HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 96, NUMBER 2 15 JULY 2004

Ultrasonic enrichment of microspheres for ultrasensitive biomedical
analysis in confocal laser-scanning fluorescence detection

M. Wiklund®
Biomedical and X-Ray Physics, Royal Institute of Technology, AlbaNova, SE-106 91 Stockholm, Sweden

J. Toivonen
Institute of Biomedicine, Laboratory of Biophysics, University of Turku, Tykdsto6,
Turku FIN-20520, Finland

M. Tirri
Institute of Biomedicine, Laboratory of Biophysics, University of Turku, Tykd$to6,
Turku FIN-20520, Finland

P. Hanninen
Institute of Biomedicine, Laboratory of Biophysics, University of Turku, T\kdsto6,
Turku FIN-20520, Finland

H. M. Hertz
Biomedical and X-Ray Physics, Royal Institute of Technology, AlbaNova, SE-106 91 Stockholm, Sweden

(Received 10 February 2004; accepted 26 April 2004

An ultrasonic particle concentrator based on a standing-wave hemispherical resonator is combined
with confocal laser-scanning fluorescence detection. The goal is to perform ultrasensitive
biomedical analysis by concentration of biologically active microspheres. The standing-wave
resonator consistsfoa 4 MHz focusing ultrasonic transducer combined with the optically
transparent plastic bottom of a disposable 96-well microplate platform. The ultrasonic particle
concentrator collects suspended microspheres into dense, single-layer aggregates at well-defined
positions in the sample vessel of the microplate, and the fluorescence from the aggregates is detected
by the confocal laser-scanning system. The biochemical properties of the system are investigated
using a microsphere-based human thyroid stimulating hormone assa300® American Institute

of Physics. [DOI: 10.1063/1.1763226

I. INTRODUCTION laser-scanning applications include “macro-confocal” laser
scanning fluorescence detectitfi.Here, a 100um axially
Immunoassay-based techniques for quantification of bioelongated laser focus is used for measuring the microsphere
molecules are becoming increasingly important in clinicalfluorescence near the bottom of the reaction vessel. Further-
diagnostics and proteomics research. In the present paper Wgore, a very sensitive laser-scanning method is two-photon
demonstrate a high-sensitivity microsphere-based immuexcitation(TPX) technology. Here, the fluorescence of two-
noassay detection technique by combining confocal lasgshoton excitation from one particle at a time is measured in
scanning fluorescence detection and ultrasonic trapping fa§ small confocal volume elemerit-1 fl). Ultrasensitive
sample enrichment. The properties of the ultrasonic standingmethods based on statistical analysis of intensity fluctuations
wave system for ultrasensitive detection are investigatedre fluorescence correlation spectrosctpgS (Ref. 8 and
theoretically and experimentally. The goal is to enrich minO'quorescence—intensity distribution analysiBIDA).° Here,
spheres into single, dense layers matching the laser focyfie analyte is most often observed directly in a confocal vol-
scanning regions of the optical detection system. The perfoyme element, but both FCS and FIDA have also been used
mance of the system is experimentally demonstrated using \gith the nanoparticle immunoassaiPIA) for enhanced
microsphere-based thyroid stimulating hormone as3&H signal to noise ratio of the assHy'!
assay (Ref. 1) as the model assay. Standing-wave ultrasonic manipulation of suspended
Today, there exists numerous different fluorescencepariicles has been used for different agglutination, separa-
based microsphere-enhanced immunoassay techniques. INiéhn, manipulation, or processing purposést® Biological
typical assay, antibody-coated microspheres are used to binghpications include cell or bacteria manipulati@haracter-
target molecules in the sample, and quantification of thg;ation, concentration, or filtering®~*8 Furthermore, ultra-
binding reaction reveals the amount of target molecules. Resgpic traps have been combined with microsphere-based im-
cently, single-step homogeneous assays have gained att§fjynoagglutination assays for enhancement of latex
tion d_ue to the apility to perform fast and simple ana|y5i5'agglutination testgLATs) (Refs. 19 and 20and for size-
e.g., in suspension array technolog$AT).” Single-step  selective separation in capillaries for biochemical anal/sis.
In the present paper standing-wave ultrasonic is used for
dElectronic mail: martin@biox.kth.se microsphere-based sample enrichment aiming at ultrasensi-
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FIG. 1. Front and bottom view of the ultrasonic particle concentr@&C), Gl acoustic fens /mirror

that consists of the focused transducer asserflA) combined with the
96-well microplate. Here, the diameters of the acoustic IEng @nd a well
bottom Oy) are 2.5 mm and 6.3 mm, respectively.

