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57) ABSTRACT

The electrical properties of particle solutions can be investi-
gated on a single particle basis by using micro fluidic chan-
nels. The impedance can be measured across the channel
using at least one pair of conductive electrodes, at least one
electrode of a pair being a fingered electrode having a plural-
ity of fingers. The pattern of fingered electrodes creates a
longer and more complicated measurement signal shape
which leads to a significant improvement of measurement
sensitivity. An application for the proposed technology is to
significantly improve the measurement sensitivity of imped-
ance measurements on blood cells, leading to a better differ-
entiation between different types of white blood cells. Better
measurement sensitivity also enables the measurement of
smaller particles and higher throughput.
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1
FINGERED ELECTRODES FOR
MICROFLUIDIC SINGLE PARTICLE
ANALYSIS

FIELD OF THE INVENTION

The invention relates to the field of investigation of par-
ticles, and more specifically to discrimination of particles, for
example biological cells, by impedance spectroscopy in a
measurement channel which encloses a carrier liquid for
transporting the particles. The invention may be used in a
micro fabricated flow cytometer.

BACKGROUND OF THE INVENTION

The healthcare trend to Point-of-Care devices using dis-
posable cartridges and smaller device formats calls for a
miniaturization of existing fluid based tests. The resulting
need to analyze smaller fluid volumes has driven the devel-
opment of micro fluidic chips to measure the properties of
particles in solutions on a single particle basis.

The current state of the art principle for electrical particle
analysis is the Coulter counter. Here particles in an electrolyte
solution are drawn through a small aperture, separating two
electrodes between which an electric current flows. The volt-
age applied across the aperture creates a “sensing zone”.
Particles which pass through the aperture displace their own
volume of electrolyte and therefore change the impedance of
the aperture. This change in impedance produces a pulse
which is characteristic of the size of the particle. This appa-
ratus enables to determine the size distribution and concen-
tration of the particles in the fluid. Coulter counters have also
been realized in a microfluidic format.

Microfluidics also enable to probe the impedance in a
channel in a sideways fashion. Probing the fluid by opposing
or adjacent electrodes inside a channel was consequently
proposed. In macrofluidics, similar structures have been pro-
posed inside an aperture, and with multiple electrode pairs.

Cheung et al. describe in “Impedance Spectroscopy Flow
Cytometry: On-Chip Label-Free Cell Differentiation”,
Cytometry Part A 65A: 124-132 (2005), a microfluidic chip
that uses two pairs of electrodes 10a, 11a and 105, 115 inside
a narrow microfluidic channel 12, as shown in FIG. 1. Here,
while one of the electrode pairs senses the particle, the other
pair acts as a reference.

Both top electrodes 11a, 115 are connected to the same AC
or DC input signal (A=B) while the bottom electrodes 10a,
105 are connected to ground (signal C). The currents passing
through the fluid in the micro fluidic channel 12 between the
left and the right electrode pair are measured, and the corre-
sponding impedances between the left and the right electrode
pair are determined, amplified and their difference is taken by
standard analog electronics. The in-phase and out-of-phase
parts of the resulting AC signal are measured using standard
Lock-in-technology. Without a particle passing the electrodes
104, 11a; 105, 115 the determined difference signal is pref-
erably, although not necessarily, zero (in practice always an
offset may be present due to electronic component inaccura-
cies). [f a particle 13 coming from the left passes first the left
electrode pair 10a, 11a a positive almost Gaussian shape like
signal is produced when sensing the impedance difference
between the electrode pairs. When the particle 13 afterwards
passes the right electrode pair 105, 115 a negative Gaussian
shape signal is produced when sensing the impedance differ-
ence between the electrode pairs. The resulting antisymmet-
ric double Gaussian signal shape can be seen at the bottom
part of FIG. 1.
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2

The standard way to analyse the measurement, as also
described in the reference mentioned above, is to use a thresh-
olding algorithm to find the particle events. Only the ampli-
tude of the double Gaussian signal is used. It is determined by
simply taking the difference between the maximum and the
minimum of the signal curve. The time delay T between
maximum and minimum can be used to determine the speed
of the particle 13.

SUMMARY OF THE INVENTION

It is an object of embodiments of the present invention to
provide a device and method for performing particle investi-
gation with good sensitivity.

The above objective is accomplished by a device and
method according to the present invention.

Particular and preferred aspects of the invention are set out
in the accompanying independent and dependent claims. Fea-
tures from the dependent claims may be combined with fea-
tures of the independent claims and with features of other
dependent claims as appropriate and not merely as explicitly
set out in the claims.

In a first aspect, the present invention provides a measure-
ment device for investigating particles which are suspended
ina carrier liquid. The measurement device comprises at least
a first pair of measurement electrodes for carrying out an
electrical measurement of the particles, wherein at least one
electrode of the pair of measurement electrodes is a fingered
electrode having a plurality of fingers.

Inembodiments of the present invention, both electrodes of
an electrode pair are fingered electrodes. In alternative
embodiments of the present invention, one electrode of an
electrode pair is a fingered electrode, while the other elec-
trode is a non-fingered electrode, e.g. an electrode plate.

Inembodiments of the present invention, both electrodes of
an electrode pair are located at opposite sides of a microflu-
idic channel. In alternative embodiments, the electrodes of an
electrode pair are located at a same side of a micro fluidic
channel.

The investigation of particles suspended in a carrier liquid
may lead to discrimination of such particles, e.g. one type of
particles may be distingnished from another type of particles.

In particular embodiments of the present invention, the
electrical measurement may be an impedance measurement.

