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Abstract

This paper proposes a new dynamic mode of generating bioanalytical arrays in microfluidic systems, based on ultrasonic trapping of
microbeads using acoustic forces in standing waves. Trapping of microbead clusters in an array format within a flow-through device is demon-
strated for the first time using a device with three integrated ultrasonic microtransducers. The lateral extension of each trapping site was essen-
tially determined by the corresponding microtransducer dimensions, 0.8 Bu&mm. The flow-through volume was approximatefyl and
the trapping site volumes about 100 nl each. The strength of trapping was investigated, showing that 50% of the initially trapped beads were still
trapped at a perfusion rate of flmin. A fluorescence based avidin bioassay was successfully performed on biotin-coated microbeads trapped
in the flow-through device, providing a first proof of principle of the proposed dynamic arraying concept. The dynamic arraying is believed
to be expandable to two dimensions, thus, with a prospect of performing targeted and highly parallel protein analysis in microfluidic devices.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction states may very well provide a new approach to clinical di-

agnostics and/or an efficient route to the development of new

With the sequencing of the human genome being com- drugs and disease treatmef&st].
pleted, the task of mapping the proteome has been outlined In line with the discovery of new biomarkers being early
as the next major milestone in life science research. Althoughindicators of disease development, the need for techniques to
the global proteome mapping effort is an important goal, yet screen samples for such biological components will increase
more targeted protein expression investigations, closely re-proportionally. Hence, the recent and very intense develop-
lated to disease development are still gaining the attentionmentin the area of protein arrajgs6]. Although, much focus
from a majority of the biomedical proteomic research com- has been put on the development of global protein microar-
munity [1]. A recent trend is the search for biomarkers in rays analogous to DNA arrayg], protein arrays composing
biofluids derived from diseased tissue or natural secrets fromdirected biological questions may very well provide equally
organs related to or involved in the disease progf2ksit important information and in a more targeted approach an-
is envisioned that the identification and abundance mappingswer the questions related to a biological pathway or a given
of biomacromolecules/biomarkers involved in early disease disease through out its progress.
In order to successfully develop protein arrays, high

* Corresponding author. Tel.: +46 184717236; fax: +46 184713572, quality affinity probes directed against the specific pro-
E-mail addresstobias.lilliehorn@angstrom.uu.se (T. Lillichorn). teins/biomarkers that correlate to the disease state are needed.
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(a) (b) (<)

Fig. 1. lllustrations of the concept of dynamic arraying showing insertion of the solid phase of different specificity (a) through inlets .(A)Btrapping
of antigen specific bead clusters using the ultrasonic transducer array (b) and perfusion/incubation of sample (c) through inletsY(Lfdlowed by
fluorescence read-out.

