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Fig. 1

(6) is formed with a focusing zone (12) and a measurement zone (14) located
downstream of the focusing zone (12) in the direction of through flow and
provided with an electrode arrangement (18) for characterising particles (22)
in the tlowing fluidic sample by means of electrical impedance wherein an
acoustophoretic particle focusing arrangement (20) is provided in acoustic
coupling to the flow channel (6) in the focusing zone (12) to induce acoustic
forces in fluid in the flow channel (6) so as to effect a lateral and/or vertical
focusing of particles before flowing to the measurement zone (14).
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Description

[0001]

[0002]

[0003]

[0004]

MicroFluidic Impedance Flow Cytometer
The present invention relates to a microfluidic impedance flow cytometer
(‘MIC).
Electrical immpedance-based sensing, known as the Coulter technique, has
been proposed as a candidate technique for miniaturization. A MIC device
has been realised in which a cell or particle sample is suspended in a
conductive solution, causing a spike in resistance between the electrodes
when a low-conductivity object interrupts the electrical path, for example
the successful analysis of biological cells in a microfluidic channel using
impedance spectroscopy has been reported by S. Gawad et al,
("Micromachined impedance spectroscopy flow cytometer for cell analysis
and particle sizing"; Lab Chip, 1, 76-82 (2001)). Nano-scale particles have
been detected using this approach when the minimum channel dimensions
are comparable to the particle size. However, this technique is generally
only applicable to extremely well characterized and filtered sample
solutions containing particles slightly smaller than the channel width. Very
small channel widths lead to the problems concerning blockage of the
channel whereas a wider channel width leads to varying particle positions
in the channel which generates sensitivity issues.
Two-dimensional hydrodynamic focusing has previously been combined
with the MIC device to conduct simple particle counting operation. See,
e.g., Rodriguez-Trujillo et al, (“High-speed particle detection in a
micro-Coulter counter with two-dimensional adjustable aperture”; Biosens
Bioelectron, 24, 290-296 (2008)). In the Rodriguez-Trujillo device, two
buffer streams on each side of the sample were used to achieve a two
dimensionally focused stream with a minimum width of 2 microns. This
approach puts the particle in the middle of a thin sheet of electrolyte,
leaving conductive paths above and below the particle but adds a
significant complication to the MIC device fabrication process in that
additional channels and flow controls systems need to be constructed in
order to control the buffer streams.
It has also been proposed by Sethu et al in US 2009/0051372 to provide
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[0005]

[0006]

[0007]

an intricate multi-layered elastomer channel system in combination with a
buffer stream in order to confine particles towards the floor of a
measurement channel over which floor the measurement electrodes of the
impedance spectroscopy Coulter system are disposed. Again, construction
of such a complex MIC device is relatively complicated.

It is an aim of the present invention to provide a MIC device in which at
least one of the aforementioned problems is mitigated.

According to a first aspect of the present invention there is provided a
microfluidic impedance flow cytometer (‘MIC’) device comprising a
substrate in which is formed at least one flow channel for leading through
a particle containing fluidic sample, the flow channel comprising a focusing
zone and a measurement zone downstream of the focusing zone in the
direction of fluid flow through the flow channel and being provided with an
electrode arrangement for characterising particles in the flowing fluidic
sample by means of electrical impedance characterised in that an
acoustophoretic particle focusing arrangement is provided in acoustic
coupling to the flow channel in the focusing zone. By using
acoustophoresis, a technigque based on standing wave ultrasound forces,
particles in the fluid flowing in the focusing zone may be aligned vertically
and /or laterally before entering the measurement zone, leading to better
performance since the focussed particles will be flowing in the same
electric field density. Moreover, employing acoustophoresis allows for a
less complicated chip fabrication and can be used for on-chip sample
preparation in addition to the focusing of the target particles.