voltage on

tive separation-free laser-fluorescence immunoassay detec o N\ N\ _
tion. Our ultrasonic particle concentrai@PC) is based on a
standing-wave acoustic cavity, which is formed between a
miniature focused transducer assemi#yA) and the trans-
parent optical window of the bottom of a commercially FiG. 2. Left side: Schematic illustration of the experimental arrangement for
available disposable 96-well microplate. The system ighe ultrasonic particle concentratddPC) and the confocal laser-scanning
shown in Fig 1. Since the target molecules are immob”izedluorescence detection system in an inverted confocal microscope. Right
. C . . side: The different modes of operati¢a—(e).
on the microspheres, sample enrichment is performed by mi-

crosphere concentration. Thus, the combined ultrasound-

fluorescence method is an ultrasensitive single-step detecticm,eSsure nodes of the standing wave. The acoustic radiation

technique based on relatively inexpensive instrumentatiog, . on 4 spherical object in an arbitrary standing-wave field
that exists in many laboratories. We analyze, theoretically.;n, pe written &4

and experimentally, the stability of the acoustic cavity as

well as of the microsphere trapping. Furthermore, we report 3 (p?) p(v?)

initial experiments with TSH assay suggesting a theoretical F=—2ar"V| a,- 3 Cz_az' 2 @
detection limit of about 0.003 mIU/L or even lower, corre- P

sponding to 20 fM for this assay. This is an application ofwherer is the radius of the spherép?) and(v?) are the
ultrasonic particle enrichment for ultrasensitive single-stegnean-square fluctuations of the pressure and the velocity of

laser-fluorescence analysis. the acoustic field at the point where the sphere is locaté,
the density of the medium, ards the speed of sound in the
Il. THEORETICAL BACKGROUND medium. The factora; anda, are dimensionless corrections

) ) ) o ~ taking compressibility of the sphere into account, defined as
In this section we describe the principles of standing-

wave ultrasonic manipulation of suspended spherical objects. pC 2(ps—p)
The geometrical conditions for resonance and mode stability &1~ +~ p_cz' a2=2pS—+p, @
are discussed for the hemispherical standing-wave system s
that consists of the focused transducer assertiilA) and  Wherepsandcs are the density and the speed of sound in the
the 96-well microplate, forming an ultrasonic particle con-sphere, respectively. In the case of a single-axis resonator, a
centrator(UPC). The UPC is illustrated in Fig. 2. The ex- suspended particle will first move in the axial direction,
perimental setup of the UPC and the detection system i¥here the radiation force is the highest. When it approaches
described in more detail in Sec. IIl. the pressure nodal plane, the lateral component of the radia-
tion force will further move the particle towards the symme-
try axis of the standing-wave field. In plane resonator geom-
etries, the lateral forces are most often weak in comparison
The theory of acoustic radiation forces in a standing-to the axial forces. However, if several suspended particles
wave field has been derived by several autRfS.Basi- are concentrated in the pressure nodal plane, they experience
cally, a solid sphere in a suspension will be trapped in thdorces from the scattered acoustic field originating from par-