Thus, the development of antibody libraries has become agives way for the creation of individually controlled trapping
specific area of interest with several industrial players. Once sites along the length of a flow channel, thereby providing
the desired antibody library is developed and available, a tech-means for the formation of biospecific bead cluster arrays.
nology for arraying these compounds for parallel read-outhas  This paper proposes a new dynamic mode of generating
to be presented. Today, ink-jet technology is one of the most protein arrays using ultrasonic forces to trap the solid phase,
common ways of producing two-dimensional arrays of bio- making the simultaneous screening of a whole set of dif-
logical compound$7-9]. Individual antibodies can thus be ferent biological samples possible. By performing the anti-
deposited in an array pattern onto a flat surface, e.g. a glasdody/antigen interaction on chemically activated microbead
slide, which is chemically modified to facilitate efficientim-  clusters in a laminar streaming microfluidic system rather
mobilisation of antibodief6]. These types of protein arrays than on solid surfaces and by trapping such bead clusters of
are disposable, enabling a single screening of one biologi- different antigen specificity (A, B,. ., X) in an array pattern
cal sample for a given set of antibody—antigen interactions. using acoustic forces, one can address each bead cluster array
Bioassays for protein identification in microfluidic systems with an individual sample stream (1, 2,., Y), as illustrated
using microbeads as the solid phase for immobilisation of an- in Fig. L In this way, the solid phase (bead cluster), on which
tibodies have previously been performed by several groups,the bioassay is performed, can be disposed after completed
utilising the increased surface area, and thus the high bindinganalysis by simply switching off the bead trapping forces and
capacity of the beads as compared to solid surfgid@®41] displacing the beads from the analysis zone. After loading a
The use of functionalised microbeads for performing new set of bead clusters into the array, the next assay can be
highly sensitive bioassays is an attractive approach to tar-performed. The concept of dynamically generated protein ar-
geted protein analysis. In order to perform such assays in arays can in principle be integrated and controlled in a closed
flexible and reusable format, means of trapping and manipu- microfluidic system that is highly amenable for automation.
lating microbeads in microfluidic systems are sought. Several A core of the proposed protein array technology is the de-
authors have in the past demonstrated manipulation and sepvelopment of means for individually controlled trapping and
aration of particles or cells in fluidic systems by making use release of microbead clusters.
of acoustic forces in standing wavd2-15] Acoustic sepa- The presentwork demonstrates a bead trapping microarray
ration of microparticles in micromachined devices has been consisting of three piezoelectric microtransducers integrated
reported16]. It has been shown that cavitation, and related in a microfluidic channel. The successful loading of an array
detrimental damage of biomaterial, can be avoided by us- and individual control of the bead clusters is demonstrated
ing high frequency ultrasound above 1 MIfZ7]. Thus, it for the first time. The strength of the acoustic trap, i.e. loss of
is possible to use the same principle to extract erythrocytesbeads during streaming conditions at different perfusion flow
from blood plasma and to eliminate fat particles from blood rates is reported. Finally, a model bioassay using fluorescein-
[18]. Neither of the above papers has however addressed thdabelled avidin binding to biotin-coated beads is performed
issue of trapping beads or particles in streaming microflu- in the device, demonstrating successful on-line bead trapping
idic systems in order to perform bioassays. The possibility and biochemical read-out in a flow-through format.
of trapping beads in a capillary using a focused ultrasonic
transducer has been studied to enable separation and detec-
tion of trace amounts of proteirj$9,20] The trapping was 2. Experimental
performed by generating a standing wave in the length direc-
tion of the fluid flow through the capillary. A recent report 2.1, Microarray device
from our group[21] describes the design and development
of a microfluidic device with integrated piezoceramic micro- The fabrication of the ultrasonic microarray device has
transducers for localised and spatially controlled ultrasonic been presented and discussed in detail in a previously pub-
particle trapping. The integration of several microtransducers |ished papef21], and is thus only briefly presented herein.
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S channel system is shown in the inserfiig. 4, where beads
i 1 @ were injected in (a), adjacent to the inlet for washing fluid
G Yo T (b) (b). Beads and washing fluid were passing the transducers
S0P oo | F N . . . :
I r ) - 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

Fig. 2 .Two trapping sites, | and II: designed as agoustlc mlcrorgsonators with water, excessive fluidic connections were sealed before
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 Injecting ,the bgads. .
view of the configuration of trapped bead clusters (f) at one of the trapping 1 N€ imaging was performed using a fluorescent
sites. Beads are trapped by acoustic forces (arrows in circular insert) due tomicroscopé supplied with a mercury light source and filters

pressure gradients in the fluid layer. yielding exciting light at 470-490 nm and detecting light at

. . o about 515 nm, adapted for fluorescein isothiocyanate (FITC).

The device cOmpriSes an array of thr_ee |n_d|v_|dually address"The shutter was normally closed and opened only during the

able bgad-trapplng S|tes_. E_ach trapp_m.g site Is des'gf?ed as ari}nage captures. Also a confocal imaging systevas utilised

acoustic resonator consisting of a miniature uItr.asonl_c trans-¢ - parts of the experiments,

ducer and a reflector, enclosing a bead conducting fluid layer.

