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Abstract

This paper proposes a new dynamic mode of generating bioanalytical arrays in microfluidic systems, based on ultrasonic trapping of
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icrobeads using acoustic forces in standing waves. Trapping of microbead clusters in an array format within a flow-through device
trated for the first time using a device with three integrated ultrasonic microtransducers. The lateral extension of each trapping site
ially determined by the corresponding microtransducer dimensions, 0.8 mm× 0.8 mm. The flow-through volume was approximately 1�l and
he trapping site volumes about 100 nl each. The strength of trapping was investigated, showing that 50% of the initially trapped bea
rapped at a perfusion rate of 10�l/min. A fluorescence based avidin bioassay was successfully performed on biotin-coated microbead
n the flow-through device, providing a first proof of principle of the proposed dynamic arraying concept. The dynamic arraying is
o be expandable to two dimensions, thus, with a prospect of performing targeted and highly parallel protein analysis in microfluid

2004 Elsevier B.V. All rights reserved.
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. Introduction

With the sequencing of the human genome being com-
leted, the task of mapping the proteome has been outlined
s the next major milestone in life science research. Although

he global proteome mapping effort is an important goal, yet
ore targeted protein expression investigations, closely re-

ated to disease development are still gaining the attention
rom a majority of the biomedical proteomic research com-
unity [1]. A recent trend is the search for biomarkers in
iofluids derived from diseased tissue or natural secrets from
rgans related to or involved in the disease progress[2]. It

s envisioned that the identification and abundance mapping
f biomacromolecules/biomarkers involved in early disease
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states may very well provide a new approach to clinica
agnostics and/or an efficient route to the development of
drugs and disease treatments[3,4].

In line with the discovery of new biomarkers being ea
indicators of disease development, the need for techniqu
screen samples for such biological components will incr
proportionally. Hence, the recent and very intense deve
ment in the area of protein arrays[5,6]. Although, much focu
has been put on the development of global protein mic
rays analogous to DNA arrays[7], protein arrays composin
directed biological questions may very well provide equ
important information and in a more targeted approach
swer the questions related to a biological pathway or a g
disease through out its progress.

In order to successfully develop protein arrays, h
quality affinity probes directed against the specific p
teins/biomarkers that correlate to the disease state are n

925-4005/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Illustrations of the concept of dynamic arraying showing insertion of the solid phase of different specificity (a) through inlets (A, B,. . ., X), trapping
of antigen specific bead clusters using the ultrasonic transducer array (b) and perfusion/incubation of sample (c) through inlets (1, 2,. . ., Y) followed by
fluorescence read-out.

Thus, the development of antibody libraries has become a
specific area of interest with several industrial players. Once
the desired antibody library is developed and available, a tech-
nology for arraying these compounds for parallel read-out has
to be presented. Today, ink-jet technology is one of the most
common ways of producing two-dimensional arrays of bio-
logical compounds[7–9]. Individual antibodies can thus be
deposited in an array pattern onto a flat surface, e.g. a glass
slide, which is chemically modified to facilitate efficient im-
mobilisation of antibodies[6]. These types of protein arrays
are disposable, enabling a single screening of one biologi-
cal sample for a given set of antibody–antigen interactions.
Bioassays for protein identification in microfluidic systems
using microbeads as the solid phase for immobilisation of an-
tibodies have previously been performed by several groups,
utilising the increased surface area, and thus the high binding
capacity of the beads as compared to solid surfaces[10,11].

The use of functionalised microbeads for performing
highly sensitive bioassays is an attractive approach to tar-
geted protein analysis. In order to perform such assays in a
flexible and reusable format, means of trapping and manipu-
lating microbeads in microfluidic systems are sought. Several
authors have in the past demonstrated manipulation and sep-
aration of particles or cells in fluidic systems by making use
of acoustic forces in standing waves[12–15]. Acoustic sepa-
ration of microparticles in micromachined devices has been
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gives way for the creation of individually controlled trapping
sites along the length of a flow channel, thereby providing
means for the formation of biospecific bead cluster arrays.

