20047024287 A1 AT 0000 0 00 RO O

WO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Burcau

(43) International Publication Date

(10) International Publication Number

25 March 2004 (25.03.2004) PCT WO 2004/024287 A1l
(51) International Patent Classification’: B01D 21/00, Martin, Bernard [GB/GB]; DSTL, Porton Down, Salis-
BO1J 19/10, BO1D 43/00 bury, Wiltshire SP4 0JQ (GB).
(21) International Application Number: (74) Agent: BECKHAM, Robert, William; D/IPR Formali-
PbT/GB2003/001125 ties Section, Poplar 2, MOD Abbey Wood #2218, Bristol

(22) International Filing Date: 18 March 2003 (18.03.2003)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

0221391.6 16 September 2002 (16.09.2002) GB

(71) Applicant (for all designated States except US): THE
SECRETARY OF STATE FOR DEFENCE [GB/GB];
DSTL, Porton Down, Salisbury, Wiltshire SP4 0JQ (GB).

(72) Inventors; and

(75) Inventors/Applicants (for US only): HAWKES, Jeremy,
John [GB/GB]; School of Biosciences, Cardiff University,
PO Box 915, Cardiff CF10 3TL (GB). LONG, Micheal,
J. [GB/GB]; School of Biosciences, Cardiff University, PO
Box 915, Cardiff CF10 3TL (GB). COAKLEY, William,
Terence [GB/GB]; School of Biosciences, Cardiff Univer-
sity, PO Box 915, Cardiff CF10 3TL (GB). McDONNEL,

BS34 8JH (GB).
(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ,DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, L.C,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NI, NO, NZ, OM, PH, PL, PT, RO, RU, SC, SD,
SE, SG, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US,
UZ, VC, VN, YU, ZA, ZM, ZW.
(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO,
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: APPARATUS FOR DIRECTING PARTICLES IN A FLUID

(57) Abstract: There is disclosed apparatus for directing particles entrained in a fluid, comprising a chamber having a first wall,
including means for generating a sound wave having a frequency v, and a second, opposite wall capable of reflecting the sound wave
in which the first and second wall define a conduit for the passage of the fluid, and in which the thickness of the second wall is such
that the path length of the standing wave in the second wall is a multiple of about 1/2 the wavelength A, of the sound wave therein.



10

15

20

WO 2004/024287 PCT/GB2003/001125

1

APPARATUS FOR DIRECTING PARTICLES IN A FLUID

The present invention concerns apparatus for directing particles in a fluid. The
present invention is particularly, although not exclusively, concerned with apparatus
utilising an ultrasound standing wave having a single pressure node in the fluid to

direct particles to a plane surface boundary.

It is known that the creation of an ultrasound standing wave in a fluid comprising a
suspension of particles exerts a force on the particles, which acts to direct them
towards a pressure node or a pressure antinode. In particular, it is known that bacteria
in aqueous suspension are directed towards pressure nodes on account of the fact that
their mass density and the speed of sound therein are greater than in water. By
contrast, oil droplets or air bubbles in water are directed to pressure antinodes because

their mass density and the speed of sound therein are lower than in water.

The magnitude and direction of these acoustic radiation forces have been extensively
discussed. See for example, King, L.V. Proc. R. Soc., 1934, London A147, 212 —240,
Yosioka, K. and Kawasima, Y., Acustica, 1955, 5, 167-173, Gor’kov, L.P., Sov. Phys.
Dokl., 1962, 6, 773-775, Nyborg, W.L., J. Acoust. Soc. Am., 1967, 42, 947-952,
Crum, L.A., ibid., 1971, 50, 157-163, Gould, R.K. and Coakley, W.T, Proc. 1973
Symp. on Finite-Amplitude Wave Effects in Fluids (Pergamoﬁ Press, Guildford, UK
1974), pp 252-257, Whitworth, G. and Coakley, W.T., J. Acoust. Soc. Am., 1992, 91,

79-85 and Groschl M., Fundamentals Acustica —acta acustica, 1998, 84, 432-447.
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It is well known that pressure antinodes in an acoustic standing wave system generally
occur at a boundary or boundaries between materials having significantly different
acoustic impedance. For example, pressure antinodes occur at a boundary between
water and stainless steel or glass layers. It has not, until now, been possible to direct
particles to a boundary surface by arranging for a pressure node at that surface. Thus,
US 5225089, US 5 626 767, EP 0 633 049 and EP 0 380 194 all disclose acoustic
apparatus for directing particles in which a pressure antinode is present at boundary

surfaces.