2

A. Principles of standing-wave ultrasonic
manipulation
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ticles at close distance. This force, often referred to as For a given combination of the thicknesses of the acous-
Bjerknes force?® is attractive for particles oriented at right tic lens and the PS bottom of the microplate, the resonances
angles to the incident acoustic beam and is one of the reasonan be found either by tuning the frequency of the trans-
that particles may form single-layer, dense aggregates in th@ucer, or by tuning the distance between the lens and the PS
pressure nodal plane. Furthermore, if the resonator geomethottom. Here, the latter method was applied. The perfor-
is focusing, the lateral forces are higeiEven a slighty mance of a layered resonator in a plane-parallel geometry
focusing geometry is important for mode stability, for easycan be calculated by the impedance transfer model described
alignment and for minimizing the energy losses out of theby Hill et al?° The qualitative results from such a calculation
resonant cavity hosting the standing wave. A calculation ofpplied to the work presented here predict the distan@d.
the geometrical parameters of the standing-wave resonatéiig. 2) between the acoustic lens and the PS bottom of the
used in the experiment is given in the following section.  microplate. Each resonant valuelofor a fixed frequency is
High acoustic intensities can also induce fluid motion viaseparated byr/2, and the distance between the pressure
acoustic streaming. The acoustic streaming of interest for throdes in the standing wave is also separatec\f@yfor a
work presented here is the large-scale strearffinghich is  certain value of.. However, since the lens and PS layers are
generated by the attenuation of the acoustic wave. A typicatot perfectly matched to the zero-phase-shift criterion, the
streaming geometry in our cavity is of rotational characterexact positions of the pressure nodes relative to the bound-
having one direction on the cavity axis and the other direcaries of the water-based sample layer are more difficult to
tion near the cavity boundary, and the magnitude can beredict. Furthermore, the geometry in this work is hemi-
several centimeters per secofaf. Fig. 2c)]. If the fluid  spherical, which can influence the distance between the
motion is large enough, the viscous drag forcé, ( nodes. Xieet al. have shown that for a hemispherical reso-
=6mnru, wherenis the viscosity of the liquid medium and nator the distance between two resonant states is slightly
u is the fluid speedmight exceed the acoustic force and longer tham\/2.2° This is valid when both the reflector diam-

destroy the trap. eter and the resonator length are comparable to the wave-
length. However, we have not observed such deviations in
B. Resonator geometry our experiments. It should be noted that we have chosen to

) ) o ) ~define the resonator length as the distance from the curved

In this section, a motivation of the choice of geometricalsyrface of the acoustic lens to the surface between the PS
parameters for the ultrasonic resonator is given, based 98yer and the backing mediufair). The reason is that those
theoretical calculations. The goal is to generate a focusingygo surfaces are the primary contributors to the back-
standing-wave mode for microsphere enrichment into thgeflected acoustic intensity for each round trip in the resona-
pressure nodes, both axially and laterally. The hemsphenc%r, since the bottom reflector is made of plastic.
resonator geometry is shown in the lower left part of Fig. 2. Another important condition for the resonator geometry
Basically, it consists of an air-backed plane piezoceramiGs related to the spatial mode shape of the standing wave. A
disk, an acoustic lens made of aluminum or brass, the watekapjlity condition for a Gaussian wave in a hemispherical

based medium, and an air-backed plane polystylé® resonator is that the resonator length should be less than
layer (i.e., the bottom of a sample vessel in the 96-well Mi-the radius of curvature of the curved mirrd®),3°

croplate. More practical details of the experimental setup
are given in the following section. The incident acoustic ~ L<R. (4)

wave generated by the transducer is focused by the acousiit,ithermore, to minimize the lateral losses out of the reso-
lens into the sample vesseThe standing wave is formed by nant cavity, the mode radii at the mirrors must be less than

multiple reflections is the PS bottom and in the acoustic I1eN$e mirror radii. The lateral mode radii at the mirrors in a

which also acts as a mirrdrThe total pressure reflection hemispherical resonator are giver*by
coefficient ¢ ) of a thin layer is given b/ va
, N2R2L
ZR(Zg—Zy) +i (ZZR_ ZyZg)tan kgl g) W=\ —F———
= 7 (R—L)

