For RC ¼ 1, 99.5% of all occupied cups

contain a single bead. Increasing RC to 1.6 leads to a wider

distribution where 48.8% are occupied by one bead, 27.7%

contain 2 beads and 11% contain 3 beads. The results are shown

in Fig. 4.

These results demonstrate that it is possible to influence the

number of trapped beads per cup by adjusting the ratio between

particle diameter and capturing area of the cups. While the

occupancy distribution for increasing Rc widens, the distribution

shows a sharp peak for Rc values of 1 and 1.4 with > 94% single

occupancy. This demonstrates that a high percentage of single

occupancy can be achieved, even if Rc varies. This is important

considering that biological cells are polydisperse, i.e. a pop-

ulation exhibits a wider size distribution. Capturing single

particles in well-defined locations is an important capability to

enable single-cell or bead-based assays as well as particle

counting.

Particle capture efficiency

The particle capture efficiency was assessed using 20-mm PS

beads and cups with Rc ¼ 1 to establish a sharp, single-occu-

pancy distribution. Suspensions with various bead concentra-

tions were then introduced into the disc and captured using the

following protocol:

1. Spinning at 20 Hz for 4 s - clockwise

2. Spinning at 20 Hz for 1 s - counterclockwise

3. Shake mode

The capture efficiency was then determined using the following

methodology: the total number of all beads (bT) entering the

array was counted in each experiment. Additionally the amount

of captured (bC) and by-passing (bB) beads was counted. The
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Occupancy distribution for different cup sizes with 10-mm silica beads (a–c) and 20-mm PS beads (d and e). a) Capture elements with a 14-mm

active capturing area. 94% of all occupied cups contain a single bead. Only 0.8% of all cups remained empty. b) Increasing the active capturing area to

20 mm leads to a broader occupancy distribution, and only 2.7% of all cups stayed empty. c) Occupancy distribution for cups with a 32-mm capturing

area. The maximum of the distribution shifted to 8 beads per cup, leaving 0.9% of all cups empty. d) RC ¼ 1, 99.7% single occupancy and only 5% of all

cups empty. e) RC ¼ 1.6, 48.8% are occupied by a single bead and 27% contain 2 beads. Insets show typical bead distributions in the capture array.

Fig. 5 Bead capture efficiency and array occupancy depending on the

amount of beads presented to the array. The dashed line indicates the

total number of cups in the array.
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term by-passing beads describes beads which travel along the side

wall of the capturing chamber and cannot be captured due to the

absence of V-cups at the side wall.

Introducing cups on the side wall would result in agglomerates

of beads in their vicinity. Typically, 3-5% of all beads entering the

array bypassed the cups. For applications where high capture

efficiency is of paramount importance, bypassing beads could be

largely eliminated by increasing the width of the capture array.

The capture efficiency was then calculated using the following

formula:

Capture efficiency ¼ bc/(bT � bB)

Additionally the array occupancy was also calculated:

Array occupancy ¼ bc/nc

Whereas nC is the total number of cups in the array. For all

capture efficiency experiments nC amounts to 1358.

These results show the very high capture efficiency of the

stagnant flow scheme. For low bead concentrations, i.e. a ratio of

beads to cups (Rbc) � 1, the capture efficiency is close to 100%

and even for a ratio of 0.78 the capture efficiency is still above

90%. For Rbc ¼ 0.95, 86.9% of all beads are captured and 83% of

the array are occupied (Fig. 5). The fact that the capture effi-

ciency is high for a low bead-to-cup ratio but decreases when the

ratio approaches unity underlines the importance of a homoge-

neous bead distribution over the whole extent of the array. This is

necessary to assure that all beads are trapped because they

always encounter an unoccupied cup before leaving the array.
This journal is ª The Royal Society of Chemistry 2012
With the here presented setup, a Rbc of 0.46 results in a capture

efficiency of 99.1% which demonstrates the feasibility of per-

forming a full particle count with high accuracy. Methods to

improve the particle distribution are currently investigated since

increasing Rbc while at the same time maintaining a high capture

efficiency would allow to reduce the footprint of the array.

Multiplexed, bead-based immunoassay

Due to the intrinsic advantages of the sedimentation-based

V-cup array technology such as highly reproducible hydrody-

namic conditions and the arrayed presentation of beads in
Lab Chip, 2012, 12, 1289–1295 | 1293
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Fig. 6 Image sequence of a multiplexed immunoassay using colored beads. In each case all beads have been exposed to one secondary IgG (anti-rabbit,

anti-human and anti-mouse). a) and b) Beads exposed to anti-rabbit IgG which only attach to the beads coated with rabbit IgG (blue beads). c) and d)

Analyte contains anti-human IgG which only attaches to beads coated with human IgG (red beads). e) and f) beads coated with mouse IgG (white)

exposed to anti-mouse IgG.

Fig. 7 Calibration curve for on-disc immunoassay for goat anti-human

IgG.
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a single focal plane, this platform is well suited for bead-based

immunoassays with low-complexity instrumentation compared

to complex, sheath-flow based commercial flow cytometers. In

order to demonstrate this unique capability, a single-step anti-

body assay has been chosen. 20-mm polystyrene beads have been

coated with antibodies and the assay has been performed

according to the protocol described previously.

Fig. 6 represents the results of the assay, where the beads have

been captured and subsequently exposed to an analyte solution

containing one secondary antibody. The calibration curve

obtained for the assay using beads coated with human IgG and

anti-human Ab in the analyte is shown in Fig. 7. Due to the fact

that the beads are individually located in a well-defined array

within the same focal plane, readout of the assay is straight

forward and multiplexing can easily be achieved by using beads

of different colors corresponding to the surface-immobilized

antibody. The main constraints are that the color of the beads is

well distinguishable and that none of the dyes used to color the

beads is auto fluorescent at the same wavelength as the fluo-

rophore attached to the detection anti bodies.

With this approach only one fluorescent dye, i.e. only one light

source and set of filters is needed for the detection and hence the

cost for the readout instrument can be notably reduced.
Conclusion and outlook

In summary we presented a novel, centrifugal microfluidic plat-

form for highly efficient trapping, distribution and treatment of

beads using sedimentation under stagnant flow conditions. The

experiments show that our platform is capable of very high
1294 | Lab Chip, 2012, 12, 1289–1295
capture efficiencies (close to 100%) paired with a high array

occupancy. The maximum as well as the width of the particle

occupancy distribution are primarily governed by the ratio

between the bead diameters and the characteristic length scale of

the active capture site as well as the protocols of the rotational

frequency. The here presented, arrayed alignment of individual

particles in the same focal plane greatly facilitates detection and

readout of signals from the particles. Furthermore, it assures

homogeneous assay conditions across the entire bead

population. We also demonstrated the capability of our novel

platform to perform color-multiplexed, bead-based immunoas-

says. Future work will concentrate on applying these capabilities

to clinically relevant, disease-specific test panels featuring mul-

tiplexed immunoassays with integrated sample preparation. Also

cell detection and screening will be implemented.
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