The position of pressure nodes in an ultrasound standing wave system is of particular
interest when it is desired to generate a standing wave having a single node in the
fluid layer. Such systems require that the width or thickness of the fluid layer is a half

or a quarter of the wavelength A ¢ of the standing wave in the fluid.

The system comprising a half wavelength thickness, herein referred to as the N2
system, is known to the art and extensively discussed by Hawkes, J.J. et al., in J.
Acoust. Soc. Am., 2002, 111, 1259-1266 and Sensors and Actuators B, 2001, 75, 213-
222. An acoustic chamber comprises a first wall having a piezoceramic and a
stainless steel transmission layer and a second, reflecting wall of glass. The frequency
of the sound wave is selected so that the thickness of the glass reflector is a quarter
wavelength of the standing wave in glass in order to ensure the maximum energy in
the system is focused in the fluid layer. Pressure antinodes formed at the boundaries
of the piezoceramic and steel layer, the steel layer and fluid layer and the fluid layer
and glass wall lead to a pressure node for the standing wave at the centre of the fluid

layer. The N2 system has been used to filter particles from a fluid (Spengler, J.F. et
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al., Bioseparation, 2001, 9, 329-341) as well as to move particles from one fluid to

another (see our co-pending GB patent application No. GB0223562.0).

The system comprising a quarter wavelength thickness, herein referred to as the M4
system and similar to that described above, has previously been thought to be of no
practical value. The apparent requirement that the frequency of the sound wave is
selected so that the thickness of the glass reflector is a quarter wavelength of the
standing wave in glass limits the system. In particular, a pressure node can only occur
at the boundary of the fluid layer and one or other of the steel layer or glass wall.
However, because a pressure node must also occur at boundaries contacting air, on
account of the low acoustic impedance of air, a phase change may occur in the
standing wave system. This phase change invariably occurs at the piezoceramic so
that a pressure node is formed not at the boundary between the fluid and the glass wall
as is desired for many practical applications but at the boundary of the steel layer and

the fluid.

A number of approaches to this problem have focused on so called “pressure release”
at the reflecting wall. In particular, attempts have been made to minimise the
thickness of the glass reflector or to substitute a material with similar acoustic
properties to the fluid. However, these approaches are largely impractical or fail in
that the required thickness makes the reflector difficult to fabricate and handle and

prone to shatter on mechanical shock or in that a standing wave is not produced.
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Applicant has now surprisingly found that selection of the frequency and/or the
thickness of the reflector in both the M2 system and the M4 systems is of practical

value for directing particles to one or more fluid boundary surfaces.

Accordingly, in one aspect, the present invention provides apparatus for directing
particles entrained in a fluid, comprising a chamber in which a first wall including
means for generating a sound wave of frequency v and a second opposite wall capable
of reflecting the sound wave in which the first and second walls define a conduit for
the passage of the fluid and in which the thickness of the second wall is such that the
path length of the standing wave in the second wall is a multiple of about 1/2 of the

wavelength A\ ; of the sound wave therein.

It will be understood that the selection of the thickness of the second wall (or the
frequency » of the sound wave) such that the path length of the standing wave in the
second wall is about 1/2 N\ ; , leads to a pressure node at one or other or both of the
fluid boundary surfaces. In particular, it will be appreciated that the second wall
resonates at the selected frequency and as a result the relatively high acoustic
impedance of the wall in relation to the fluid is effectively reduced to zero. Further,
although the energy in the system is focused in the resonating second wall, the
magnitude of the force acting on the particles at the node is still sufficient to drive
particles across the direction of laminar flow in a fluid. In this regard, it observed that
at the selected thickness or operating frequency the heat generated by the resonance of

the second wall leads to only a very small increase in local temperature (5 to 10°C).
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The present invention does not require that the thickness of the second wall or the
frequency v of the sound wave is such that the path length of the standing wave in the
second wall is a multiple of exactly N2 of the wavelength of sound therein. In
particular, the term “ a multiple of about 1/2 \;”, as used herein, will be understood to
mean that the path length is within +/- 5% of the theoretical value for n (1/2) the

wavelength N\ ; of sound in the second wall where n is an even or odd integer including

1.