- . 2 ’ (3)
ZR(Zg+ Zw) +i(Z3+ ZwZe)tan kgL r)

p
. . . and
wherekg is the wave number in the reflectdry is the re-

flector thickness, andyy, Zg, andZg are the specific acous- ( NL(R-L) 4
WB_ -

tic impedances of the water, reflect@®S), and backingair) (5
layers, respectively. The real part of gives the amplitude
ratio between the incident and reflected waves, which has wherew, andwg are the mode radii at the curved miri(gine
maximum value when the imaginary partrgfis zero. Maxi-  acoustic lensand the plane mirrofthe lower bottom sur-
mumr , and zero phase shift are obtained whenis an odd  face), respectively, and is the wavelength in the medium.
multiple of M4. For example, a/4 plate of PS Zg~1.6  The mode radiusv for a Gaussian mode is here defined as
X Zw~5600%x Zg) (Ref. 28 has a maximum pressure reflec- the radius where the amplitude és* times the maximum
tion coefficient>0.9997. Thus, despite the similar magni- amplitude. In Fig. 3, the ratio between the mode rédij
tudes of the acoustic impedances of water and PS, and the lens radiud)/2) for the possible stable modes of the
thickness-matched microplate bottom has high reflectivitthemispherical resonator used in the experiments are calcu-
due to the very low impedance of air. lated as a function of the ratio between the resonator axis

71_2
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' A ) dimensions 6.3511.0 mm(diamete heigh), thus compat-
0-1¢ A ] ible for sample volumes up to 304l. The focused trans-
0 FSRF S SRS AN PSR i ducer assemblyFTA) is placed in the sample vessel from
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R above by a high-precision vertical translation stage. The FTA
Z

consists of a plane air-backed lead zirconate titafRT)
FIG. 3. Calculation of the resonant mode ragi) along the resonator axis Ultrasonic transducefthickness 0.5 mm, diameter 5.0 mm
(9 in a hemispherical resonator, at eight different positions of the polysty-Pz26, Ferroperm, Denmarkombined with an acoustic lens/

rene(PS reflector(@)—(h). The acoustic lens is fixed at=0 and its reflect-  yirqr The transducer is driven at a frequency close to the
ing surface is marked with the curved dotted line. The main reflecting sur-

face of the PS layefmarked in grayis marked with a straight dotted line. thickness mode eigenfrequency of the piezoceramic disk

The lens diametefD) is 2.5 mm, the radius of curvature of the leff® is (4.08 MH2. Two ring-shaped front and back brass elec-

2.0 mm, e}nd ”;18 WaV'3|en9§g> 25)360 ﬂhm- Here, Zet\)/sg llififfﬁfe”t stable  trodes, insulated with a teflon-layer, are attached to an elec-

resonator lengths are possili®—(g), each separate . If the resona- . : o

tor length(L) is close to the radius of curvatu(R), e.g., position(th) in the trical copnecto(type SMA) and to the pliezoceramlc disk t,)y

diagram, the mode is too lossy and will not give resonance. conducting epoxy, making the FTA device small and flexible
(totally 5 mmx30 mm). In the experiments, two different

