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Ultrasonic trapping in capillaries for trace-amount biomedical analysis
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A longitudinal hemispherical standing-wave ultrasonic trap for size-selective separation of
microspheres in small-diameter capillaries is described. The trap utilizes the competition between
acoustic radiation forces and viscous drag forces on spheres suspended in a liquid inside 20—
75-um-diam fused silica capillaries. Experiments performed on 3.0- angidh-¢Ham latex spheres
demonstrate the principles of trapping and verify the theoretically calculated size-dependent forces
on the spheres. The spheres are detected by the use of laser-induced fluorescence. The goal is to use
the trap for separation and ultrahigh-sensitivity detection of trace amounts of proteins and other
macromolecules containing two antigenic sites, by binding the target molecule with high specificity

to antibody-coated latex spheres. Z01 American Institute of Physics.
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I. INTRODUCTION arrangement to transversely separate charged particles by ex-

sploiting the competition between acoustic radiation forces

Nonintrusive manipulation by standing-wave acoustic . . . .
has been widely used for levitation and trapping of macro-and electrostatic forces. At higher ultrasonic frequencies

scopic objects. The standing-wave field creates an acoustic(>10 MH2) acoustic traps based on a standing-wave confo-

radiation force on the object that depends on its size anﬁal ultrasonic cavity have demonstrated that longitudinal

acoustic parametefsin the present article we demonstrate 10rces of similar magnitude or higher than those of optical
size-selective separation and retention of latex spheres insidPS can be ach|evéa.F|naI_Iy, it should be noted that low-
a small-diameter flow-through capillary by use of an ultra-T@quency airborne acoustic traps have been used for im-
sonic radiation trap. The work aims at rapid in-flow detectionProved biomedical analy§?§. _
and separation of specific molecules via antibody-coated la- " biomedical analysis, great effort is made to develop
tex spheres. detection techniques of trace amounts of specific proteins
Acoustic radiation forces have been used for nonintru2nd other biomolecules. Very small sample volumels i§1)
sive manipulation of macroscopic as well as microscopic obMay be analyzed with narrow-bore sub-10® capillaries in
jects. Basically, objects with higher acoustic impedance thagombination with electrophoresis, capillary electrophoresis
the surrounding medium are trapped in the velocity antin{CE), or capillary electrochromatograpt€EC).** CE/CEC
odes of the standing-wave acoustic field. The theory ofeparates analytes according to charge, size, and chemical
acoustic levitation and trapping is well understéodin characteristic with high selectivity and high throughput.
aqueous solutions the method has been applied for studies dpically, the limit of detection using fluorescent analytes is
mechanical properties of mm- tam-sized liquid droplets femtomols, which may be improved by several orders of
and biological cell$:® These experiments typically operate at magnitude in special cas&s'® The use of antibody-coated
low frequenciegkHz up to a few 100 kHrusing a closed microspheres in CE/CEC may improve the selectivity and
cylinder levitation vial. Similar systems have been used forthe detection limit of specific macromolecuf€s.
cell concentratiof,cell filtering,” and for enhanced rate and In the present article we introduce the combination of
sensitivity of latex agglutination tests by increasing particleflow-through small-diameter capillaries and a high-frequency
collision rate€ Here few-mm-diam tubes or chambers arelongitudinal ultrasonic trap, which allows microspheres to be
combined with a transverse acoustic fi¢ftopagation per- separated according to size with high selectivity inside the
pendicular to the length of the tubeesulting in a higher cell  capillary. This capillary ultrasonic trap utilizes the competi-
concentration in several VEIOCity antinodes parallel with tth)n between acoustic radiation forces and viscous drag
tube. In-flow separation and fractionation of suspended parprces. Inside the capillary, these forces act in opposite di-
ticles are performed on the basis of size and/or acoustic propactions on the spheres, resulting in size-selective trapping
erties ‘g"ltp a liquid flow in combination with flow anq in-flow separation. In the present article the separation
splitters."™ Electric fields have been employed in a similar gfficiency of the system is theoretically analyzed. Further-
more, in a first proof-of-principle experiment the capillary
dElectronic mail: Martin.Wiklund@biox.kth.se ultrasonic trap is applied on differently sized fluorescent la-
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FIG. 1. Experimental arrangement for the capillary ultrasonic trap. §
tex spheres suspended in water inside 20gifbquartz cap- ) . . .
illaries. The experiment demonstrates the size-selective trap- %5 3 3.5 4 45 5
. p . . . Sphere diameter (um)
ping and verifies the applicability of the theory inside the