This paper proposes a new dynamic mode of generating
protein arrays using ultrasonic forces to trap the solid phase,
making the simultaneous screening of a whole set of dif-
ferent biological samples possible. By performing the anti-
body/antigen interaction on chemically activated microbead
clusters in a laminar streaming microfluidic system rather
than on solid surfaces and by trapping such bead clusters of
different antigen specificity (A, B,. . ., X) in an array pattern
using acoustic forces, one can address each bead cluster array
with an individual sample stream (1, 2,. . ., Y), as illustrated
in Fig. 1. In this way, the solid phase (bead cluster), on which
the bioassay is performed, can be disposed after completed
analysis by simply switching off the bead trapping forces and
displacing the beads from the analysis zone. After loading a
new set of bead clusters into the array, the next assay can be
performed. The concept of dynamically generated protein ar-
rays can in principle be integrated and controlled in a closed
microfluidic system that is highly amenable for automation.
A core of the proposed protein array technology is the de-
velopment of means for individually controlled trapping and
release of microbead clusters.

The present work demonstrates a bead trapping microarray
consisting of three piezoelectric microtransducers integrated
i rray
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b flow
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a
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eported[16]. It has been shown that cavitation, and rela
etrimental damage of biomaterial, can be avoided by

ng high frequency ultrasound above 1 MHz[17]. Thus, it
s possible to use the same principle to extract erythro
rom blood plasma and to eliminate fat particles from bl
18]. Neither of the above papers has however addresse
ssue of trapping beads or particles in streaming micr
dic systems in order to perform bioassays. The possib
f trapping beads in a capillary using a focused ultras

ransducer has been studied to enable separation and
ion of trace amounts of proteins[19,20]. The trapping wa
erformed by generating a standing wave in the length d

ion of the fluid flow through the capillary. A recent rep
rom our group[21] describes the design and developm
f a microfluidic device with integrated piezoceramic mic

ransducers for localised and spatially controlled ultras
article trapping. The integration of several microtransdu
-

n a microfluidic channel. The successful loading of an a
nd individual control of the bead clusters is demonstr

or the first time. The strength of the acoustic trap, i.e. los
eads during streaming conditions at different perfusion
ates is reported. Finally, a model bioassay using fluores
abelled avidin binding to biotin-coated beads is perfor
n the device, demonstrating successful on-line bead trap
nd biochemical read-out in a flow-through format.

. Experimental

.1. Microarray device

The fabrication of the ultrasonic microarray device
een presented and discussed in detail in a previously

ished paper[21], and is thus only briefly presented here
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Fig. 2. Two trapping sites, I and II, designed as acoustic microresonators
consisting of glass reflector (a), fluid layer (b), multilayer ultrasonic trans-
ducer (c), baffle (d) and air backing (e). The close-up shows a simplified
view of the configuration of trapped bead clusters (f) at one of the trapping
sites. Beads are trapped by acoustic forces (arrows in circular insert) due to
pressure gradients in the fluid layer.

The device comprises an array of three individually address-
able bead-trapping sites. Each trapping site is designed as an
acoustic resonator consisting of a miniature ultrasonic trans-
ducer and a reflector, enclosing a bead conducting fluid layer.
The resonator is designed to essentially obtain a pressure
node in the middle of the fluidic channel above the trans-
ducer, keeping the particles away from the interior channel
surfaces. The function is illustrated inFig. 2, showing a cross-
section of a resonator array. Previous work[21] has shown the
existence of regions with strong laterally confining acoustic
forces in the near field of the transducers that facilitate bead
cluster trapping, since forces acting on the particles are pro-
portional to gradients in the acoustic energy density[22].