acoustic lenses were used, an aluminum lens and a brass lens

position (2) and the radius of curvature of the le(®). The  having dimensions 5.0 mm/2.5 m(diametej, 4.0 mm/2.0
straight dotted lines are the positions of the back surface ohm (radius of curvatureand 5.2 mm/2.9 mnfocal length,
the reflecting bottom of the microplate. The gray areas sigrespectively. In the fluorescence measurements, the larger
nify the thicknesses of the microplate PS bottom. In the callens was used.
culation, the wavelength in the microplate bottom is scaled As a model assay to demonstrate the performance of the
to the same wavelength as in the medi@watep. The best System, the human thyroid stimulating hormo(telr'SH
observed experimental performan@eth respect to the mi- (Ref. ) was used cf. Fig. ¥ The TSH assay consisted of 3.2
crosphere concentration efficiendg whenw, /(D/2)<0.5  um carboxy modified microsphere@angs Laboratories,
andw, /wg<2, which means that the mode radius should beFishers, IN coated with antibodies from clone 540K,
less than half the lens radius and not too focusing. This cor=2x10"°M~! (Medix Biochemica, Espoo, Finland a
responds to resonator lengtls of approximately half the hTSH standardCatalogue No. T0133, Scripps Laboratories,
radius of curvaturgR) of the acoustic lens. In Fig. 3, the San Diego, CA and tracer antibodiefsuccidinimidyl ester
microplate positionga)—(e) give the best performance, the of the orange fluorescent dye BF 5@@rctic Diagnostics Oy,
positions(f)—(g) are tolerable, while the positioth) is un-  Turku, Finland, linked to antibodies from clone 540%,
stable and lossy. =1x10*"M~! (Medix Biochemica, Espoo, Finland The
two different antibodiesmicrosphere bound and flourophore
bound were directed against two different epitopes of the
Il EXPERIMENTAL ARRANGEMENT TSH. The fluorescent dye of the tracer antibody hag
The experimental arrangement shown in Fig. 1 is illus-=530nm and\,=552nm, and the 514.5 nm line of the
trated schematically in the left part of Fig. 2. The system isAr " laser was used for excitation. The buffer used when
built around a Zeiss Axiovert 10 inverted confocal micro- incubating the assay contained 50 mM Tris-HCI, 150 mM
scope equipped with the 514.5 nm line from ari Aaser, an  NaCl, 10 mM NaN, 0.5% BSA, and 0.01% Tween-20. In
optical scanner unit, a fluorescence filter set with a 550—60the fluorescence measurement, this buffer was exchanged to
nm bandpass emission filter and a single-photon-countingure water.
avalanche photodiode detecttype SPCM-AQ-131, Perkin-
Elmer Optoelectronics, CanadaOptical sections were IV. RESULTS
aquired with a Zeiss Plan-Neofluar 200.50 NA/working Each experiment was initiated by an alignment proce-
distance 2.0 mm. The sample is placed in a disposable 9&ture to find a stable resonant state of the standing-wave ul-
well microplate(«CLEAR medium binding, Greiner GmbH, trasonic trap. The FTA was gently placed in the sample ves-
Germany with a thin PS bottonfthickness 19820 um) for  sel containing 50-15Qul of sample with microspheres.
inverted optical access. Each vessel in the microplate ha#/hen a low voltage {10-20 m\,,) was applied over the
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transducer, the measured electrical impedance could be used
to tune the resonator lengthinto a resonant state. At this
voltage level, no noticeable movement of the suspended mi-
crospheres was observed. At resonance, a typical voltage
drop of ~10%—-15% was measured over the transducer. At
the applied frequency of-4.1 MHz, the axial width of a
resonant state was of the order of one or a few micrometers,
indicating a “finesse” of the order of 100. The distance be-
tween two consecutive resonant states was measured to 180
um, which, together with the “finesse,” is in good agree-
ment with the calculations using the Hill modéknd the
expected value ok/2 in water at 4.1 MHz.

After the alignment, the voltage was raised to a higher
value (>1 V,,) where movement and trapping of the micro-
spheres into the pressure nodal planes occurred. Different
resonator lengths were evaluated, and the most efficient and
stable microsphere enrichment was observed when the reso-
nator length was around half the radius of curvature of the!G. 5. Side-view de_monstration of microsphe're collection in the first node
acoustic lens, which is in good agreement with the caIcuIa90 um above the ml_croplate‘bottom. B_y turning on and o_f'f the acoustic
. A - . intensity a couple of times during approximately 1 min, all microspheres can
tions of the acoustic mode shape in Sec. Il B. A typical NnUM+e trapped in the lowest node.
ber of chosen pressure nodes in the resonator were 4—7 for
the 2 mmR lens and 8-15 for the 4 miR lens. Here, the
maximum lateral mode radiugt the lens surfageof the  rescent microspheregPolyscience, PA The smaller FTA
standing wave is less than half the lens radius, which givesyith 2 mmR lens is driven at a high, streaming-inducing
low losses due to diffraction of the wave. Furthermore, theransducer voltage~ 10 Vpp), resulting in trapping only in
acoustic forces are of equal magnitude throughout thehe upper part of the resonator. In the images in Fig. 5, only
sample since the axial mode shape is less focusing. the 3rd and higher nodes from the FTA are visible due to the