The resonator is designed to essentially obtain a pressure2 3. Chemicals

node in the middle of the fluidic channel above the trans- ="~

ducer, keeping the particles away from the interior channel

surfaces. The function isillustratedriy. 2, showing a cross-

section of aresonator array. Previous W@X] 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 den&g}.

The evaluated device, shownkig. 3, consisted of a mi-

crostructured SU-8/glass channel plate clamped to a printed2.4. Bead trapping and detection

circuit board (PCB) carrying the transducer array as well as

the electrical and fluidic connections. The piezoceramic mi-  Beads were injected in the water-filled channel, and con-

crotransducers were batch fabricated using a multilayer thick ducted to the trapping site by a fluid flow of¥min supplied

film prototyping proces$23], based on computer numeri- from the wash inlet. One transducer element was activated,

cally controlled (CNC) milling. Three transducers (0.8 mm trapping the beads. The frequency generator was set at deliv-

x 0.8mmx 0.2 mm) were mounted on the PCB, electrically €ring a 10.8 MHz, 10V p-p sinusoidal signal. The strength

connected to copper conductors and covered with epoxy. Theof trapping was evaluated by imaging the bead loss under

epoxy was polished down to the surface of the piezoceramicincreasing fluid flow. The fluid flow was increased in steps

elements after hardening, yielding a plane upper surface. Mi- of 2 pl/min until no beads were visible in the region over the

crostructured fluidic channel plates connecting to the fluid transducer element. To deal with stray light, a reference im-

inlets on the plane polished transducer board were batch fab-age of the empty trap was captured and the intensity in each

ricated by lithographic structuring of SU-8 on a soda lime point was subtracted from captured images.

glass substrate followed by dicing. External fluidic connec- ~ The possibility of moving beads between the three trap-

tions were made on the backside of the PCB. After polaris- ping sites was studied by sequential trapping. Due to in-

ing the piezoceramic material, the transducer elements wereduced fluorescence in the epoxy surrounding the transducer

connected to a function generatahrough a control box,  elements, more strongly fluorescent melamine beads were

enabling fast switching of the drive signal to either element. utilised in this experiment to allow imaging of the complete
array. Beads were injected and conducted to the first trapping

2.2. Microfluidic and imaging system site using a fluid flow of 3u/min, which was maintained
throughout the experiment. Beads were trapped by the ac-

The microfluidic system was arranged as illustrated in tivation of the first transducer. The driving signal was then

Fig. 4 Beads were manually injected through 0.25 mm in- switched to the second transducer, to which the flowing fluid

ner diameter polyetheretherketone (PEEK) tubing using a

syringe. Distilled water (washing fluid) and sample was in-

jected through 0.3mm inner diameter Teflon tubing using 2 olympus BX51W1, Japan

two syringe pumps. The configuration of the microfabricated 2 Olympus BX61WI with an FV300 confocal unit, Japan
4 PC-B-6.0, Gerlinde Kisker, Germany
- 5 Fluka 90641, Sigma—Aldrich Co., USA
1 HP 33120A, Hewlett-Packard, USA 6 Sigma A2901, Sigma—Aldrich Co., USA

Polystyrene beadg6.7um mean diameter) with immo-
bilised biotin were used in the bead trapping experiments.
Also FITC-marked melamine beatd nm mean diameter)
were used in parts of the evaluation. A 28! solution of
avidin® conjugated with FITC was prepared by dissolving
the lyophilised powder in distilled water.
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10 mm
I

Fig. 3. Assembled device with the array of three transducers visible through the glass window.

conducted the beads. The procedure was repeated for the thirdity was thereby measured over particularly stable bead
transducer element before releasing the beads to the outlet. clusters.