Usefully, the acoustophoretic particle focusing arrangement comprises one
or more ultrasound generators acoustically coupled to a suitably
dimensioned portion of the flow channel of the focusing zone to provide a
(half) standing ultrasound wave in an associated lateral and/or vertical
dimension. Preferably the arrangement operates to generate
simultaneously both lateral and vertical focusing which has an advantage
that particles in the fluid flowing in the flow channel will be subject to
acoustic forces tending to provide a flowing sample downstream of the

focusing zone, in the measurement zone, in which the particles are biased
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[0008]

[0009]

[0010]

[0011]

towards and concentrated in the centre portion of the sample fluid.

In an embodiment the electrode arrangement may consist of a plurality of
planar electrodes, typically patterned across a narrowed cross-section of
the flow channel. Planar electrode configurations are relatively easy to
fabricate but sensitive to varying particle positions. Advantageously
acoustophoretic particle focusing in the MIC device according to the
present invention permits a simpler electrode fabrication to be employed
where all the electrodes of the electrode arrangement are fabricated at
one side of the flow channel.

According to a second aspect of the present invention there is provided a
method for performing flow cytometry in a microfluidic impedance flow
cytometer having a flow channel formed in a substrate, comprising the
steps of: focusing particles within a flowing fluidic sample stream in one or
both a lateral or a vertical direction with respect to the direction of flow by
applying ultrasound acoustic energy to the sample stream within a suitably
dimensioned portion of a flow channel of the microfluidic device; detecting,
at a measurement zone of the flow channel electrical, impedance changes
using an electrode arrangement located at that zone; and analyzing in an
analyzer connected to the electrode arrangement the detected impedance
changes to provide one or both quantitative and qualitative information on
particles within the flowing fluidic sample.

In order to illustrate these and additional advantages of the present
invention an exemplary embodiment of a MIC device according to the
present invention will be described in greater detail below with reference to
the drawings of the accompanying figures, of which: Fig. 1 illustrates a
plan view of a portion of a MIC device according to the present invention;
Figs.2 illustrate theoretical simulations of acoustic forces present in a flow
channel of a particular realization of a MIC device according to Fig. 1; and
Figs. 3 illustrate experimental results from the particular realization
simulated in Figs. 2.

With reference to Fig. 1 a portion of a microfluidic impedance flow
cytometer (MIC) device 2 is illustrated (not to scale) and comprises a

substrate 4 (or carrier), in this example suitably provided by a planar glass
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[0012]

[0013]

[0014]

sheet, in which is provided, here by a two-step wet etching technique, an
elongate sample flow channel 6, having an inlet 8 connectable to a
suitable device for feeding a fluid, typically a liquid but possibly a gas and
an outlet 10. The channel 6 is provided with a focusing zone 12 and,
downstream of this in the direct ion flow of a particle containing sample
fluid, a measurement zone 14 with different cross sectional dimensions. In
particular the flow channel portion 16 of measurement zone 14 being
substantially narrower and shallower than that of the focusing zone 12.

In the measurement zone 14 an electrode arrangement 18 is formed, here
as planar electrodes patterned across the narrower flow channel 16 of the
measurement zone 14 in order to allow impedance spectroscopy
measurements to be performed. By way of example only, the electrode
arrangement is shown to consist of six measurement electrodes 18a..f and
one forked electrode 18 g to act as a signal output to an analyser (not
shown) and are each terminated with an externally accessible electrical
contact or pad (not shown).

An acoustophoretic particle focusing arrangement 20, here comprising an
ultrasound generator located beneath the substrate 4 directly below the
focusing zone 12 of the flow channel 6, is provided in acoustic coupling to
the focusing zone 12 in order to generate acoustic forces within fluid in
that zone 12 through the creation of a (half) standing wave in one or both
the lateral and vertical directions.

In a particular realization of the exemplary embodiment of the present
invention as illustrated in Fig.1 which has been employed to generate
experimental data discussed later the ultrasound generator of the
particular acoustophoretic particle focusing arrangement 20 is adapted to
generate standing wave ultrasound at 5 (vertically) and 2 (laterally) MHz
respectively. The electrodes 18a..g of this particular realization are
platinum electrodes with a thickness of 200 nm, a width of 20 yum and a
space of 30 um between adjacent electrodes. These, unconventionally,
are patterned across one side (here illustrated as across the bottom) of the
narrow flow channel portion 16 of the measurement zone which is 35 pm

wide, 80 um deep and extends 1500 um in order to allow impedance
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[0015]

[0016]

spectroscopy measurements. Normally this is not a very good
configuration since there will exist an inhomogeneous electrical field in the
channel 16 and the impedance readout hence becomes dependent of the
particle position in the channel 16 of the measurement zone 12. With the
acoustophoretic focusing this does however no longer affect the
impedance readout as the particles enter the measurement zone 12
substantially in the same spatial location.