capillary. FIG. 2. Theoretical calculation of the acoustic intensity needed to trap latex
Longitudinal acoustic trapping has previously been comspheres of diameters 3.0 and 4 traveling in water with velocities

bined with quuid flow in Iarge-diameter tubes for fluid— =_2.0 mm/$25°/_o. Within the intervall=7.6W/cn?i_10%, all 4.7um-
particle separation and selection in, e.q., sluﬂ'?e"s'he use diam spheres will be trapped, but none of the @-diam spheres.

of small-diameter capillaries allows smaller sample volumes
and higher sensitivity, which is of importance for biomedical 1,4 standing-wave acoustic forces on a sphere have

applications. The long-term goal of the present article is %een derived by several authors. Below we will quantita-

improve the limit of detection of specific proteins or Othertively describe these forces following Refs. 2, 3, and 12. For
sample molecules compared to current CE/CEC technology, ¢, ajitative understanding it is useful to think of the acous-
Here two different monoclonal antibodies against two differ-y;. 4 giation force as resulting from the gradient in an acous-

ent antigeqic sites on the analyte molecule will be covalently[iC Bernoulli pressure. Thus, the sphere is trapped in the ve-
bound to different latex spheres. When the sample moleculqgcity antinodes of the standing-wave field. For a sphere

are mixed with the two different latex spheres, a sandwichyqsideraply smaller than the acoustic wavelength, the force
assay (latex-sample-latex complexis formed with high along the axiak axis is

specificity® The size difference between the sandwich assay
and single latex spheres may then be employed for separa- VP [ 1 55-2 ,

tion and enrichment with the capillary longitudinal acoust™ 4pocs | Sa* 25+1 K sin(2k,2), @)
ultrasonic-trap system, allowing detection of minute concen- ) ) ) )
trations of the target molecule. Compared to laser-opticalVNereV is the particle volumep, is the peak acoustic pres-
trapping for similar purposé®,a longitudinal ultrasonic trap SUré amplitude, and, is the speed of sound in the liquid,
has the potential to provide a much more compact arrange?— P/Po Wherep andp, are the density of the sphere and the
ment, and to produce a more uniform trapping field in!iuid, respectively, andr=c/c, wherec is the speed of

smaller-diameter capillaries, which is important for high se-Sound in the particle. The terky is the wave numberah,
lectivity and sensitivity. where\ is the acoustic wavelength. Thus, the axial acoustic

force FcoustiS proportional to thez-axis gradient of the in-
tensity |, of the standing-wave acoustic beam vig
Il. THEORETICAL BACKGROUND = P§/2poco. In the present experiments the diameter of the
acoustic beam is much larger than the narrow bore of the
In this section we theoretically analyze the forces actingcapillary. Thus, the radial acoustic intensity gradient perpen-
on latex spheres in the capillary with an ultrasonic trap. Theldicular to the flow direction is small, resulting in that only
experimental arrangement is shown in Fig. 1 and will beaxial forces need to be considered.
described in more detail in Sec. lll. For the theoretical back-  The acoustic force on a sphere acts in the opposite di-
ground of this section it suffices to mention that a standingrection to the viscous drag force, which may be written
wave ultrasonic trap is formed inside a capillary which con- F —g 5
tains a flow of a latex/water mixture. The two major viso™ 0T 7T, 2)
competing forces on a latex sphere are due to the acoustighere 7 is the viscosityp the flow velocity, and the par-
radiation force F,.ous) and the viscous drag forcd=(js). ticle radius. Thus, the acoustic force of HQ) is propor-
Since the trap-generating ultrasonic beam is parallel with théional tor® (volume while the viscous force is proportional
capillary (and thus the flow directionwe will only consider to r. This is the basis for the separation properties of the
forces parallel with the capillaryz axis). A more complete device described in the present article. By properly adjusting
description would also include minor forces due to Brownianthe acoustic intensity, large-diameter spheres may be trapped

