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exploiting effects known to the international scientific community with the name of Electro-wetting on dielectric. The aim of the
present invention is to act on the control of the position of each particle which is present in the sample, for the purpose of displacing
such particles in a deterministic or statistical way, in order to detect their presence with the integrated optical or impedance meter
sensors and/or characterize their type, for the purpose of counting or manipulating them in an efficient way.
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METHOD AND APPARATUS FOR CHARACTERIZING AND
COUNTING PARTICLES, IN PARTICULAR BIOLOGICAL PARTICLES

Techrnical Field

The present invention relates to methods and apparatus for the characterization
and/or the counting of particles. The invention mainly finds an application in the

implementation of biological protocols on single cells.
State of the art

The PCT/WO 00/69565 patent application fo G. Medoro describes an apparatus
and a method for the manipulation and the detection of particles through the use of
closed dielectrophoretic potential cages. The method described teaches how to
control the position of each particle independently of all the others in a two-
dimensional space. The force used for trapping in suspension the particles is the
negative dielectrophoresis. The individual control on the manipulation operations
takes place through the programming of memory elements and circuits associated
with each element of an array of electrodes and sensors integrated within a same |
substrate. However, the fixed spatial “noise” bound to the dispersion of the
characteristics of the sensors (technically known as “Fixed-Pattern-Noise™)
severely limits the reliability of the sensors themselves in the detection of cells.
The patent reports the use of optical and/or impedance meter sensors. Even by
subtracting a reference image for the compensation of the variations on the gain of
the sensors, the result is not completely reliable, since other factors, such as for
example spatial variations of the illumination (for the optical sensors) or the

conductivity of the liquid (for the impedance meter sensors), are not compensated.
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The patent US 6,294,063, Becker et al., discloses a method and an apparatus for
the manipulation of packages of solid, liquid or gaseous biological material
through a distribution of programmable forces. The patent also mentions the use of

sensors. But also in this case, thefe is the problem of the Fixed-Pattern-Noise.

Another known method for the manipulatfon of liquid particles (droplets) is the
Electro-wetting on Dielectric (EWOD), described in T.B. Jones, Journal of
Micromechanics and Microengineering, 15 (2005) 1184-1187. In this case, an
electric field exerted by electrodes provided on a substrate allows the propulsion of
a droplet surrounded by a gaseous phase in a direction controlled by the sequence
of energized electrodes. Devices based on this principle can be made by including
a lid (also the same coated v'vith a dielectric) as teached by the patent application:
US 2004/0058450A1 to Pamula et al., or also simply a wire, called “chain”, which
establishes the electric contact with the droplets above the substrate. J. Berthier et

al., NSTI Nanotech 2005, www.nsti.org, vol. 1, 2005.

A further force for the manipulation of particles is the viscous friction force
generated by electro-hydrodynamic (EHD) flows, such as the electro-thermal
flows (ETF) or the AC electro-osmosis. In NG. Green, A. Ramos and H. Morgan,
J. Phys. D: Appl. Phys. 33 (2000), the EHDs are used for displaying particles. For
example, PCT WO 2004/071668 Al describes an apparatus for concentrating
particles on some electrodes, by exploiting the aforesaid electro-hydrodynamic

flows.

In “Impedance Spectroscopy Flow Cytometry: On-Chip Label-Free Cell
Differentiation”, Cytometry Part A 65A: 124-132 (2005), Cheung K, Gawad S,
Renuad P, an impedance differential sensor integrated on a microchip is used for

differentiating particles in a flow.

In “Near-Field Optical Sensors for Particle Shape Measurements”, IEEE Sensor
Journal, vol. 3, No. 5, Oct. 2003, pp. 646-651, a chip for the detection of the
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particle shape based on arrays of integrated sensors (photodiodes) is described.
However, the movement of the particles is operated by a liquid flow, which
requires for example a pump or other analogous mechanisms, and therefore it is

impossible to accurately control the position of the particles to be analyzed.

In the Italian patent application BO2005A000481, Medoro et al, some methods for
manipulating particles with arrays of electrodes and some methods and apparatus
for their detection are reported, which have however limitations similar to the
patent PCT/WO 00/69565 already mentioned, as for the ability of differentiating
the different cells.