A measurement signal obtained at the measurement elec-
trodes may be cleaned up by standard signal processing tech-
niques.

The pattern of fingered electrodes according to embodi-
ments of the present invention creates a longer and more
complicated signal shape than the signal shape obtained with
prior art measurement devices with one measurement elec-
trode finger and a reference electrode finger, which generates
a double Gaussian signal shape. The longer signal shape
obtained leads to a significant improvement in measurement
sensitivity. The length and complexity of the signal shape
depend on the number of fingers on the fingered electrode(s)
of one pair, and on the number of pairs of measurement
electrodes.

One application for the measurement device according to
embodiments of the present invention is to significantly
improve the measurement sensitivity of impedance measure-
ments on blood cells, leading to a better differentiation
between different types of particles, e.g. white blood cells.
Better measurement sensitivity also enables the measurement
of smaller particles, e.g. platelets or microparticles, and
higher throughput. Moreover, maximum fluid flow speed of
microfluidic devices is limited by the sensitivity of the detec-
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tors. Better sensitivity allows higher speed and hence higher
throughput. More sensitive devices can therefore deliver
results faster. Speed is one of the most important selling
factors for medical devices, in particular hand held devices.

Another advantage is that with measurement devices
according to embodiments of the present invention, even the
detection of overlapping particles may be possible. Overlap-
ping particles are particles which are in the sensing zone
between the electrodes at the same time, so the measured
signal is a superposition of the separate signals from both
particles. This does not mean the particles have to enter the
sensing zone at exactly the same time nor that they have the
same speed. The fingered electrode arrangement makes it
easier to detect both particles even if they are in the sensing
zone at similar times. This is because although the signals are
long in duration, the autocorrelation function is sharp and
particles can be separated from each other if they are further
away from each other than one electrode finger (if at the same
speed), or at a significantly different speed. Overlapping par-
ticles are a common problem in state-of-the-art particle
counters. State of the art electrical methods like the well-
known Coulter Counter use either complicated fluid flow
systems like sheath flow to avoid overlapping particles or use
statistical methods to account for them. These add expense
and bulk to the system. Higher dilution of the sample reduces
this issue, but increases both measurement time and the bulk
of reagents used. It is an advantage of embodiments of the
present invention that lower sample dilutions can be used,
reducing the time for the test to be performed, and lowering
the bulk of reagents needed. These are important advantages
for point-of-care devices, which need to be small and fast.

In a measurement device according to embodiments of the
present invention, the fingers may be accommodated so as to
have a pattern that defines a sequence code that defines good
autocorrelation properties. A good autocorrelation property is
normalised so that the maximum is always one, and the cor-
relation value when shifted is less. The ratio of the maximum
to the correlation values when shifted defines the signal to
noise ratio gain. The pattern of the fingers may correspond to
a pseudorandom number sequence.

A measurement device according to embodiments of the
present invention may furthermore comprise a second pair of
measurement electrodes. Such second pair of measurement
electrodes may be used as a reference to get rid of the offset in
the measurement signal. In embodiments of the present
invention, more than two measurement electrode pairs may
be provided.

In embodiments of the present invention, the second pair of
measurement electrodes may also be a pair of electrodes of
which at least one is a fingered electrode. In embodiments of
the present invention, the fingers of one electrode of the first
pair of electrodes may be interdigitated with the fingers of one
electrode of the second pair of electrodes. This has the advan-
tage that measurement signals with three values possible: -1,
0, 1.

In embodiments of the present invention, the second elec-
trodes of both electrode pairs may be combined electrodes,
i.e. they may be one and the same electrode for both electrode
pairs, e.g. a plate electrode.

Inasecond aspect, the present invention provides a microf-
luidic system comprising a measurement device according to
embodiments of the present invention. A measurement device
according to embodiments of the present invention may be a
component of an integrated microfluidic lab-on-chip device.
It may be integrated for example in a point-of-care and/or
handheld device.
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In a further aspect, the present invention provides a cell
sorter comprising a microfluidic system according to embodi-
ments of the present invention.

A measurement device according to embodiments of the
present invention may beused for analysis of body fluids such
as for example blood, saliva or urine. It is easy to combine
with particle sorting structures. An example is rare cell
enrichment.

In yet another aspect, the present invention provides a
method for investigating particles suspended in a carrier lig-
uid. The method comprises carrying out an electrical mea-
surement process on at least one particle using at least one
measurement electrode pair of which at least one electrode is
a fingered electrode having a plurality of fingers, thus gener-
ating a measurement signal, and determining from the mea-
surement signal presence of a particle in the carrier liquid.
The investigation of particles may lead to discrimination of
particles.

In embodiments of the present invention, carrying out an
electrical measurement process may comprise impedance
measuring. Carrying out an electrical measurement process
may comprise impedance spectroscopy.

A method according to embodiments of the present inven-
tion may further comprise carrying out a reference measure-
ment, and comparing a result of the reference measurement
with the measurement signal.

In a method according to embodiments of the present
invention, determining from the measurement signal pres-
ence of a particle in the carrier liquid may comprise correlat-
ing a model curve describing passage of a particle between
the fingers of the at least one measurement electrode pair with
a section of the measurement signal.

The above and other aspects of the invention will be appar-
ent from and elucidated with reference to the embodiment(s)
described hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates (top) a diagrammatic side view of a
microfluidic channel showing a sample cell passing between
the measurement and reference electrode pair in accordance
with the prior art; and (bottom) the cell signal which is the
output of alock-in amplifier measuring the current difference
between both electrode pairs.