motion and gravity'® and the scattered acoustic fiélélow-  in the capillary by a dominating acoustic force while for
ever, these forces are typically a few orders of magnitudesmall-diameter spheres the viscous forces still may domi-
smaller tharF ;. ;and F ;s (cf. Sec. . nate, resulting in that they flow through the trap. Figure 2
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shows a theoretical calculation based on Efsand (2) of

the necessary acoustic intensity for trapping spheres in a flow
with velocity 2.0+0.5m/s, i.e.,=25%. In the proof-of-
principle experiments described below, a large majority or
the latex spheres are observed in this velocity range. We microscope
especially indicate the difference in acoustic intensities nec- PG
essary for trapping the sphere diameters 3.0 anguthused

in the present proof-of-principle experiments. Clearly, there

CCD

is a significant interval in acoustic intensity in which size-
selective trapping can be performed, despite the large veloc- /T R\
ity range. This is experimentally demonstrated in Sec. IV. filter » =—"r—==
The extension of the method to separate latex-protein-latex
complexes is discussed in Sec. V. ﬂ“”ﬁgﬁfnce
/L/'o/;/

{111/

I1l. EXPERIMENTAL ARRANGEMENT e

reflector | capillary

The experimental arrangement of the capillary ultrasonic @\@ © < 5°8 8.8 8o8<% 50 ;0,:‘<_ﬂow©
trap for size-selective separation is illustrated in Fig. 1. Ba- I N

sically it consists of a focusing transducer that creates a X B theres:
i insi i i @ 4.7 um

;tandmg-wave pattern inside a quartz caplllgry by reflectlop non-trapped rapped © 3.0 m

in a plane acoustic reflector. The system is submerged in spheres, spheres,

water to minimize acoustic reflection losses. 3.0um 4.7 um

The transducer consists of a 8.5 MHz rf-amplifier-driven - . .

. . . . FIG. 3. Schematic illustration of the LIF detection system. The sample of
20-mm-diam lead-zirconate—titanate focusing boRE27, mixed 4.7- and 3.Qtm-diam spheres enters the trap from the right-hand
Ferroperm, Denmajkwith a radius of curvature of 50 mm, side. The 4.7um-diam spheres are trapped and detected in the LIF window,
resulting in a~400-um-diam focused spdif. below). The  while the 3.0um-diam spheres elude from the trap.
acoustic trap is generated by a high-impedance molybdenum
reflector(thickness 2 mmplaced in the focal plane, resulting
in a hemispherical acoustic standing-wave arrangement. Mazapillary. Thus, a minimum of interference from the quartz
lybdenum was chosen due to its high acoustic impedancayalls is expected.
giving a reflectivity (water to molybdenumof 91%2! The The acoustic trap is aligned with precision stages by
envelope of the water-filled chamber was a soft cylinderstudying the trapping of powder near the reflector hole with
shaped rubber cloth, allowing translation and rotation of thehe capillary removed, resulting in powder disks trapped in
transducer and the reflector for alignment. the velocity antinodes, longitudinally separated 90 um

We used four different fused silica capillaries in the ex-(\/2). When the alignment is optimized, the distance from
periments (Polymicro Technologies, Arizonawith inner/  the reflector hole to the first stably trapped disk is approxi-
outer diameters 75/126, 50/126, 40/81, and 2Qi#6. The mately 400 um (2—3\). The absence of trapped powder
capillary extended along the central axis of the acoustic field¢closer to the reflector is due to the negligible reflectivity of
through center holes in the transducer and the reflector. Thine water-filled hole. Further away, diffraction of the re-
arrangement results in a narrow, standing-wave, highflected wave allows a standing-wave pattern to be formed
intensity acoustic field along the capillary in the region nearwith the incident beam. Finally, the powder is removed and
the reflector. The reflector center hole was designed to fithe capillary is mounted through the hole and, thus, in the
each capillary dimension, just large enough to let the capilirap.
lary through without damage. The matching of the dimen-  As outlined in Secs. | and Il, the goal of the experiments
sions of the capillary and the reflector hole is important tois to demonstrate the size-selective trapping of latex spheres
maximize the reflected intensity of the400 um acoustic in the capillary ultrasonic trap. For this purpose a laser-
beam in the molybdenum plate around the capillary. induced fluorescencé.IF) system was combined with the