The selection of the thickness of the reflector or the frequency of the sound wave such
that the path length of the standing wave is a multiple value of 1/2 A . must, however,
not increase the local temperature to such an extent that the speed of sound and,
therefore, the wavelength of the standing wave in the second wall is significantly
changed. Preferably, the value of n ranges from 1 to 5. Still more preferably, the

thickness of the second wall is about 1/2 A ;.(n =1)

It will be understood that, subject to the requirement for sufficient energy in the fluid
layer, the thickness of the first wall is not critical to the present invention. Preferably,
the thickness of the first wall is an odd multiple (n is an odd integer) of 1/2 or 1/4 of
the wavelength A ; of the sound wave therein. Still more preferably, the thickness of

the first wall is 1/2 of the wavelength A ; of the sound wave in therein.

In preferred embodiments of the present invention, the apparatus further comprises a
material in contact with the first wall, which is capable of transmitting the sound
wave. The inclusion of a coupling layer on the inner surface of the first wall is well

known to the art. The thickness of the coupling layer is, subject to the energy
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requirement, not critical to the present invention. However, the preferred thickness is
an even or odd multiple (n is an even or odd integer) of 1/2 or an odd multiple (n is an

odd integer) of 1/4 of the wavelength A ; of the sound wave in therein.

Further, the width of the conduit is, subject to the energy requirement, not restricted
by the present invention. Preferably, however, the width of the conduit is an even or
odd multiple (n is an even or odd integer) of 1/2 or an odd multiple (n is an odd
integer) of 1/4 of the wavelength A ¢ of the sound wave in therein. Of course, where
the width is 1/2 or a multiple of 1/2 of the wavelength A ¢ of the sound wave in the
fluid more than one pressure node is present in the fluid layer. However, in this
system, a pressure node will always be present at the boundaries of the fluid layer.
Similarly, where the width of the conduit is an odd multiple of 1/4 of the wavelength
A ¢ of the sound wave in the fluid, a plurality of pressure nodes will also be present.
However, in this system, a pressure node will always be present at the boundary of the

fluid layer with the second wall.

In a highly preferred embodiment of the present invention, however, the width of the
conduit is a 1/4 of the wavelength A ¢ of the sound wave in the fluid. In this
embodiment a single pressure node is present in the fluid layer and located at the
boundary of the fluid layer and the second wall. This embodiment is particularly
advantageous in that the particles in the fluid are driven solely to the boundary surface

between the fluid layer and the second wall.

As mentioned previously, the energy of the standing wave in the system of the present

invention is an important consideration. Preferably, therefore, the frequency », the
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thickness of the first and second wall and the width of the conduit are such that the
overall path length of the standing wave (i.e. A, N¢, Nr, A ) in the system is a
multiple of V2. Sufficient energy, at desired operating frequencies and thickness, can
be obtained by selection of the amplitude of the sound wave generated by the first

wall

In preferred embodiments of the present invention, the material capable of generating
an ultrasound wave comprises a piezoceramic. In these embodiments, the apparatus
further comprises means for applying an alternating potential to the piezoceramic.
The magnitude of the applied alternating potential controls the amplitude of the sound
wave. Preferably, the frequency of the applied potential is at or adjacent the
fundamental resonance frequency of the piezoceramic. However, other frequencies
may also be used. Of course, other sources of uitrasound, including lasers and

electrostatic actuators may also be used.

The materials of the transmission layer and the second wall may comprise any such as
are known to the art. Preferably, the material capable of reflecting the sound wave
comprises glass. Advantageously, the second wall comprises a glass microscope

slide. The transmission layer may comprise, in particular, steel, carbon or silicon.