FIG. 2 is a schematic 3D view of a microfluidic channel
according to embodiments of the present invention, coupled
to a signal generator and a measurement circuit, illustrated in
block diagram.

FIG. 3 schematically illustrates an interdigitated electrode
structure according to embodiments of the present invention;
(A) bottom view according to line A-A' in FIG. 2, where a
particle is shown to flow through the structure from left to
right, (B) cross-sectional side view according to line B-B' in
FIG. 2, and (C) idealized resulting lock-in output signal.

FIG. 4 illustrates an embodiment of an interdigitated fin-
gered electrode structure as can be used with embodiments of
the present invention, which interdigitated fingered electrode
structure is arranged in accordance with a Barker code with
length 7.

FIG. 5 schematically illustrates a fingered electrode struc-
ture according to a further embodiment of the present inven-
tion; (A) top view, where a particle is shown to flow through
the structure from left to right, (B) cross-sectional side view,
and (C) idealized resulting lock-in output signal.

FIG. 6 is an illustration of the fit of an experimental trace.

FIG. 7 illustrates measurement results of several RBC
events and one accepted PLT event.
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FIG. 8 schematically illustrates an interdigitated electrode
structure according to further embodiments of the present
invention; (A) bottom view according to line A-A' in FIG. 2,
where a particle is shown to flow through the structure from
left to right, (B) cross-sectional side view according to line
B-B' in FIG. 2 and (C) idealized resulting lock-in output
signal.

FIG. 9 schematically illustrates an interdigitated electrode
structure according to further embodiments of the present
invention, where the code is varied by varying spaces between
the electrode fingers; (A) bottom view according to line A-A'
in FIG. 2, where a particle is shown to flow through the
structure from left to right, (B) cross-sectional side view
according to line B-B' in FIG. 2 and (C) idealized resulting
lock-in output signal.

FIG. 10 schematically illustrates an interdigitated elec-
trode structure according to further embodiments of the
present invention, where the code is varied by varying the
width of the electrode fingers; (A) bottom view according to
line A-A' in FIG. 2, where a particle is shown to flow through
the structure from left to right, (B) cross-sectional side view
according to line B-B' in FIG. 2 and (C) idealized resulting
lock-in output signal.

FIG. 11 schematically illustrates a fingered electrode struc-
ture according to embodiments of the present invention with
all electrodes on the same side of the channel; (A) bottom
view, where a particle is shown to flow through the structure
from left to right, (B) cross-sectional side view, with vertical
scale exaggerated compared to horizontal scale, and (C) ide-
alized resulting lock-in output signal.

The drawings are only schematic and are non-limiting. In
the drawings, the size of some of the elements may be exag-
gerated and not drawn on scale for illustrative purposes.

In the different drawings, the same reference signs refer to
the same or analogous elements. Any reference signs in the
claims shall not be construed as limiting the scope.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

In one aspect, the present invention relates to a measure-
ment device for investigating, for example discriminating,
particles which are suspended in a carrier liquid. In embodi-
ments of the present invention, the suspended particles may
be biological cells such as e.g. red blood cells, white blood
cells or platelets; however, the present invention is not limited
to blood cells or other biological cells and may be used with
particles of a non-biological nature without departing from
the scope of the present invention as defined by the appended
claims.

As schematically illustrated in FIG. 2 and its cross-sections
as for example illustrated in FIG. 3, parts A and B, a mea-
surement device according to embodiments of the present
invention comprises a microfluidic channel 20. The microf-
luidic channel 20 is arranged for allowing therethrough flow
of the carrier liquid containing suspended particles. To this
end, the microfluidic channel 20 is provided with an inlet 21
for receiving the carrier liquid and the suspended particles,
and an outlet 22 for evacuating the carrier liquid and the
suspended particles.

The microfluidic channel 20 may be manufactured using
standard semiconductor processes, e.g. standard CMOS tech-
nology processes. The microfluidic channel 20 may be fabri-
cated on a suitable substrate 23, e.g. a glass substrate, onto
which at least one pair of conductive electrodes 24a, 245;
25a, 25b, e.g. metal electrodes, are patterned, for example by
lift-off. In embodiments of the present invention, the elec-
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6

trodes are made of biologically inert materials such as for
example titanium or platinum. The at least one pair of elec-
trodes comprises at least a first measurement electrode pair,
the electrodes 24a, 24b of the measurement electrode pair in
the embodiment illustrated being located at opposite sides of
the microfluidic channel 20. According to embodiments of
the present invention, both electrodes 24a, 24b of the first
measurement electrode pair are fingered electrodes. In
embodiments of the present invention, the fingered electrodes
may be such that the fingers of one electrode are spatially
placed irregularly adjacent each other in flow direction of the
carrier liquid through the micro fluidic channel 20. With
“spatially placed irregularly” is meant that the electrode fin-
gers of one electrode are not placed in a spatially regular
pattern. This means that there is at least one location where
one would expect to have an electrode finger of a particular
electrode where no actual electrode finger of that electrode is
provided. This way, the electrode fingers are provided accord-
ing to a pattern that defines a sequence code. In accordance
with embodiments of the present invention, the sequence
code of the electrode fingers is chosen for good autocorrela-
tion properties. A good autocorrelation property is norma-
lised so that the maximum is always 1, and the value when
shifted is less. The ratio of the maximum to the values when
shifted defines the signal to noise ratio gain, so it will typically
be about 1/m for a m-bit sequence. Such good autocorrelation
property may be obtained by providing a pattern of the fingers
corresponding to a pseudorandom number sequence.