A high size selectivity requires a high uniformity of the acoustic trap arrangement, as shown in Fig. 3. The require-
standing-wave acoustic field. From scanning needle hydroment of the system is the ability to detect a single moving
phone measurements with a #Ba-diam probe(Precision  sphere throughout the depth of the capillary inner diameter,
Acoustics Ltd., UK, the acoustic intensity profile in focus i.e., 20—75um.2? We used fluorescent polystyrene carboxy-
was determined to be close to Gaussian with a full width afunctionalized latex spherg®olyscience Inc., PAwith di-
half maximum of ~400 um. Assuming a perfect Gaussian ameters 4.7 and 3.0um (4.675-0.208 and 3.015
profile, the acoustic intensity varies apprax0.1% (20/66-  +0.138um). The fluorescein-5-isothiocyanate 4.4am
um-diam capillary and approx.=1.2% (75/126um-diam  sphere had excitation maximum )t 458 nm and emission
capillary) over the capillary inner cross section area. The thinmaximum at\ =530 nm and the rhodamine 3m sphere,
walls of the quartz capillarythickness approximately 0.1 at A=530 and 570 nm, respectively. The excitation source
times the acoustic wavelength in quarfmesumably results was an Ar-ion laserCoherent Innova 70)4operated in
in evanescent-wave coupling of the acoustic waves into thenulti-line mode with a maximum output power of 4 W. Via
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narrow bandpass interference filters the=458 nm or \ !
=514.5nm lines could be selected. The laser light was fo- 2 Eif
cused on the capillary with an angle of incideneg0°, giv-
ing a cross section area projected on the capillary of approxi-
mately 0.3<1 mm. The fluorescence light from the spheres
was separated from the laser light by a colored glass filter
(0G550 and detected by a black-and-white charged coupled L_J
device(CCD) camera mounted on a &3microscope. A/2=90 pum
The interference filters were mounted on a wheel in front
of the laser, allowing rapid change of excitation wavelengthFIG. 4. Fluorescence images of 4.ra-diam latex spheres inside the
With A =458 nm the 4.7um spheres produce strong fluores- =75,u_m capillary without the acoustic tra@ and with the acoustic trap
cence with very good signal-to-noi¢8/N) ratio. The 3.Qum () activated.
spheres could not be excited by this laser line. The
=514.5 nm excitation light was moderately suitable for both
spheres, resulting in a detectable fluorescence signal of equedpillary axis, and they are not individually resolvabiég.
strength for the two sphere sizes with a S/M. Naturally, 4(b)]. When the transducer is turned off the trapped spheres
improved spectral separation would have been advantageousove apart and they can be individually detected.
since this would allow us to only detect the 34fn spheres. It is of interest to estimate the magnitude of the acoustic
Thus, by comparing pictures taken by the CCD using the twdorces on the latex spheres that can be generated inside the
different excitation wavelengths, the sphere sizes could, irapillary. This experiment was performed by recording con-
principle, be determined. Using the 458 nm line, only the bigsecutive CCD images of a flow of 3,4m spheres while
spheres are visible, but with the 514.5 nm line, both big andncreasing the transducer voltage until all spheres were
small spheres are visible. trapped. From the CCD images the velocity, and, thus, the
The original latex suspensions, typically 2.5% latexviscous-drag forcé .. [Eq. (2)], can be determined. At the
by weight, were diluted in 25 mM sodium borate transducer trapping voltage this force is exactly equal to the
(N&,B4O;), pH 9.2, to simulate typical CE conditions. We acoustic forcd= .o, EQ. (1)]. Thus, the acoustic intensity
prepared samples with final concentrations ok B*-~5 inside the capillary may be calculated by combining Hds.
X 10* spherestl, corresponding to a mean distance betweerand (2). With | ,= P2/2poCo, this results in
spheres of 30—6@m. These samples are injected into the
capillary. In order to generate a constant laminar flow inside |a:k12, (3)
the capillary, we used a motor-driven microliter syringe. r