2.5. Bioassay 3. Results

A bead-based biotin-avidin assay was performed us- 3.1, Bead trapping
ing one of the array trapping sites of the device. Biotin-
coated beads were loaded into the trapping site and The channel height was {Im as measured by confo-
trapped as described above. The bead carrying flow wascal imaging. Trapped particles in the channel were mainly
turned off, the common bead/wash outlet valve closed positioned inthe centre of the channel 3@ above the trans-
and the sample outlet valve opened. Avidin was per- ducer. A smallfraction of the particles was often found on the
fused at Jul/min over the trapped beads through the surfaces of the transducer and glass reflector. The lateral bead
sample channel and the fluorescent response was capdistribution was studied using the fluorescence microscope.
tured at time intervals of 5s. After almost 2min, the A typical lateral bead distribution is shown kfg. 5 where
avidin flow was stopped, the valves switched and the fluorescent beads are trapped in clusters in the fluid over
washing fluid perfused at @@/min for 40s before re- the transducer element. Upon increasing fluid flow, bead
leasing the beads. The perfusion of avidin was studied clusters were pulled away from the trapping sk&( 6) with
in a similar experiment repeated using an “empty” trap, the measured relative bead area versus fluid flow plotted in
i.e. without the insertion of beads. To diminish the ef- Fig. 7.
fect of surrounding streaming and unbound avidin, the  The trapping of bead clusters by sequential activation of
captured images of the beads were masked (using thethe three trapping sites is shownkig. 8 Due to exposure
same mask for each picture in a series), and the inten-setting of the microscope, the beads appear smeared out when

Fluorescence 4> W
microscope  ||<~
f

(d)

o ~
= 3
— ~\k\.‘
L ? ‘lw
4 \
(b) Wash ‘
I ——
(a) Beads (c) Sample
\E
(e) Sample i \lf (d) Bead and
outlet wash outlet

Fig. 4. Microfluidic and imaging set-up. Beads were injected in (a) and conducted to the trapping site by using washing flow (b). Sample was ingeofed in on
the orthogonal flow channels (€} (e). The outlets (d) and (e) were controlled by valves (X). The positions of the transducer elements are shown in the insert
(). A fluorescence microscope was used to monitor the trapping of beads.
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Fig. 5 Trapped bead clusterg (lighter) above a single transducer eIement.Fig. 7. Relative bead area of trapped beads vs. flow for three measurements
The figure area covers essentially one transducer element. (A, x andO)

moving from one trapping site to anoth&ig. 8 (b), (d) and

). and reflector surface. This can also be seehign 8 where
_ some beads were stuck at the middle trapping site during
3.2. Bioassay sequential trapping. It is anticipated that the position of the

he f . . d he bi beads can be adjusted to be completely kept away from the
IT € él:)orechnt mtensny.real 'Oué__Of the |oa§s§}y OVeT walls by optimised driving conditions, and thatimprovements
selected bead cluster areas Is plotte&ign 9@). A similar in transducer manufacturing will diminish individual varia-
fluorescence rneasprementsequence of "’,‘V'd'n ﬂOW'_ng INt0 @iy ns petween array elements. Also, by a proper selection of
empty” trap, i.e. without trapped beads, is plottedig. 9 buffer systems, surface adherence can be substantially sup-

(0). pressed. The effect of the acoustic near field on the trapping
behaviour is identified ifrigs. 5, 6 and 8where beads are
4. Discussion shown to gather in clusters above a single transducer element.

This implies that the distribution of beads in the trap will be

In order to enable fast switching of bead clusters and to influenced by the bead injection procedure. In the present
minimise carry over from one bioassay to the next, itis essen- device, beads were injected using a syringe and transported
tial to optimise the clearance of beads between subsequento the trapping site using flow from the wash inlet. Upon
assays. Thus, the bead clusters should preferably be trappegeaching the trapping site, the transducer was activated and
in the centre of the flow channel as this location has the high- beads were trapped. Beads were then sometimes still being
est flow and as the beads have no physical contact with thesupplied from the bead-carrying flow, giving a higher concen-
channel wall. The design of the microresonator with inte- tration of trapped beads to the left in the bead trap, &jn6
grated miniature transducer elements in direct contact with (a). This also explains the trapping behaviour during sequen-
the thin bead-conducting fluid layer has been shown to gen-tial trapping. In the bead trapping sequence, the drive signal
erate a pressure distribution with essentially a pressure nodevas switched to the next array element instantaneously, and
in the centre of the channel, together with periodic lateral beads were therefore trapped upon entering the trapping site
pressure variations due to near field eff§@s]. The mea-  from the left. The sequential trapping series showRim 8
surements using confocal imaging confirmed that the beadsindicated that few beads were lost when switching between
were trapped in the middle of the channel, but also showed different trapping sites. Beads released from one transducer
that a small fraction of beads were present at the transducerelement passed in the direct vicinity of the next element due