In embodiments of the present invention, at least two pairs
of measurement electrodes are provided, at least a first mea-
surement electrode pair 24a, 24b and a second measurement
electrode pair 25a, 25b. At least one electrode of the first
measurement electrode pair is a fingered electrode. In
embodiments of the present invention, at least one electrode
of the first measurement electrode pair and at least one elec-
trode of the second measurement electrode pair may be fin-
gered electrodes, while the other electrodes of the measure-
ment electrode pairs do not need to be fingered. In
embodiments of the present invention, one electrode of the
first measurement electrode pair and one electrode of the
second electrode pair are fingered electrodes, and the second
electrodes of both measurement electrode pairs are not fin-
gered. The second electrodes of both measurement electrode
pairs may even be one and the same electrode. Such embodi-
ment is illustrated in FIG. 8.

In alternative embodiments of the present invention, both
the electrodes of the first measurement electrode pair 24a,
245 and the electrodes of the second measurement electrode
pair 25a, 256 are fingered electrodes, as illustrated in FIG. 3.
The electrodes of the first measurement electrode pair 24a,
245 and the electrodes of the second measurement electrode
pair 25a, 256 may be interdigitated electrodes.

After patterning of the electrodes, sidewalls 26 may be
patterned on the substrate 23. The sidewalls may be made
from any suitable material, for example epoxy or resist such
as polyimide or SUS8. Two similar wafers, each comprising a
substrate, electrodes and sidewalls, may be bonded face to
face to create closed channels 20 that have electrodes 24a,
244 and optionally electrodes 25a, 255 on the top and bottom
walls 23. The chips may be diced from the wafer pair so that
the conductive contacts to the electrodes 24a, 245, 25a, 256
on both sides can be accessed, e.g. by using spring-loaded
connectors.

The first electrodes 24a, 25a of the measurement electrode
pairs are connected to a sensing device 27, e.g. sensing elec-
tronics, for measuring a resulting measurement signal. The
measurement signal may be an electrical signal such as a
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current signal or a voltage signal. The measurement device
may measure the current flowing or voltage difference exist-
ing between the electrodes of a measurement electrode pair.
Standard deconvolution techniques may be used to detect the
signals, and show an improved sensitivity.

The measurement device according to embodiments of the
present invention may optionally be connected up to an
amplifier 28 for amplifying the measurement signal. The
measurement signal, before or after amplification, may be
used to determine the impedance mismatch between the elec-
trodes of an electrode pair 24a, 24b; 25a, 25b. This deter-
mined impedance mismatch changes if a particle 28 passes
between the electrode fingers of an electrode pair.

A device according to embodiments of the present inven-
tion may furthermore comprise a lock-in amplifier 31 for
extracting the measurement signal from its noisy environ-
ment. A device according to embodiments of the present
invention may furthermore comprise signal evaluator 29 for
evaluating the determined impedance signal. The evaluation
of the determined impedance signal may lead to investigation
and ultimately to discrimination of particles passing over or
between the electrodes.

Once the measurement signal is obtained, the particles can
be distinguished by multiple parameters derived from the
signal, for example amplitude or phase of the signal. For low
AC frequencies, e.g. from DC to frequencies up to 500 kHz,
the amplitude for example may be equivalent to the cell size.
In case of measurements with two superimposed AC input
signals with different frequencies the ratio of the amplitudes
at the two frequencies can distinguish particles of the same
physical size by determining the inner conductivity or the
capacitance of the particles.

Using the fingered electrodes according to embodiments of
the present invention simplifies the analog electronics as sig-
nal detection gets easier. This decreases the manufacturing
cost of the measurement devices.

FIG. 3, parts A and B, diagrammatically illustrate a bottom
view and a cross-sectional side view, respectively, of a first
embodiment of a measurement device according to embodi-
ments of the present invention.

In this embodiment, the measurement device comprises a
microfluidic channel 20 and two electrode pairs 24a, 24b;
25a, 25b. Both electrodes of each electrode pair are fingered
electrodes, as can be seen in parts A and B of FIG. 3. The
electrodes of each electrode pair are located at opposite sides
of the microfluidic channel 20, e.g. top and botton, as is best
illustrated in part B of FIG. 3. The fingered electrodes of both
electrode pairs are interdigitated according to a predeter-
mined pattern. In the embodiment illustrated in FIG. 3, the
patterns of the fingered electrodes 245, 255 and 244, 254 on
the top and on the bottom, respectively, of the channel 20 are
equal. This is not necessary. In alternative embodiments of the
present invention, the electrodes driven by common signals
may be replaced wholly or in part by a larger single electrode.
An example thereof is illustrated in FIG. 8. In this embodi-
ment, an interdigitated electrode structure 24a, 254 is pro-
vided on the bottom of the channel 20, and a single electrode
80 is provided on the top of the channel 20.

In the embodiment of FIG. 3, the two electrodes 245, 255
at the top of the microfluidic channel 20 are connected to a
signal generator 30 (not illustrated in FIG. 3). They may both
be connected to the same signal generator. In the alternative
embodiment of FIG. 8, the single top electrode 80 is con-
nected to a signal generator 30. In both embodiments illus-
trated, the two electrodes at the bottom of the microfluidic
channel are connected to a sensing device 27, e.g. to sensing
electronics.
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In alternative embodiments, similar in structure to the one
of F1G. 3. i.e. with two pairs of measurement electrodes, afirst
electrode of a first measurement electrode pair, which first
electrode is located at the top of the microfluidic channel, may
be connected to a signal generator and the second electrode of
the first measurement electrode pair which is located at the
bottom of the microfluidic channel may be connected to a
sensing device. A first electrode of the second measurement
electrode pair, which first electrode is located at the bottom of
the microfluidic channel, may also be connected to a signal
generator, and the second electrode of the second measure-
ment electrode pair which is located at the top of the microf-
luidic channel may be connected to a sensing device. This
means that, in embodiments of the present invention, the
signal electrodes and the sensing electrodes may be inversed
and do not have to be at the same side of the channel for
different electrode pairs.