During the experiments, the mean flow velocity inside thewherek is a constant. Equatio(8) indicates the important
capillary, typically 0.5-3 mm/s, could be held constant, but.experimental parameters, i.e., the sphere veloaity, @nd
due to the parabolic velocity profile, the sphere velocity disthe sphere radiug). With a maximum velocity of 4 mm/s
tribution spans from the maximum value on the capillaryywhen trapping 3.0um spheres, Eq(3) gives a maximum
axis to almost zero near the inner wall. Still, the great Maintensity 1,=90W/cn? inside the capillary. This corre-
jority of the observed sphere velocities were in the rang&ponds to an acoustic radiation force of 110 pN acting on the
+25%, as mentioned in Sec. Il. The latex-suspension samplg o um spheres and 420 pN acting on the 4m spheres.
enters the trap from the reflector side, giving rise to an im-Thys, it is clear that the acoustic forces are sufficiently large
mediate, Strong radiation force on the Spheres. The reason f@ allow trapping over a wide range of Sphere sizes and flow
drive the flow from this direction is to avoid a gradually velocities. To estimate the coupling efficiency of the focused
increasing acoustic force resulting in a risk of having spheregcoustic wave into the capillary, the acoustic pressure ampli-
trapped before the fluorescence detection window. tude in focus was measured by a 0.5 mm needle hydrophone
(Precision Acoustic Ltd., UKwith the capillary removed.
From this the standing-wave intensity without the capillary
may be calculated. Naturally, there is no reflector and, thus,
In order to investigate the function of the trap and theno standing wave in this case. Comparing this intensity out-
LIF detection system, experiments were performed with uniside the capillary with the measured value inside, results in a
formly sized spheres. Figure 4 shows a typical view from thecoupling efficiency on the order of 5%—-10%.
microscope with 4.7um spheres in a 75/12am capillary The experiments demonstrating the size-selective sepa-
using thex =458 nm laser line. Initially, when the acoustic ration efficiency were performed with samples of mixed
field is turned off, each sphere is clearly resolved, movingsphere sizes, equal proportions of 3.0 and 4n7 spheres.
with the pressure-induced flo\ig. 4(@)]. When a voltage is  Different capillaries were used with inner diameters ranging
applied over the transducer, the acoustic force amplitude infrom 20 to 75um. Each experiment was documented by
creases and when it reaches equilibrium with the viscouspproximately 500 CCD pictures taken with a frequency of 8
drag force, the spheres are trapped in positions of maximurHz, i.e., 60 s each run. The mean velocity was held constant
acoustic intensity gradient. Due to the dominating gradient if0.5—3 mm/$ and the acoustic intensity was gradually in-
the propagation direction of the acoustic field, the trappedreased until all 4.7um spheres were trapped. By rapidly
spheres line up close together in a plane perpendicular to trghanging the laser wavelength between 458 and 514.5 nm,

IV. EXPERIMENTS
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30 - . - 7 are in good agreement, which confirms that the theoretical
—— = experiments / size dependence of the forces acting on the spheres also
— —=theory // works inside the capillary.
25 -
Y/
26 y V. DISCUSSION
5 We have demonstrated the principles of the capillary ul-
S trasonic trap for size-selective separations. The results from
=18 the measurements indicate that it is possible to separate 4.7-
= pum-diam spheres from 3.2m-diam spheres, even with a
10 nonuniform velocity distribution. We will now briefly con-
sider the separation efficiency of particles with more similar
diameters and especially the case of separating very few
5 large particles among many small. This corresponds to the
case of detecting trace amounts of two-particle latex-sample-
latex complexeqdoublets from single latex spheresin-
% 5 10 5 20 glets as discussed in Sec. . Here the acoustic force is a
U7 (V) factor 2 larger for the doublet than for the singlet due the

volume dependence of E¢Ll). The viscous drag forcgeq.
FIG. 5. Verification of theory. Each data point/{,,U; o represents the (2)] for the doublet is determined by an effective radius of

transducer voltages needed to trap 100% of 4.7- anguBh@iam spheres, . . . _
respectively. The solid line is a linear least-square fit to the data points witl the complex. This varies between 1.3 and 1.4 times the ra