(a) (b) {©)

Fig. 6. Bead trapping at increasing fluid flow (a)Bmin, (b) 11l/min and (c) 17ul/min.
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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 clustéiig (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 measurementsig. 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 tou2®nin
(mean linear flow ratez 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 ofdnin.
Twenty microliters per minute corresponds to displacing
the volume confined within the trapping site (about 100 nl)
in0.3s.

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 markedds Fig. 9 (a).
About 40 swas needed to reach a steady state in concentration
of avidin over the trapping site, as seerFig. 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
parabolic flow profile within the channel. An optimisation
Fig. 8. Sequential trapping of beads in the microchannel (a, ¢ and d). A Of the fluidics with respect of sample delivery is expected to
continuous fluid flow during the sequence transported the beads between thdmprove the time needed for performing this type of assay.
trapping sites (b, d and ). Microfluidic techniques are in general considered to yield fast
chemical reactions due to the short diffusion paths in small
confined volumes. The flow-through volume of the device
was in the order of Lul, depending on the channel used,
rand the active volume in a channel crossing was less than
700nl. The detected intensity it 0 in Fig. 9 (a) may be
Gcaused by autofluorescence of bead material, contaminations
of diffused avidin or scattering of light from the fluorescent
epoxy surroundings. The minimisation of this background
intensity will be addressed in future work, by considering

to the supposed laminar flow in the microchann2i. The
issue of bead injection will be dealt with in future work. The
same absolute amount of beads needs not be trapped at eve
trapping site, and therefore we believe conventional injection
techniques to be adequate. If necessary, the distribution an
amount of beads on each trapping site could be monitored by
simple image analysis functions.

1,2 l 1,2
1 XX 1
X X XXX
X A x X
§‘ 08 . xX 7 X g‘ x
§ R XXA Wash § 0,8 x
R =
v 0,6 X X ‘s 0,6
.g xx XX X %— .%
© 0,4 ‘A o 04
[~ o X
02 x XX
, 0.2
xx
0 0
0 20 40 60 80 100 120 140 0 20 40 60 80
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(a) (b

Fig. 9. Loading of FITC-tagged avidin over trapped biotin-coated beads with indicated regp@sd he switching from avidin to washing flow is indicated.
The loading of FITC-tagged avidin into an “empty” trap is shown in (b). The plotted intensities are normalised to the maximum intensity in the series.
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materials, design and detection schemes. In this proof-of- [7] M.J. Heller, DNA microarray technology: devices, systems and ap-

principle work, we have not yet raised the issue of detection plications, Annu. Rev. Biomed. Eng. 4 (2002) 129-153.

limit using the proposed dynamic arraying technique. The [8] G. MacBeath, S._Schreiber,_Printing prpteins as microarrays for high-
. f avidin in the sample was in the micromolar throughp_ut function dgtermlnatlon, Science 289 (2000) 1760-1763.

Conlcentra“on Oravi . . p : 9] A. Ressine, S. Ekstm, G. Narko-Varga, T. Laurell, Macro-

region, and the technique is thought to enable the detection jnanoporous silicon as a support for high-performance protein mi-