In the right part of Fig. 2, the different modes of opera- concave shape of the acoustic lens. By turning on and off the
tion are illustrated for the smaller FTA&vith 2 mmRlens.  acoustic intensity, the aggregates of trapped microspheres
Here, the resonator length is chosen to contain six pressugink to the bottom and are finally retrapped in a large and
nodes, which gived ~1.3mm. Initially, the microspheres dense disk in the lowest node,90 um from the microplate
are uniformly distributed in the sampla). When a low volt-  bottom. When the microspheres once are trapped in dense
age level is applied over the transducerq V), the mi- and plane aggregates, they are easily manipuldeed.,
crospheres are concentrated into the pressure nodal planesppped and retrappgdue to the larger volume and to the
and further collected laterally towards the resonator é&Xis  internal forces between the sphet8gerknes forcepas dis-

This is a rather slow process that typically takes several mineussed in Sec. Il.

utes before the maximum concentration is reached. If the To investigate the enrichment efficiency of the UPC, ex-
transducer voltage is higher (2—-1Qy, the microspheres periments were performed with diluted samples of the 3.2
move faster and may be trapped in a few seconds, but acougm microspheres (2610 mli~?1), later used in the TSH-

tic streaming could also destroy the trajgs Typically, the  assay measurements. In Figagmicroscope images of re-
streaming is higher in the lower part of the cavity, putting theflected light from~300 trapped microspheres in four differ-
microspheres into torus-shaped streaming orbitals, goingnt subsequent pressure nodesdes 3—6 from the acoustic
downwards in the center of the cavity and upwards at thdeng are shown, using a 20/0.5 NA objective. At this low-
periphery of the cavity. However, many of these micro-voltage mode of operation, the microspheres form dense,
spheres are instead trapped in the upper pressure floghas  single-layer aggregates in a very compact arrangement. We
the FTA), which are not destroyed by the streaming. If believe that this arrangement of the microspheres is optimal
enough microspheres are trapped and packed in one nodalr sensitive confocal laser-scanning detection. All fluores-
plane, the microsphere aggregate may sink relatively fastence is concentrated to a minimum area from collected mi-
(~30-60 $ to the bottom of the vessel when the voltage iscrospheres, all in the focal plane of the scanning laser beam.
turned off (d). Then, there is a possibility to retrap all the In contrast to microspheres collected at the bottom of the
microsphere aggregates in the lowest plane close to the botessel, all trapped microspheres are surrounded by the buffer
tom (e). Thus, in principle, all microspheres can be concen-solution. Thus, no autofluorescence from the plastic bottom
trated into a single horizontal layer near, but not on, thedisturbs the measurement and the S/N ratio of the detected
vessel bottom. This is suitable for combination with high-fluorescence is maximized. The typical collection time varied
NA-objective confocal detection of the microsphere fluores-from one to a few minutes. The most important factors that
cence. In Fig. 5, this mode of operation is demonstrated exaffect the collection efficiency are the transducer voltage and
perimentally. Here, the PS bottom of the microplate is cut outhe resonator alignment. To obtain statistically significant
and placed in a square-shaped cuvette to allow side vievdata,~100 microspheres must be found and measured. Typi-
The sample contains 10° microspheres/mL of 4.m fluo-  cally, this can be done in a few minutes at concentration
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FIG. 7. The TSH assay titration curve. The mean fluorescence intensity per
microsphere is calculated from images of trapped microspheres at different
concentrations TSH concentrations. The solid line is the measured concen-

TSH-assay tration of the incubated assay, and the dotted line is the theorgbioten-
tial) curve if the 10 dilution after the incubation is taken into consider-

FIG. 6. (a) Reflected light from~300 collected microspheres in four sub- ation.

sequent pressure nodes, each separatedZsy180 um. (b) Confocal fluo-

rescence image of the TSH assay from 20 trapped microspheres at 1 mIU/L

(with some motion blur due to horizontal movement of the microsphereswas calculated. The scaling is the same as for the images to

during the 10 s measurement time the left. In Fig. 7, a titration curve of the TSH assay is
shown. In the diagram, the curve follows the expected linear
scaling to the analyte concentration, and the detection limit is
0.3 mIU/L. This is roughly the same detection limit as of the