In the embodiment illustrated in FIG. 3, measurement sig-
nals are measured at the bottom electrodes of the first and the
second electrode pair 24a, 24b; 25a, 25b. The difference of
both measurement signals may optionally be amplified in
amplifier 28 and fed into a lock-in amplifier 31.

A lock-in amplifier 31 takes the input signal, e.g. the mea-
surement signal, optionally amplified by the amplifier 28,
multiplies it by a reference signal having a known signal
shape (either provided from an internal oscillator or an exter-
nal source), and integrates it over a specified time, usually in
the order of microseconds to a few seconds, depending on the
bandwidth of the lock-in amplifier. Long integration times
reject more noise, but only allow slow signals, i.e. slow mea-
surement of events. There thus is a fundamental speed-noise
trade-off in selecting the lock-in integration time or band-
width.

The resulting signal is a low frequency signal, where the
contribution from any signal that is not at the same frequency
as the reference signal is attenuated essentially to zero, as well
as the out-of-phase component of the signal that has the same
frequency as the reference signal (because sine functions are
orthogonal to the cosine functions of the same frequency).
This is why a lock-in amplifier is a phase sensitive detector.

For a sine reference signal and an input waveform Uin(t),
the DC output signal Uout(t) can be calculated for an analog
lock-in amplifier by:

1 2
Ut (1) = T f Sin[‘z”fref S+ ¢] Unn(s) ds
Ji-T

where ¢ is a phase that can be set on the lock-in amplifier 31
(set to zero by default).

Practically, many applications of the lock-in amplifier only
require recovering the signal amplitude rather than relative
phase to the reference signal, a lock-in amplifier usually
measures both in-phase (X) and out-of-phase (Y) compo-
nents of the signal and can calculate the magnitude (R) from
that.

The resulting theoretical in-phase signal obtained from the
lock-in amplifier 31 is shown in part C of FIG. 3. The signal
can be interpreted as a digital code consisting out of values -1
(when a particle comes across a finger of a first electrode
pair), 0 (when a particle comes across a position where no
fingers of the electrode pairs are provided) and 1 (when a
particle comes across a finger of a second electrode pair). The
out-of-phase signal looks similar but has a different ampli-
tude.



US 8,841,924 B2

9

In telecommunications, direct-sequence spread spectrum
(DSSS) is a known modulation technique. As with other
spread spectrum technologies, the transmitted signal takes up
more bandwidth than the information signal that is being
modulated. The name ‘spread spectrum’ comes from the fact
that the carrier signals occur over the full bandwidth (spec-
trum) of a device’s transmitting frequency.

Direct-sequence spread-spectrum transmissions multiply
the data being transmitted by a “noise” signal. This noise
signal is a pseudorandom sequence of 1 and -1 values, at a
frequency much higher than that of the original signal,
thereby spreading the energy of the original signal into a
much wider band.

The resulting signal resembles white noise, like an audio
recording of “static”. However, this noise-like signal can be
used to exactly reconstruct the original data at the receiving
end, by multiplying it by the same pseudorandom sequence
(because 1x1=1, and -1x-1=1). This process, known as “de-
spreading”, mathematically constitutes a correlation of the
transmitted PN (pseudo-noise) sequence with the receiver’s
assumed sequence.

For de-spreading to work correctly, the transmit and
receive sequences must be synchronized. This requires the
receiver to synchronize its sequence with the transmitter’s
sequence via some sort of timing search process. However,
this apparent drawback can be a significant benefit: if the
sequences of multiple transmitters are synchronized with
each other, the relative synchronizations the receiver must
make between them can be used to determine relative timing,
which, in turn, can be used to calculate the receiver’s position
if the transmitters’ positions are known. This is the basis for
many satellite navigation systems.

The resulting effect of enhancing signal to noise ratio on
the channel is called processing gain. This effect can be made
larger by employing a longer PN sequence, but physical
devices used to generate the PN sequence impose practical
limits on attainable processing gain.

If an undesired transmitter transmits on the same channel
but with a different PN sequence (or no sequence at all), the
de-spreading process results in no processing gain for that
signal. This effect is the basis for the code division multiple
access (CDMA) property of DSSS, which allows multiple
transmitters to share the same channel within the limits of the
cross-correlation properties of their PN sequences.

In accordance with embodiments of the present invention,
the fingers of the electrode pairs 24a, 24b; 25a, 25b are
located such that the resulting signal is similar to a pseudo
noise (PN) code in direct-sequence spread spectrum (DSSS).
But different is that the sequence cannot change and that the
signal is not synchronized. It is like transferring just one bit of
data but determining the point of time when it was transmit-
ted. Therefore, according to embodiments of the present
invention, the appearance of the signal has to be checked by
fitting a model curve (similar to the theoretical signal in part
C of FIG. 1) to a moving section of the measurement signal.

In accordance with embodiments of the present invention,
at the same particle speed the resulting signals are longer and
more complicated (having a bigger bandwidth) than signals
obtained according to the prior art with two non-fingered
electrode pairs. Standard deconvolution techniques applied
on signals measured according to embodiments of the present
invention therefore show an improved sensitivity.