The evaluated device, shown inFig. 3, consisted of a mi-
crostructured SU-8/glass channel plate clamped to a printed
circuit board (PCB) carrying the transducer array as well as
the electrical and fluidic connections. The piezoceramic mi-
crotransducers were batch fabricated using a multilayer thick
film prototyping process[23], based on computer numeri-
cally controlled (CNC) milling. Three transducers (0.8 mm
× 0.8 mm× 0.2 mm) were mounted on the PCB, electrically
connected to copper conductors and covered with epoxy. The
epoxy was polished down to the surface of the piezoceramic
elements after hardening, yielding a plane upper surface. Mi-
crostructured fluidic channel plates connecting to the fluid
inlets on the plane polished transducer board were batch fab-
r ime
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channel system is shown in the insert inFig. 4, where beads
were injected in (a), adjacent to the inlet for washing fluid
(b). Beads and washing fluid were passing the transducers
in the main flow channel, ending up in a common outlet (d).
Sample was injected in an orthogonal flow channel with an
individual inlet (c) and outlet (e), at the position of one of the
three transducer elements (f). After filling the fluidic structure
with water, excessive fluidic connections were sealed before
injecting the beads.

The imaging was performed using a fluorescent
microscope2 supplied with a mercury light source and filters
yielding exciting light at 470–490 nm and detecting light at
about 515 nm, adapted for fluorescein isothiocyanate (FITC).
The shutter was normally closed and opened only during the
image captures. Also a confocal imaging system3 was utilised
for parts of the experiments.

2.3. Chemicals

Polystyrene beads4 (6.7�m mean diameter) with immo-
bilised biotin were used in the bead trapping experiments.
Also FITC-marked melamine beads5 (5�m mean diameter)
were used in parts of the evaluation. A 23�M solution of
avidin6 conjugated with FITC was prepared by dissolving
the lyophilised powder in distilled water.

2
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icated by lithographic structuring of SU-8 on a soda l
lass substrate followed by dicing. External fluidic conn

ions were made on the backside of the PCB. After pol
ng the piezoceramic material, the transducer elements
onnected to a function generator1 through a control box
nabling fast switching of the drive signal to either elem

.2. Microfluidic and imaging system

The microfluidic system was arranged as illustrate
ig. 4. Beads were manually injected through 0.25 mm
er diameter polyetheretherketone (PEEK) tubing usi
yringe. Distilled water (washing fluid) and sample was
ected through 0.3 mm inner diameter Teflon tubing u
wo syringe pumps. The configuration of the microfabrica

1 HP 33120A, Hewlett-Packard, USA
.4. Bead trapping and detection

Beads were injected in the water-filled channel, and
ucted to the trapping site by a fluid flow of 3�l/min supplied

rom the wash inlet. One transducer element was activ
rapping the beads. The frequency generator was set at
ring a 10.8 MHz, 10 V p-p sinusoidal signal. The stren
f trapping was evaluated by imaging the bead loss u

ncreasing fluid flow. The fluid flow was increased in st
f 2�l/min until no beads were visible in the region over

ransducer element. To deal with stray light, a reference
ge of the empty trap was captured and the intensity in
oint was subtracted from captured images.

The possibility of moving beads between the three t
ing sites was studied by sequential trapping. Due to
uced fluorescence in the epoxy surrounding the trans
lements, more strongly fluorescent melamine beads
tilised in this experiment to allow imaging of the compl
rray. Beads were injected and conducted to the first trap
ite using a fluid flow of 3�l/min, which was maintaine
hroughout the experiment. Beads were trapped by th
ivation of the first transducer. The driving signal was t
witched to the second transducer, to which the flowing

2 Olympus BX51WI, Japan
3 Olympus BX61WI with an FV300 confocal unit, Japan
4 PC-B-6.0, Gerlinde Kisker, Germany
5 Fluka 90641, Sigma–Aldrich Co., USA
6 Sigma A2901, Sigma–Aldrich Co., USA
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Fig. 3. Assembled device with the array of three transducers visible through the glass window.

conducted the beads. The procedure was repeated for the third
transducer element before releasing the beads to the outlet.

2.5. Bioassay

A bead-based biotin-avidin assay was performed us-
ing one of the array trapping sites of the device. Biotin-
coated beads were loaded into the trapping site and
trapped as described above. The bead carrying flow was
turned off, the common bead/wash outlet valve closed
and the sample outlet valve opened. Avidin was per-
fused at 3�l/min over the trapped beads through the
sample channel and the fluorescent response was cap-
tured at time intervals of 5 s. After almost 2 min, the
avidin flow was stopped, the valves switched and the
washing fluid perfused at 3�l/min for 40 s before re-
leasing the beads. The perfusion of avidin was studied
in a similar experiment repeated using an “empty” trap,
i.e. without the insertion of beads. To diminish the ef-
fect of surrounding streaming and unbound avidin, the
captured images of the beads were masked (using the
same mask for each picture in a series), and the inten-

F condu ed in on
t trolled the insert
( ads.

sity was thereby measured over particularly stable bead
clusters.