Computer simulations using known physical modelling software, here
Comsol(™) modelling software available from ComSol AB, Sweden, were
performed in order to optimize for standing wave ultrasound at these
frequencies resulted in a 420 um wide and 150 um deep flow channel 6, at
least in the focusing zone 12 but usefully also in the region of the channel
6 downstream of the measurement zone 14, which region connects with
the outlet 10. The results of these simulations for the 150x420 um focusing
channel 12 are illustrated in Figs. 2 with acoustic force direction indicated
by arrows. Vertical focusing dimensions was simulated for a ~5.3 MHz half
standing wave and illustrated in Fig. 2(a). Lateral focusing dimensions was
simulated for a ~2.0 MHz half standing wave and illustrated in Fig.2(b).
The combined effect of these forces on particles 22 in a flowing fluid
stream in the flow channel 6 after focussing in the focusing zone 12 is
shown in Fig. 2(c) which when active simultaneously, these acoustic
forces should, according to theory (and as discovered in practice), cause
particles 22 to focus into the centre portion of the laminar flow.

In order to evaluate the particular realization of the MIC device described
above two different particle suspensions were used. 5, 7 and 10 ym
polystyrene beads were suspended in 0.9 % NaCl MQ water. Blood was
diluted 500 times in PBS. Flow was set to 5 yl/min. Differential impedance
spectroscopy was performed at 3 MHz and 800 mV output. Acoustic
forces were induced using piezoelectric transducers of the acoustophoretic
focusing arrangement 20 attached to the bottom of the substrate 4
beneath the focusing zone 12 portion of the flow channel 16. The
transducers 20 were actuated by signal generators. The raw data was

analysed in an associated analyzer (not shown) using the “findpeaks”
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[0017]

[0018]

function in Matlab and electric pulse amplitudes extracted together with
differential (+)pulse to (-)pulse time values for each particle which can be
used to evaluate flow speed between the two measuring electrode areas
in the MIC device . The polystyrene bead mix data from the MIC device
was compared with data using a conventional coulter counter, here the
Multisizer{™) 3 Coulter counter from Beckman Coulter Inc., in order to
further evaluate MIC device performance.

The results are illustrated in Figs. 3 (where ‘# denotes ‘count number’) for
the mix of 5, 7 and 10 ym polystyrene beads suspended in 0.9 % NaCl
MQ water could be detected. A peak amplitude histogram without the
acoustophoretic focusing arrangement 20 activated is shown ion Fig. 3(a).
However, analysis of the time between the two differential impedance
pulses for each particle indicated that they were spread across the
channel16 of the measurement zone 14 (which could also be seen using
visual inspection in a microscope), thus travelling at different velocities.
When activating the acoustophoretic focusing arrangement 20 the pulse
amplitude distribution is better and as can be seen from the histogram of
Fig. 3 (b) the different size beads are easier to distinguish, with the 10 um
population now well defined. Data from the focused particle experiments
correlates well to obtained data from the Multisizer 3 Coulter counter which
is illustrated in Fig. 3(c). Pulse to pulse time histograms for red blood cells
(‘RBC's’) in PBS solution indicate successful acoustophoretic focusing of
the RBC's (see Fig. 3(e) when compared to the results obtained with no
acoustophoretic focusing where the presence of slowly moving RCB’s is
indicated by the presence of a smaller amplitude peak (see Fig. 3 (d)).
The present invention will facilitate the provision of an integrated device
with acoustic pre-treatment of a sample, for example raw milk or blood,

with particle sorting, alignment and subsequent cytometry on a single chip.
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Claims

1. A microfluidic impedance flow cytometer (‘MIC’) device (2) comprising a
substrate (4) in which is formed at least one flow channel (6) for leading
through a particle (22) containing fluidic sample, the flow channel (6)
comprising a focusing zone (12) and a measurement zone (14) located
downstream of the focusing zone (12) and provided with an electrode
arrangement (18) for characterising particles (22) in the flowing fluidic sample
by means of electrical impedance characterised in that an acoustophoretic
particle focusing arrangement (20) is provided in acoustic coupling to the flow
channel (6) in the focusing zone (12).