As illustrated above with respect to FIG. 3, the code
sequence can be a three level sequence (-1, 0, 1), as gaps
between the electrodes can be used as well as the electrodes
that will give positive or negative pulses. This gives further
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options for code optimisation. In alternative embodiments, a
two level sequence can be obtained.

The performance of the technique is complicated by the
fact that the flow profile inside a microfiuidic channel is
parabolic. Therefore particle speeds at different locations of a
cross-section of the microfluidic channel 20 can be different,
which leads to an additional fit parameter. The additional fit
parameter may be the speed of the event, in addition to the
time of the event. In radio systems everything is slow com-
pared to the speed of light, so one only needs to find events in
time. Particles at different speeds lead to signals which are
stretched out differently in time.

While in DSSS the noise is independent of the code length,
in embodiments of the present invention the noise goes up
with the probed fluidic volume. As the fluidic volume goes up
with the number of (optionally interdigitated) electrode fin-
gers (=N) the noise goes up with sqrt(N). The ability of the
autocorrelation technique to reject noise scales linearly with
the bit length M, which due to the inclusion of zeros can be
higher than the number of electrode fingers N, so the ability to
extract signal from noise is improved by ~M/sqrt(N). Thus,
for example a 13 electrode sequence with an equal number of
suitably arranged gaps would give an effective gain of ~7.2 in
effective signal to noise. The longer the coding sequence is,
the bigger the enhancement on signal to noise ratio. Hence it
is more advantageous to have more fingers in the fingered
electrodes.

The Pseudo Noise (PN) codes used in accordance with
embodiments of the present invention require certain math-
ematical properties. The key property is that the sequence has
good, e.g. maximum, auto-correlation when the sequences
are aligned in time, but low, e.g. ideally zero, autocorrelation
when shifted in time. Known examples of these are Barker
Codes and Willard Codes. A Barker Code is a sequence of N
values a, of +1 and -1, aj for j=1, . . ., N, such that

N—-a

QAjljral = 1

=

for all 1=a<N. An example of a Barker code of length 7 is
+1+1+1-1-1+1-1, which would correspond to an interdigi-
tated fingered structure as for example illustrated in FIG. 4.

For the technique as used in microfiuidics in accordance
with embodiments of the present invention, it is additionally
advantageous for code optimisation if the signal has good
autocorrelation properties when used with different times-
cales. This requirement, if met, allows to distinguish particles
of different speeds, even when multiple particles are in the
electrode region. This requirement may be met by including
many more zeros in the code sequence (i.e. having mostly
spaces between fingers and only a few electrode fingers)
leading to the autocortelation properties in both time and
space being much better. The downside is a need for a physi-
cally longer channel 20, and in radio systems this is not
practical as it would take longer to transmit each bit. So a
sequence as for example illustrated in FIG. 9 is a good
embodiment of a device according to the present invention if
the electrode fingers are narrow compared to the spaces
between them. This may be obtained either by making the
spaces between the electrode fingers bigger, or by making the
electrodes narrower. In practice, the electrode length is pref-
erably similar to the height of the channel, so increasing the
gap is a particularly advantageous solution.
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In a further embodiment of the present invention, as illus-
trated in FIG. 5, it is possible to leave away the second
measurement electrode pair. In that case, only a single mea-
surement electrode pair 24a, 245 is provided. In the embodi-
ment illustrated, the electrodes of the pair are located at
opposite sides of the microfluidic channel 20. According to
embodiments of the present invention, both electrodes of the
electrode pair are fingered. In this case, the code does not
average to zero, but the average is known: an offset in the
measurement signal is given by conductivity of the fluid
without the particle. To get rid of the offset in the measure-
ment signal, electronic means can be used, for example by
using a low pass filtered signal as a baseline, to subtract the
average. For a single fingered electrode pair 24a, 24b mea-
suring the impedance of the channel 20, that means the mea-
sured signal becomes a plurality of subsequent positive Gaus-
sian like peaks.

Using now a fingered electrode structure and leaving out
certain fingers as shown in parts A and B of FIG. 5, i.e.
creating gaps between the fingers, leads to a measured
sequence of single Gaussian peaks which can be detected by
similar means as described above. Now the created sequence
is similar to a purely binary code consisting of a sequence of
values one and zero.

According to a further embodiment of the present inven-
tion, the measurement device may comprise at least one fin-
gered electrode structure, wherein the electrode structure has
a variable electrode finger width and/or variable spacing
width.

Examples are illustrated in FIG. 9, where the code is varied
by spatially varying the spaces between the electrode fingers,
and in FIG. 10, where the code is varied by spatially varying
the width of the electrodes.

According to a further embodiment of the present inven-
tion, both electrodes of the measurement electrode pairs may
be located at the same side of the channel 20. This is illus-
trated in FIG. 11. In the embodiment illustrated, a first mea-
surement electrode pair 24a, 82 and a second measurement
electrode pair 25a, 82 are provided. The first electrodes 24a,
25a are fingered electrodes which are interdigitated. The sec-
ond electrodes of the first and second measurement electrode
pair is a common electrode 82 which is routed between the
fingers of the interdigitated first electrodes of both pairs.

The resulting theoretical in-phase signal obtained from the
lock-in amplifier 31 is shown in part C of FIG. 11. The signal
canbe interpreted as a digital code consisting out of values -1
(when a particle comes between a finger of the first electrode
of the second electrode pair and the common second elec-
trode), O (when a particle comes across a position between
two fingers of a same electrode) and 1 (when a particle comes
between a finger of the firstelectrode of the first electrode pair
and the common second electrode).