3. Results

3.1. Bead trapping

The channel height was 71�m as measured by confo-
cal imaging. Trapped particles in the channel were mainly
positioned in the centre of the channel, 36�m above the trans-
ducer. A small fraction of the particles was often found on the
surfaces of the transducer and glass reflector. The lateral bead
distribution was studied using the fluorescence microscope.
A typical lateral bead distribution is shown inFig. 5, where
fluorescent beads are trapped in clusters in the fluid over
the transducer element. Upon increasing fluid flow, bead
clusters were pulled away from the trapping site (Fig. 6) with
the measured relative bead area versus fluid flow plotted in
Fig. 7.

The trapping of bead clusters by sequential activation of
the three trapping sites is shown inFig. 8. Due to exposure
setting of the microscope, the beads appear smeared out when
ig. 4. Microfluidic and imaging set-up. Beads were injected in (a) and
he orthogonal flow channels (c)→ (e). The outlets (d) and (e) were con
f). A fluorescence microscope was used to monitor the trapping of be
cted to the trapping site by using washing flow (b). Sample was injecte of
by valves (X). The positions of the transducer elements are shown in
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Fig. 5. Trapped bead clusters (lighter) above a single transducer element.
The figure area covers essentially one transducer element.

moving from one trapping site to another (Fig. 8(b), (d) and
(f)).

3.2. Bioassay

The fluorescent intensity read-out of the bioassay over
selected bead cluster areas is plotted inFig. 9 (a). A similar
fluorescence measurement sequence of avidin flowing into an
“empty” trap, i.e. without trapped beads, is plotted inFig. 9
(b).

4. Discussion

In order to enable fast switching of bead clusters and to
minimise carry over from one bioassay to the next, it is essen-
tial to optimise the clearance of beads between subsequent
assays. Thus, the bead clusters should preferably be trapped
in the centre of the flow channel as this location has the high-
est flow and as the beads have no physical contact with the
channel wall. The design of the microresonator with inte-
grated miniature transducer elements in direct contact with
the thin bead-conducting fluid layer has been shown to gen-
erate a pressure distribution with essentially a pressure node
in the centre of the channel, together with periodic lateral
pressure variations due to near field effects[21]. The mea-
surements using confocal imaging confirmed that the beads
w wed
t ducer

d flow (

Fig. 7. Relative bead area of trapped beads vs. flow for three measurements
(�, × and©).

and reflector surface. This can also be seen inFig. 8 where
some beads were stuck at the middle trapping site during
sequential trapping. It is anticipated that the position of the
beads can be adjusted to be completely kept away from the
walls by optimised driving conditions, and that improvements
in transducer manufacturing will diminish individual varia-
tions between array elements. Also, by a proper selection of
buffer systems, surface adherence can be substantially sup-
pressed. The effect of the acoustic near field on the trapping
behaviour is identified inFigs. 5, 6 and 8, where beads are
shown to gather in clusters above a single transducer element.
This implies that the distribution of beads in the trap will be
influenced by the bead injection procedure. In the present
device, beads were injected using a syringe and transported
to the trapping site using flow from the wash inlet. Upon
reaching the trapping site, the transducer was activated and
beads were trapped. Beads were then sometimes still being
supplied from the bead-carrying flow, giving a higher concen-
tration of trapped beads to the left in the bead trap, as inFig. 6
(a). This also explains the trapping behaviour during sequen-
tial trapping. In the bead trapping sequence, the drive signal
was switched to the next array element instantaneously, and
beads were therefore trapped upon entering the trapping site
from the left. The sequential trapping series shown inFig. 8
indicated that few beads were lost when switching between
different trapping sites. Beads released from one transducer
e due
ere trapped in the middle of the channel, but also sho
hat a small fraction of beads were present at the trans