slope 1.50. The slope of the dashed line is the ratio of the spheres diametefUS Of & singlet, depending on the orientation of the doublet
(1.55. in the flow?® At present we have no evidence for any spe-
cific orientation of the doublets. Performing a similar calcu-
lation as in Sec. Il for this case assuming the same allowed
. . acoustic intensity interval as in Fig.(2210%), and an effec-
the size of each sphere could be determined. The results fr01[1|1Ve doublet radius of 1.4 times singlet radiogorst casg

all experiments indicate that the large majority of the 20 the maximum allowable sphere velocity interval will then be

spheres were passing through the trap, when the aCOUSté%prox.t7%. Thus, in addition to a uniform acoustic field,

intensity level was getjust above the trapping level for_ all thethe velocity distribution of the particles must be carefully
4.7 pm spheres. Still, a few percent of the low-velocity 3.0 controlled. A very uniform velocity distribution may be ob-

um spheres were trapped due to a decrease in the velocit¥—. : o .
. . . ained by applying an electric field along the capillary result-
dependent viscous drag force near the capillary inner wall. Y applying g priary

From detailed video analyses, the maximum observed s he'rng In an electro-osmotic flow, well known in CE. This pro-
YSEes, PNefices a significant interval in which size-selective trapping is

: o 0 . :
velocity variation was*70%. Thus, with the parabolic flow possible. With such uniform acoustic and flow fields the cap-

E:)Osfélii)lgf this experiment, a 100% trapping selectivity is nOtillary ultrasonic trap has the potential to improve sensitivity

. . in CE by allowing long sample enrichment and detection
In order to compare the experimental results with theory,. . = . X :
. > times at spatially specified positions in the capillary. Natu-
the applied transducer voltage was measured when trappin . . : . e :
rally, improving the uniformity of the acoustic field will re-

4.7 and 3.0um spheres, respectively. The measurement POy the requirements on the velocity uniformity.

ﬁg;;ﬁr:jafhsl?gsg dtgc;??/oc;tr:ae edsvshcéfi%oao/boée{h':'rsg W Thereis an upper limit of the trapping force in order not
9 0 Qi to also trap the singlets. This results in a certain possibility

Constant mean velocty. Then we measured he voltage whej2 (e rapped doublets escape via Brownian motion. The
all spherestboth 4.7 and 3.Qum) were trapped (s 0) using escape may be modeled assuming that an isolated doublet

the N=514.5nm line. at the same velocity. Sintecr 2 MOVeS stochasticallyBrownian motion in a near-harmonic
[Eq.(3)]. | .ocPZ andF’> +U. the theoretical )r/élatiob‘gnship be- potential well following Ref. 12. Such calculations indicate
. il a a’ a il

tween the transducer voltages and the sphere sizes is that the escape probability of the complex s very low, mak-
9 P ing single-molecule detection potentially possible with the

method. Naturally, there are other experimental factors, such

@: 4.68um ~155 (4) as collisions by passing single spheres that might reduce the

Us7 3.02um 7 sensitivity. Accurate quantitative determination of separation
efficiency will be the topic of a forthcoming investigation.

In Fig. 5, the transducer voltagék, ; andU5 g are plot- For completeness, the possibility of production of false

ted from different experiments, using different capillary sizesdoublets due to scattering acoustic for¢Bgerknes’ forces

and flow velocities. The slope of the dashed line is the spherwill be briefly considered. In the velocity antinodes, the
radius ratio, 1.55. Fitting a straight line to the measured voltBjerknes’ forces may be attractive, making the creation of
age dataleast-squaregives a slope of 1.50. Given the un- false doublets a possible problem. However, the Bjerknes’
certainty in latex sphere diametefapprox. =4.5%), the forces are effective only at very small sphere—sphere dis-
measured voltage ratio and the calculated sphere radius ratiances. Calculations based on Ref. 2 show that even with
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spheres in direct contact, they are typically less than 2% o$pheres. Compared to conventional CE, the capillary ultra-

F acoustNdFisc. Thus, we do not expect false doublets to besonic trap would not only allow separation, but also in-flow

formed from these forces, especially since electrostatic repusample-enrichment at spatially specified positions inside the

sion between the surface-charged singlets will counteract theapillary. This will enable long enrichment and detection

attractive Bjerknes’ forces. times, and might improve the limit of detection, potentially
Finally, a technical comment on the arrangement of theo the single-molecule level.

longitudinal ultrasonic trap. A high-intensity acoustic
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