The apparatus according to the present invention may also comprise means providing
for the flow of the fluid through the conduit. Preferably, the means comprise a pump

or the like.
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The present invention allows the manipulation of particles in a fluid to one or other or

both of the fluid boundary surfaces. The invention therefore offers alternative

possibilities for filtering particles from the fluid by, for example, collection at one or

more of these surfaces.

In preferred embodiments of the present invention, the apparatus further comprises
means for detecting particles at or adjacent the first and/or second walls of the

chamber.

In a highly preferred embodiment, the width of the conduit is such that the path length
of the standing wave therein is a 1/4 of the wavelength A ¢ of the sound wave in the
fluid (a V4 system). In this embodiment the detection means is provided at the
second wall since only a single pressure node, located at the boundary of the fluid and

the second wall is present in the fluid layer.

The present invention is not limited by any particular means for detecting the
particles. The apparatus may comprise any suitable detection means for detecting
particles known to the art. Preferably, however, the detection means comprises a
biosensor including a sensing medium capable of sensing particles such as bacteria,
viruses, DNA, proteins and the like. Still more preferably, the detection means

comprise an optical biosensor.

The sensing medium may, in particular, comprise an agarose or dextran gel matrix
supporting a capture agent specific for particles of interest. Preferred forms of capture

agents include antibodies or lectins. Of course the sensing medium may comprise
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other inert matrices and/or support a plurality of capture agents specific for different

particles.

In one embodiment, the second wall is, at least in part, provided with a layer of the
sensing medium. In particular, the second wall and the sensing means may comprise
a surface plasmon resonance (SPR) sensor chip, a metal clad leaky waveguide
(MLCW) sensor chip or the like. Such chips enable the detection of captured particles
by a shift in the coupling angle of light incident the under side of the chip to an
evanescent wave in the sensing medium or the fluid. See for example, our co-pending

patent application PCT/GB02/045045 incorporated by reference herein.

The detection means may further comprise a microscope, a CCD video camera and/or
an image analysis system. Alternatively or additionally the detection means may
comprise means detecting a shift in the coupling angle of light to an evanescent wave
in the sensing medium or the fluid. The detection means may, in particular, image the
upper surface of the chip or may instead image light scattered or emitted from the

particles on the chip.

The detection of the particles does not, however, necessarily require that the second
wall or chip can be dismantled from the apparatus. In particular, it will be apparent
that an SPR or MCLW chip permits that detection may be carried out directly and
even during sonication. Preferably, however, the second wall or chip can be removed
from the apparatus so as to minimise vibration effects and/or facilitate detection by
monitoring light scattered or emitted from the sensing medium of the chip. The

removal of the chip advantageously permits its replacement and/or substitution.
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The concentration of the particles in the sample fluid may promote the formation of
aggregates, which may reduce the capture of particles by the sensing medium.
Preferably, therefore, the apparatus includes means for optimising the concentration
of the particles in the fluid in conjunction with the flow rate and pressure gradient.

Such means may comprise means for filtering or diluting the fluid.

Of course, the selection of the width of the conduit need not be limited to a N4
system. In particular, the apparatus may alternatively comprise a N2 system in which
a pressure node occurs at both fluid boundary surfaces. In this embodiment, the
detection means may be provided at the piezoceramic or coupling layer and/or the
second wall. Preferably, the detection means provided on the transmission layer or
piezoceramic comprises a regenerable, biological sensing medium. The regeneration
of the sensing medium enables multiple use of the chamber without the expense of

providing a new piezoceramic or coupling layer.

Other embodiments comprising multiple M4 and N2 systems may also be used
provided the penalty of a plurality of pressure nodes is acceptable for the purposes of

detection.

In a second aspect the present invention provides a method for detecting particles in a
fluid comprising the steps of i) passing the fluid through a chamber comprising a first
wall including means generating a sound wave of frequency » and a second opposite
wall capable of reflecting the sound wave which together define a conduit for the
passage the fluid and detection means for detecting particles at the first and/or second

walls ii) selecting the frequency » such that the path length of the standing wave in the
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second wall is a multiple of about 1/2 of the wavelength A ; of the sound wave therein

and iii) detecting the particles.