According to still another embodiment of the present
invention (not illustrated), to get rid of the offset in the mea-
surement signal due to electronic component inaccuracies a
reference electrode may be put in a part of the microfluidic
channel 20 which is physically shielded from the particle
stream (and therefore never a particle passes it). With at least
one electrode of the measurement electrode pair 24a, 245
being a fingered electrode, this has the same effect that the
measured signal becomes a sequence of positive Gaussian
like peaks.

A full blood count (FBC) contains a measurement of plate-
lets (PLTs) as well as red blood cells (RBCs) and various
white blood cells (WBCs). The measurement of RBC and
WBCs with methods according to embodiments of the
present invention is relatively straightforward as the cells are
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relatively large (>7 um) and the signal spikes that occur as the
cell passes over the fingers of the electrodes can be easily
distinguished over the background noise. The average diam-
eter of the platelets however is typically 2.4 times smaller
than the diameter of red blood cells. Because the impedance
spectroscopic measurement is volume related, the typical
platelet signal is %/1s smaller than the RBC signal. In low cost
systems, in which chip manufacturing tolerances and (ana-
log) electronic complexity are kept to a minimum, the platelet
spikes can drop below the noise level of the signal.

In the special case of the analysis of white blood cells by
impedance measurements the signal to noise ratio limits the
differentiation to the three main white blood cell types,
namely monocytes, granulocytes and lymphocytes. The new
device design according to embodiments of the present inven-
tion enables the differentiation between five or even more
blood cell types.

It is therefore proposed according to further embodiments
of the present invention to use template matching (correla-
tion), using the template match (as measured by a correlation
coefficient) as event trigger and restricting acceptance of the
event by template parameters, as a means to record platelet
events.

An analytical model curve being described by a sequence
of Gaussian curves as defined by the fingered electrodes in
accordance with embodiments of the present invention is
correlated with a section of the measurement signal to find
particles. Here a particle is detected by the resulting correla-
tion coefficient exceeding a certain threshold. Only a section
of the measured signal is correlated with the model curve at a
time and the selected section moves along the measured sig-
nal in time. Due to speed variations of the particles each
section has to be correlated with multiple possible model
curves. This results into a procedure that essentially fits the
model curve to the signal section by optimizing the model
curve parameters. The resulting correlation coeflicient is a
measure how good the section can be described by the model
curve. This method leads to a more accurate determination of
the amplitude of the signal.

The above cross-correlation signal analysis is applicable,
not only with the fingered electrodes as in accordance with the
present invention, but also with the double Gaussian signal
shape as known from the prior art. In that case, an analytical
curve being described by two antisymmetric Gaussian curves
is correlated with a second to the measurement signal to find
particles. This method is limited by the simple (double Gaus-
sian) shape of the signal which limits the sensitivity of the
method as well as its ability to detect particles even below the
signal noise.

As an example, the method 1s illustrated for a two-peak
case comprising two antisymmetric Gaussian curves. Exten-
sion to multiple peaks lies within the skills of a person skilled
in the art.

As template function, two point spread functions around t,,
may be used, separated by 2t, with a width o=wty with a
non-standard normalisation factor

gro,ré,v(f) =

1 [ ( (r—t0+15)2) ( (t—to—t‘g)zﬂ
expl| — 20—2 —exp|— 20—2
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-continued
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In the following, the dependencies of g, ., Wwill be
implied, and the notation becomes simply g. Also, the param-
eters 0 and o will be alternately used. This is done for rela-
tively arbitrary notation reasons. The projection (or inner
product, or convolution or correlation or component) of the
template function on the measured data f(t) is given by

Clto )N dr

It is clear that fg dt=0. For the second moment (or L* norm)
can be found:

Ar—1y +15)
Mfgzd[: 7@ 5/02)\/_ [exp( 2 ]]d[ + H
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The L* norm is thus independent of t,, ts, m

The least squares problem of finding the best template
function to fit the data is defined as:

min

i f(f —ag)ldr
1505

in which o is an amplitude scaling factor. Multiplying this out
gives

f Frdr+ad? f 2dr-2a f fgdt

The first two terms are independent of t,,, tg, w and finding
the minimum of equation (9) with respect to just t, t5, o is
equivalent to finding the maximum of the last dot product
term. Writing
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C,, = max ffgdt,
fp.tg.w

For this maximum and ||f*=ff*, a quadratic expression is
obtained for the amplitude, given by

a-2C,a+fF,
or

(0-C,,*-C, 4.
The minimum of this parabola lies at

a=C,,. (10)

Hence the methods of finding the minimum in the least
squares ina 4D (4 parameter) search or finding the maximum
in the correlation using a 3D (3 parameter) search and then
calculating the amplitude from the correlation using Equation
(10) are equivalent.

FIG. 6 illustrates a typical trace of the in-phase component
of the low frequency signal. The surface illustrates [f'g for a
range of t,, t, values. The surface plot exhibits a clear maxi-
mum and this corresponds to values t,=1.2 ms from the start
of the trace and 2t,=0.96 ms. The width parameter used to
calculate o=wtg, was set at w=0.3. The measured trace f(t) and
the best fita g, ,, are illustrated at the inset. As can be seen, a
good fit is obtained.

For sufficiently small w the peak to peak value is given by

2o
rp =

2l - e WP Wre?