2. A MIC device (2) as claimed in claim 1 characterised in that the
acoustophoretic particle focusing arrangement comprises one or more
ultrasound generators (20) acoustically coupled to a suitably dimensioned
portion of the flow channel (6) of the focusing zone (12) to provide, when
activated, a standing ultrasound wave in an associated one or both a lateral
and a vertical dimension of the flow channel (6) of the focusing zone (12).

3. A MIC device (2) as claimed in Claim 2 characterised in that the
acoustophoretic particle focusing arrangement (20) is adapted to generate
ultrasound to simultaneously provide a half standing ultrasound wave in both a
lateral and a vertical dimension.

4. A MIC device as claimed in any preceding claim characterised in that the
electrode arrangement (18) comprises a plurality of planar electrodes (18a..g)
provided across on side of a measurement channel (16) of the measurement
zone (14).

5. A method for performing flow cytometry in a microfluidic impedance flow
cytometer (MIC) having a flow channel formed in a substrate, comprising the
steps of: focusing particles within a flowing fluidic sample stream in one or both
a lateral or a vertical direction with respect to the direction of flow by applying
ultrasound acoustic energy to the sample stream within a suitably dimensioned
portion of a flow channel of the microfluidic device; detecting, at a
measurement zone of the flow channel electrical, impedance changes using an
electrode arrangement located at that zone; and analyzing in an analyzer

connected to the electrode arrangement the detected impedance changes to
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provide one or both quantitative and qualitative information on particles within

the flowing fluidic sample.
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AMENDED CLAIMS
received by the International Bureau on 01 March 2013 (01.03.2013)

Claims

1.

A microfluidic impedance flow cytometer (‘MIC’) device (2) comprising a substrate
(4) in which is formed at least one flow channel (6) for leading through a particle (22)
containing fluidic sample, the flow channel (6) comprising a focusing zone (12) and
a measurement zone (14) located downstream of the focusing zone (12) in the
direction of fluid flow through the channel and provided with an electrode
arrangement (18) for characterising particles (22) in the flowing fluidic sample by
means of electrical impedance characterised in that an acoustophoretic particle
focusing arrangement (20) is provided in acoustic coupling to the flow channel (6) in
the focusing zone (12) and is adapted to provide, when activated, a standing
ultrasound wave in an associated lateral and a vertical dimension of the flow
channel (6) of the focusing zone (12) so as to bias particles within the flowing fluidic
sample towards and concentrate them in a centre portion of the fluid as they are
flowed through the measurement zone (14).
A MIC device (2) as claimed in Claim 1 characterised in that the acoustophoretic
particle focusing arrangement (20) is adapted to generate ultrasound to
simultaneously provide a half standing ultrasound wave in both the lateral and the
vertical dimension.
A MIC device as claimed in any preceding claim characterised in that the electrode
arrangement (18) comprises a plurality of planar electrodes (18a...g) provided
across on side of a measurement channel (16) of the measurement zone (14).
A method for performing flow cytometry in a microfluidic impedance flow cytometer
(MIC) having a flow channel formed in a substrate, comprising the steps of:

focusing particles centrally within a flowing fluidic sample stream in both a lateral
and a vertical direction with respect to the direction of flow by applying ultrasound
acoustic energy to the sample stream within a suitably dimensioned portion of a flow
channel of the microfluidic device;

flowing the fluidic sample stream containing the centrally focused particles into a
measurement zone of the flow channel;

detecting, at the measurement zone electrical, impedance changes using an

AMENDED SHEET (ARTICLE 19)
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electrode arrangement located at that zone; and
analyzing in an analyzer connected to the electrode arrangement the detected
impedance changes to provide one or both quantitative and qualitative information

on particles within the flowing fluidic sample.