The chamber may comprise any of the features of the embodiments of the apparatus
according to the first aspect of the present invention. Preferably, however, the width
of the conduit in the chamber is 1/4 of the wavelength A ¢ of the sound wave in the

fluid and detection means is provided at the second wall.

The optimum capture of particles is dependent on the flow rate of the fluid in the
conduit as well as the pressure gradient in the fluid. The optimisation of the flow rate
will be within the skill of the ordinary practitioner. Preferably, the flow rate is such
that the flow in the conduit is laminar and the residence time of the fluid in the
conduit permits maximum capture of the particles on the sensing medium. The
optimisation of the pressure gradient and flow rate should, however, preferably avoid
the formation of aggregates of the particles, which may reduce the possibility of their

capture at the second wall.

The concentration of the particles in the sample fluid may promote the formation of
aggregates, which may reduce the capture of particles by the sensing medium. The
method may, therefore, comprise a preliminary step of adjusting the concentration of

the particles in the fluid.

The detection step may be performed using any suitable technique. Preferably, the
detection step relies on an evanescent technique, such as surface plasmon resonance,

and sensing means comprising a biological sensing medium on which the particles are
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captured. A change in the local refractive index of the medium on capture of the

particles leads to a shift in the angle of incident light required for resonance.

The method of the present invention may comprise the additional step of removing the
second wall and sensing medium from the chamber prior to the detection step. In this
embodiment, vibration effects may be avoided and the evanescent technique may be
permit detection of light scattered or emitted from the sensing medium. Alternatively,
or additionally the detection step may comprise visualisation of particles captured on
the sensing medium by a microscope, video camera and/or imaging system or on light

scattered or emitted from captured particles.

The apparatus and method of present invention provide enhanced detection of
particles, and in particular, pathogens such as bacteria or viruses, through ultrasonic
deposition on a surface sensor. The invention offers improved sensitivity over other
apparatus in that the ultrasonic force acting on particles of diameter in the order of 1
pm is able to overcome the slow diffusion rate and, in particular, to cause them to
cross the parallel flow lines in a fluid in laminar flow. A particular advantage of the
invention lies in the fact that the second wall and associated sensing means can
comprise a cheap arrangement of a microscope sli(ie and sensing medium which can

be removed and replaced.

The present invention will now be described with reference to a model study, a
preferred embodiment and the accompanying drawings in which
Figure 1 is a schematic representation of the an acoustic chamber according to

the present invention;
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Figure 2 shows results of the model study in which the distribution of acoustic
pressure and energy in the chamber is related to a number of alternative
configurations of a N2 system;

Figure 3 shows results of the model study in which the distribution of acoustic
pressure and energy in the chamber is related to a number of alternative
configurations of a N4 system,;

Figure 4 shows the results of the model study in which the frequency of the
acoustic energy in the fluid layer is related to the configurations of Figure 2;

Figure 5 shows the results of the model study in which the frequency of the
acoustic energy in the fluid layer is related to the configurations of Figure 3;

Figure 6 is an exploded view of apparatus according to a preferred
embodiment of the present invention;

Figure 7 shows photographs illustrating the collection of Bacillus subtilis var
niger (B. globiggi) spores using the apparatus of Figure 6;

Figure 8 shows photographs of illustrating the collection of B. globiggi at

various concentration of sample and residence time.

Having regard now to Figure 1, there is shown an acoustic chamber, generally
designated 11, comprising a first, transducer wall 12 comprising a piezoceramic and a
transmission layer 13 comprising stainless steel, and a second, reflecting wall 14 also
comprising stainless steel. The first and second walls define a conduit 15 for the

passage of a water layer.

A transfer matrix model, described by Nowotny, H. et al, in J. Acoust. Soc. Am.,

1987, 90, 1238-1245, simulating acoustic wave propagation of through the system














































































	WO 2004024287 A1
	Bibliographic data
	Page 1

	Abstract
	Page 1

	Description
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26

	Claims
	Page 26
	Page 27
	Page 28
	Page 29

	Drawings
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36

	Search report
	Page 37
	Page 38
	Page 39