In the above, the correlation has been used as proxy for the
least squares fit. The correlation coefficient provides a mea-
sure for the quality of that fit. This number can be used to
accept, or reject, a measurement or fit. In statistics, the cor-
relation coefficient between two (stochastic) variables is
given by

cov(X, V) E(X, ¥) = ECOEQY)
" VEXD - B(X) VEYD) - EXY)

Pxy =

Oxay

In the present case, the measurement f(t) and the least
squares fit ag, (1) are interpreted as stochastic variables
with E(f)=E(g)=0, and the following is obtained:

The methods described can be used to measure platelet
events within a relatively noisy system, for example it can be
used with measurements as described in Cheung et al.,
“Impedance spectroscopy flow cytometry: On-chip label-free
cell differentiation”, Cytometry Part A vol 65A, pp. 124-132,
2005.

FIG. 7 illustrates the resulting traces in the top diagram.
The line 70 illustrates the trigger level that is used in conven-
tional event detection. The next diagram illustrates the maxi-
mum correlation coefficient (cc) level, on a scale from 0 to 1,
that can be achieved by varying a, ts, o as a function of t,. As
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can be seen, the cc trace shows peaks that most of the time
correspond to clearly distinguishable (RBC) events in the top
diagram. Some events (around 7 ms) can be interpreted as
double, or even triple cell events. Of particular interest is the
event around 22 ms. The correlation coefficient clearly peaks
although no event can be seen in the top diagram. The ampli-
tude trace in the third diagram also shows a peak and the w and
ts parameters in the fourth and fifth diagrams also show
acceptable values. This event is interpreted as a platelet event.

Also worth noting are the events around 12 ms. Here the
correlation coefficient does rise above the 50% trigger level
71, but the other parameters in the fourth and fifth diagram do
not correspond to physical values, for instance the ty is too
short for a real cell or particle to traverse the distance between
the two sets of electrodes in the channel, or the w is too small
to correspond to a particle, however small, travelling over the
finite size electrodes. Hence such events are attributed to
noise, and rejected.

The trace in FIG. 7 is representative of 1000s of traces in a
typical experiment.

While the invention has been illustrated and described in
detail in the drawings and foregoing description, such illus-
tration and description are to be considered illustrative or
exemplary and not restrictive. The invention is not limited to
the disclosed embodiments, but is only limited by the
appended independent claims.

For example, it is possible to operate the invention in an
embodiment wherein more than two electrode pairs are pro-
vided. This embodiment comes at the expense of greater
complexity in the sensing electronics.

Other variations to the disclosed embodiments can be
understood and effected by those skilled in the art in practic-
ing the claimed invention, from a study of the drawings, the
disclosure and the appended claims. In the claims, the word
“comprising” does not exclude other elements or steps, and
the indefinite article “a” or “an” does not exclude a plurality.
A single processor or other unit may fulfill the functions of
several items recited in the claims. The mere fact that certain
measures are recited in mutually different dependent claims
does not indicate that a combination of these measures cannot
be used to advantage.

It should be noted that the use of particular terminology
when describing certain features or aspects of the invention
should not be taken to imply that the terminology is being
re-defined herein to be restricted to include any specific char-
acteristics of the features or aspects of the invention with
which that terminology is associated.

The invention claimed is:

1. A measurement device for investigating particles which
are suspended in a carrier liquid, comprising at least a first
pair of measurement electrodes for carrying out an electrical
measurement of the particles, wherein at least one electrode
of the pair of measurement electrodes is a fingered electrode
having a plurality of fingers, wherein the fingers are posi-
tioned perpendicular to a flow of the carrier liquid and
wherein the fingers are irregularly spaced according to a
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random sequence code, wherein the irregular spacing pro-
vides an improved signal to noise ratio for the measurement
device.

2. The measurement device according to claim 1, wherein
both electrodes of an electrode pair are fingered electrodes.

3. The measurement device according to claim 1, wherein
a pattern of the fingers corresponds to a pseudorandom num-
ber sequence.

4. The measurement device according to claim 1, further-
more comprising a second pair of measurement electrodes.

5. The measurement device according to claim 4, wherein
the second pair of measurement electrodes has at least one
fingered electrode, wherein the fingers of one electrode of the
first pair of electrodes are interdigitated with the fingers of
one electrode of the second pair of electrodes.

6. The measurement device according to claim 1, wherein
atleastone of the fingered electrodes has a plurality of fingers
with a non periodic design.

7. The measurement device according to claim 1, wherein
at least one fingered electrode structure has a variable elec-
trode finger width and/or variable spacing width.

8. A microfluidic system comprising a measurenent device
according to claim 1.

9. A cell sorter comprising a microfluidic system according
to claim 8.

10. A method for investigating particles suspended in a
carrier liquid, the method comprising

carrying out an electrical measurement process on at least

one particle using at least one measurement electrode
pair of which at least one electrode is a fingered elec-
trode having a plurality of fingers that are positioned
perpendicular to a flow of the carrier liquid and wherein
the fingers are irregularly spaced according to a random
sequence code, wherein the irregular spacing provides
an improved signal to noise ratio for performing the
electrical measurement process, thus generating a mea-
surement signal, and

determining from the measurement signal presence of a

particle in the carrier liquid.

11. The method according to claim 10, wherein carrying
out an electrical measurement process comprises impedance
measuring.

12. The method according to claim 11, wherein carrying
out an electrical measurement process comprises impedance
spectroscopy.

13. The method according to claim 10, further comprising
carrying out a reference measurement, and comparing a result
of the reference measurement with the measurement signal.

14. The method according to claim 10, wherein determin-
ing from the measurement signal presence of a particle in the
carrier liquid comprises correlating a model curve describing
passage of a particle between the fingers of the at least one
measurement electrode pair of which at least one electrode is
a fingered electrode with a section of the measurement signal.
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