voltage is increased, the acoustic streaming becomes mo;ré3 X systent’ The concentration levels are taken as the ac-
significant and only the upper pressure nodes will be usefutluaI TSH—assay Ievgl .before_the ]XOOd|Iut|on: Thus,. the .
for microsphere collection. However, in most experiments,pOtem'al detection limit, providing that the biochemistry is
we used a low-voltage level<(5V,,) that resulted in a also sc_alable by 100, could be dc_;wn. to .10]@ lower, ap-
stable and robust behavior of the UPC with minimum acousproachlng 0.003 mIUYi(cf. dotted line in Fig. J.
tic streaming and medium-rate speed of trapping.
Finally, a high-sensitivity TSH assay was simulated toV' DISCUSSION AND CONCLUSION
investigate the potential of the suggested detection method. Standing-wave ultrasonic trapping and confocal laser-
In this experiment, a comparison with the sensitivity of two-scanning fluorescence detection are two different technolo-
photon excitatio{ TPX) technology for the same assay was gies well-suited for integration in a detection scheme for ul-
performed. In TPX detection, a typical microsphere concentrasensitive biomedical analysis. The ultrasonic particle
tration is 16—10'mI~1. We prepared the assay with the concentrator(UPC) collects microspheres in plane, dense,
same coupling protocol as in TPX, but finished by diluting single-layer aggregates at well-defined positions controlled
the sample in water, 100 the TPX dilution. This can be by the acoustic resonator geometry and the acoustic fre-
regarded as a simulation of an analyte concentration levejuency, far from the vessel boundary. The layer of trapped
100X lower than the limit of the TPX system. Thus, the microspheres all surrounded by the assay buffer is perfectly
analyte-to-microsphere ratio is the same, but the analyte cortompatible with the confocal laser-scanning fluorescence de-
centration in the sample is 180lower. At this microsphere tection. The two major factors that influence the sensitivity
concentration level, a TPX measurement is no longer practief a single-step homogeneous microsphere-based assay are
cal due to too long measurement tirehours. A diluted  the analyte-to-microsphere ratio and the concentration of mi-
sample of 100ul containing 2500 microsphereg$.e., 2.5  crospheres in the sample. As compared to existing technolo-
x 10* spheres/ml) was placed in the vessel, and the FTA wagies, the strength of the UPC-enhanced detection is the pos-
activated at a 5 ), level. The 20</0.5 NA objective was sibility to measure samples having extremely low
used to allow imaging all the pressure nodal planes in thenicrosphere concentrations. We have shown that the UPC-
resonator. Typically, 2—3 images were taken from node®nhanced method easily can handle samples having micro-
starting at a distance-400 um from the vessel bottom. sphere concentrations ef10* spheres/ml. At this concentra-
Here, more microspheres were trapped due to lower acoustton level, enough microspheres for a statistically significant
streaming in the upper part of the resonator. Since the micrcanalysis can be collected in less than a minute. Although the
spheres moved slightly during the 10 s confocal laserpresent proof-of-principle experimental arrangement requires
scanning time, the microscope was switched to wide-fieldnanual adjustment and a total measurement time up to 30
reflected-light mode that allowed for counting the number ofmin, the method has potential to be automatized for future
trapped microspheres. In Fig(§, a typical confocal laser- high-throughput ultrasensitive analysis.
scanning fluorescence image of 20 trapped microspheres A fair comparison would be to measure the fluorescence
near the detection limit is shown, from which the intensity of microspheres on the vessel bottom of the 96-well micro-

levels around 1bmicrospheres/ml. When the transducer
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plate. Then, the microspheres could be centrifuged down ttive biomedical analysis using a microsphere-based homoge-
the bottom before the measurement. This would also allowmeous assay. The measured detection limit was 0.3 m{&J/L
for the use of high-NA objectives increasing the sensitivitypM) of TSH, but on a sample diluted 100 times after the
of the measurement. However, even if all microspheres in thassay incubation. Thus, the potentitiieoretical detection
sample volume could be centrifuged to the bottom of thdimit is 0.003 mIU/L (20 fM). Future development includes
vessel, they are still far from each other. For the experimenimprovements in the acoustic resonator geométrickness
with 2500 microspheres in 100l sample, the packing den- matching of all layersand investigation of the immunoassay
sity is more than 1000 times higher with microspheresreaction kinetics at the femtomolar level.

trapped by the UPC than microspheres centrifuged down to
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