of much lower concentrations. croarrays, Anal. Chem. 75 (2003) 6968-6974.
[10] R.D. Oleschuk, L.L. Shultz-Lockyear, et al., Trapping of bead-based
reagents within microfluidic systems: on-chip solid phase extraction
. and electrochromatography, Anal. Chem. 72 (2000) 585-590.
5. Conclusions [11] K. Sato, M. Tokeshi, et al., Determination of carcinoembryonic anti-
gen in human sera by integrated bead-bed immunoassay in a mi-
A new dynamic mode of generating bioanalytical arrays is crochip for cancer diagnosis, Anal. Chem. 73 (2001) 1213-1218.
proposed. Successful non-contact trapping of chemically ac_[lZ] K. Yasudq, S.-I._ Umemura, et al., Concentration and fractionation of
tivated microbead clusters in a microfluidic device has been STl particles in liquid by ultrasound, Japanese J. Appl. Phys. Part
o 1 (Regular papers & short notes) 34 (1995) 2715-2720.
presented. Bead clusters were trapped at individually con-(13) m. Graschl, W. Burger, et al., Ultrasonic separation of suspended
trolled trapping sites using acoustic radiation forces originat- particles. IIl. Application in biotechnology, Acustica — Acta Acustica
ing from ultrasonic microtransducers integrated in the flow- 84 (1998) 815-822.
through device. Studies on the strength of trapping showed[14] J.J. Hawkes, W.T. Coakley, et al., Single half-wavelength ultrasonic

. . - particle filter: predictions of the transfer matrix multilayer resonator
that the flow could be increased to gimin (mean linear model and experimental filtration results, J. Acoustical Soc. Am. 111

flow ratex 4.7 mm/s) before all beads were pulled away from (2002) 1259-1266.
the trap by viscous forces. At a flow rate of LBmin, about [15] M. Saito, N. Kitamura, et al., Ultrasonic manipulation of locomotive
50% of the beads were still trapped in their specific location. microorganisms and evaluation of their activity, J. Appl. Phys. 92
Itis concluded that near field effects in the miniaturised sys- _ (2002) 7581~7586.

. . : [16] A. Nilsson, F. Petersson, Hodsson, T. Laurell, Acoustic control of
tem helped to provide strong lateral trapping forces, allowing suspended particles in micro fluidic chips, Lab-on-a-chip 2 (2004)

bead trapping at considerably high perfusion rates. Perform-  131_135.

ing a model bead-based bioassay using the device showed thg7] R.K. Gould, W.T. Coakley, et al., Upper sound pressure limits on
prospect of using the technology. Biotin-coated beads were particle concentration in fields of ultrasonic standing-wave at mega-
injected and trapped followed by perfusion of FITC-tagged hertz frequencies, Ultrasonics 30 (1992) 239-244.

- . " P . [18] A. Nilsson, F. Petersson, et al., Autologous blood recovery and wash
avidin. The detection of avidin binding to the microbeads in microfluidic channel arrays utilizing ultrasonic standing waves,

was successful. Future developments will focus on expan- microTAS 2002, vol. 2, Nara, Japan, 2002, pp. 625—626.

sion of the arraying concept to two-dimensional ultrasonic [19] M. Wiklund, S. Nilsson, et al., Ultrasonic trapping in capillaries for
transducer arrays including more detailed analysis on bead  trace-amount biomedical analysis, J. Appl. Phys. 90 (2001) 421-426.
handling and cross contamination issues. Eventually, the de{20] M. Wiklund, P. Spegel, et al., Ultrasonic trap-enhanced selectivity

. i . f g in capillary electrophoresis, Ultrasonics 41 (2003) 329-333.
velopment will enable on-line analysis of, e.g. proteins per [21] T. Lilliehorn, U. Simu, et al., Trapping of microparticles in the near

formed on biospecific bead arrays in a flow-through device. field of an ultrasonic transducer, Ultrasonics, in press.

[22] S.M. Woodside, B.D. Bowen, et al., Measurement of ultra-
sonic forces for particle—liquid separations, AIChE J. 43 (1997)
1727-1736.

[23] T. Lilliehorn, U. Simu, et al., Multilayer telescopic piezoactuator

. . ) . fabricated by a prototyping process based on milling, Sens. Actuators

The Swedish foundation for strategic research is acknowl- A (Physical) 107 (2003) 159-168.
edged for financial support. [24] N.-T. Nguyen, S. Werely, Fundamentals and Applications of Mi-
crofluidics, Artech House, Boston, 2002.
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