AMENDED SHEET (ARTICLE 19)



WO 2013/156081 PCT/EP2012/057290
1/3

18




WO 2013/156081

PCT/EP2012/057290
2/3
410" &1 IGTL
™ (a)
15
16 1
1 Eigenfrequency=5.321967ebiHz
13 k . . a5
. surface: Total acoustic pressure field {Pa)
.a i
2]
4 Lk
?
] -1
-2
4 15
[}
{Pa)
1% {Mixl0™ ¥ .1.9455
w1 A1 7a4g
) (b)
18 1.5
14
1 Eigenfrequency=2.044075e6(Hz) 1
¥ surface: Total acoustic pressure field (Pa)
b3
-]
|
?
0
7
A
X
{PHJ
15 iMbx1o™ w1 rgqn
(c)

Fig. 2



WO 2013/156081

5um

7 um

10 um

—

puise dmplitiide -

10 um

/

s e —.

> pu'l's?gﬁw?l'ifdaé"

10 um

pargl'c'l"e"siz'e

—_—

(d)

Slowly moving RBC's

> pulse to pulse time

3/3

Fig. 3

PCT/EP2012/057290

(a)

(c)

(e)

RBC's now
travelling at
same speed

ke b b e bl

— pulse to pulse time



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2012/057290

A. CLASSIFICATION OF SUBJECT MATTER

INV. GOIN15/12
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

GOIN

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

abstract; figures 4,8
paragraphs [0006],
[0040]

cited in the application
figures 1C,2
paragraphs [0023],
[0061], [0062]

[0024],

[0025] - [0026],

[0029],

X WO 2010/040394 Al (FOSS ANALYTICAL AS 1-5
[DK]; HOLM CLAUS [DK]; FOLKENBERG JACOB
RIIS [DK];) 15 April 2010 (2010-04-15)

Y US 2009/051372 Al (SETHU PALANIAPPAN [US] 1-5
ET AL) 26 February 2009 (2009-02-26)

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

8 January 2013

Date of mailing of the international search report

17/01/2013

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Bockstahl, Frédéric

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2012/057290

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

Y

US 2010/139377 Al (HUANG TONY JUN [US] ET
AL) 10 June 2010 (2010-06-10)

abstract; figures 1,7

paragraphs [0005] - [0009], [0035] -
[0037], [0o040], [0070], [0072] - [0073]
KAREN C. CHEUNG ET AL: "Microfluidic
impedance-based flow cytometry",

CYTOMETRY PART A,

vol. 77A, no. 7, 1 July 2010 (2010-07-01),
pages 648-666, XP055048826,

ISSN: 1552-4922, DOI: 10.1002/cyto.a.20910
the whole document

TAO SUN ET AL: "Single-cell microfluidic
impedance cytometry: a review",
MICROFLUIDICS AND NANOFLUIDICS, SPRINGER,
BERLIN, DE,

vol. 8, no. 4, 6 March 2010 (2010-03-06),
pages 423-443, XP019785777,

ISSN: 1613-4990

figures 10,11a,12a,13a

page 430, paragraph 4.1 - page 435

1-5

1-5

1-5

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2012/057290
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2010040394 Al 15-04-2010 CN 102170949 A 31-08-2011
EP 2331230 Al 15-06-2011
US 2011154890 Al 30-06-2011
WO 2010040394 Al 15-04-2010
US 2009051372 Al 26-02-2009  NONE
US 2010139377 Al 10-06-2010 US 2010139377 Al 10-06-2010
US 2010140185 Al 10-06-2010
WO 2010065868 A2 10-06-2010

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - claims
	Page 10 - claims
	Page 11 - amend-body
	Page 12 - amend-body
	Page 13 - drawings
	Page 14 - drawings
	Page 15 - drawings
	Page 16 - wo-search-report
	Page 17 - wo-search-report
	Page 18 - wo-search-report