Fig. 6. Bead trapping at increasing flui
 a) 3�l/min, (b) 11�l/min and (c) 17�l/min.

lement passed in the direct vicinity of the next element
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Fig. 8. Sequential trapping of beads in the microchannel (a, c and d). A
continuous fluid flow during the sequence transported the beads between the
trapping sites (b, d and f).

to the supposed laminar flow in the microchannels[24]. The
issue of bead injection will be dealt with in future work. The
same absolute amount of beads needs not be trapped at ever
trapping site, and therefore we believe conventional injection
techniques to be adequate. If necessary, the distribution and
amount of beads on each trapping site could be monitored by
simple image analysis functions.

Fig. 9. Loading of FITC-tagged avidin over trapped biotin-coated beads with ed.
The loading of FITC-tagged avidin into an “empty” trap is shown in (b). The p es.

The measurements on the strength of acoustic trapping
shown inFig. 7 indicate an almost linear relationship of re-
maining trapped beads versus volumetric flow. Beads were
drawn from the trapping site by increasing viscous forces
due to increased fluid flow. When studying individual se-
quences of the trapped bead clusters (Fig. 6), it can be noted
that the beads mainly were removed from the trap cluster
by cluster, which gave a step-wise decrease in bead area for
some measurements (Fig. 7). The clusters that were trapped
at the highest flow speeds were most often confined over
the centre of the transducer element indicating that trap-
ping forces were stronger there. The measurements showed
that the volumetric flow could be increased up to 20�l/min
(mean linear flow rate≈ 4.7 mm/s) before all beads were re-
moved from the acoustic trap, and that about 50% of the ini-
tially trapped beads were still trapped at a flow of 10�l/min.
Twenty microliters per minute corresponds to displacing
the volume confined within the trapping site (about 100 nl)
in 0.3 s.

The results from the bioassay show that avidin had bound
to the biotin-coated beads, which can be seen as a measured
increase in fluorescent response marked as� in Fig. 9 (a).
About 40 s was needed to reach a steady state in concentration
of avidin over the trapping site, as seen inFig. 9 (b). This is
probably due to a gradient in concentration of avidin in the
supplying sample channel when starting the assay and to the
p ion
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indicated response� (a). The switching from avidin to washing flow is indicat
lotted intensities are normalised to the maximum intensity in the seri

arabolic flow profile within the channel. An optimisat
f the fluidics with respect of sample delivery is expecte

mprove the time needed for performing this type of as
icrofluidic techniques are in general considered to yield

hemical reactions due to the short diffusion paths in s
onfined volumes. The flow-through volume of the de
as in the order of 1�l, depending on the channel us
nd the active volume in a channel crossing was less
00 nl. The detected intensity att = 0 in Fig. 9 (a) may be
aused by autofluorescence of bead material, contamin
f diffused avidin or scattering of light from the fluoresc
poxy surroundings. The minimisation of this backgro

ntensity will be addressed in future work, by conside
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materials, design and detection schemes. In this proof-of-
principle work, we have not yet raised the issue of detection
limit using the proposed dynamic arraying technique. The
concentration of avidin in the sample was in the micromolar
region, and the technique is thought to enable the detection
of much lower concentrations.

5. Conclusions

A new dynamic mode of generating bioanalytical arrays is
proposed. Successful non-contact trapping of chemically ac-
tivated microbead clusters in a microfluidic device has been
presented. Bead clusters were trapped at individually con-
trolled trapping sites using acoustic radiation forces originat-
ing from ultrasonic microtransducers integrated in the flow-
through device. Studies on the strength of trapping showed
that the flow could be increased to 20�l/min (mean linear
flow rate≈ 4.7 mm/s) before all beads were pulled away from
the trap by viscous forces. At a flow rate of 10�l/min, about
50% of the beads were still trapped in their specific location.
It is concluded that near field effects in the miniaturised sys-
tem helped to provide strong lateral trapping forces, allowing
bead trapping at considerably high perfusion rates. Perform-
ing a model bead-based bioassay using the device showed the
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