Finally, in the International patent application No. PCT/IT02/00524, a method
wherein first biological entities are recognized through second biological entities -
having the capability of binding to the first one (or vice versa) is described, where
the first biological entities are immobilized on a surface defined by a matrix of
first electrodes at least partly selectively activable and addressable, arranged faced
towards at least a second electrode, and are contacted with the second biological
entities displaced through dielectrophoresis cages; the bonding interaction, if any,
between at least a part of the first and the second biological entities is preferably
detected by exciting fluorophores groups bound to the second biological entities
with radiations at a first frequency and detecting the fluorescence emission at a
second frequency through optical sensors integrated within the electrodes.
Therefore, there is again the problem of eliminating the “noise” connected with the

optical detection (“Fixed Pattern Noise™).
Summary of the invention

The aim of the present invention is to provide a method and an apparatus for
carrying out the characterization and/or the counting of particles of any type,

which is free from the drawbacks described and which, in particular, allows a
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precision manipulation of the particles to be obtained, being at the same time

substantially insensitive to the drawback of the Fixed-Pattern-Noise.

It is particularly an aim of the present invention to act on the control of the
position of each particle present in the sample, for the purpose of displacing such
particles in a deterministic or statistical way, for detecting their presence and/or

characterizing their type with integrated optical and/or impedance meter sensors.

Here and in the following, by the terms “particles” or “particle”, natural or
artificial, micrometric or nanometric entities are intended, such as cells, sub-
cellular components, viruses, liposomes, niosomes, microballs (microspheres) and
nanobealls, or also smaller entities, such as macro-molecules, proteins, DNA, RNA,
etcetera, as well as drops of an fluid immiscible in a suspension medium, for’
example oil-in-water or water-in-oil, or also drops of liquid in a gas (such as

water-in-air) or, still, gas bubbles in a liquid (such as air-in-water).

Sometimes, the term cell will be used, but where not otherwise specified it should
be intended as a non limiting example of the use for the detection and

characterization of particles in the widest sense above described.

The present invention therefore relates to a method and an apparatus for the
characterization and/or the counting of particles, as above specified, according to

the claims 1, 3, 5, 9, 11, 20, 22.

In particular, non uniform, time variable force fields and integrated optical sensors
are used. The force fields can be of positive or negative dielectrophoresis,
electrophoresis or electro-hydrodynamic motions, characterized by a set of stable
equilibrium points for the particles (solid, liquid or gaseous); the same method is
adapted to the manipulation of droplets (liquid particles) by exploiting effects
known to the international scientific community by the name of Electrowetting on

dielectric.
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In this way, the restrictions of the known art are overcome by the present

invention.

The implementation of the method according to the invention is insensitive to
spatial variations of the illumination and to the Fixed-Pattern-Noise. Furthermore,
it is possible to accurately characterize and classify the particles manipulated in the
device without the need of pumps or liquid flows otherwise generated, which

cause a not well determined positioning of the analyzed particles.

Finally, contrary to the approaches which make use of flows for moving the
particles, by using a controlled force field for moving the particles relative to the
sensor, a greater quantity of information is obtained, consisting for example of the -
movement speed of the particle in response to the force field. Therefore, an
additional information source on the characteristics of the particle is obtained. This
information can be advantageously used for differentiating the different types of

particles.

Further features and advantages of the invention will be apparent from the
following description of some non limiting embodiments of the same, which is

carried out with reference to the figures of the attached drawings.
Brief description of the figures

Fig. 1 shows the principle of generation of force fields through arrays of

electrodes.

Fig. 2 shows the wave forms relating to the method of detection and

characterization based on a displacement of cages of figures 4 and 9.

Fig. 3 shows microscopically images of (a) a polystyrene ball, (b) a K 562 cell, (c)

ared cell.

Fig. 4 shows a sequence of steps for the detection/characterization of particles with

dimensions lower than the electrode.
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Fig. 5 shows a diagram of a typical temporal course of the grey value detected at
the passage of a cell or balls with dimensions in the order of 15-20 pm, and the

indication of some possible discriminant parameters.

Fig. 6 shows the temporal evolution of the grey value detected at the passage of a

K562 cell following to the displacement of its cage.

Fig. 7 shows a diagram of a typical temporal course of the grey value detected at
the passage of a small cell or microball, and the indication of some possible

discriminant parameters.

Figure 8 shows the temporal evolution of the grey value detected at the passage.of
a polystyrene ball of 10 pm, 6 pm and 3 pm, respectively, following to. the

displacement of its cage.

Fig. 9 shows a sequence of steps useful for the detection/characterization of

particles with dimensions higher than an electrode, but lower than two electrodes.

Fig. 10 shows an elemental sequence of steps useful for the simultaneous detection

of all the particles through the movement of all the cages.

Fig. 11 shows three images which can be acquired through the implementation of

the sequence of steps of figure 10.

Fig. 12 shows an elemental sequénce of steps shown for the simultaneous

detection of all the particles without the need of moving the cages.

Fig. 13 shows the wave forms relating to the detection and characterization method

based on the activation and the deactivation of cages of figure 12.

Fig. 14 shows another sequence of steps useful for the detection/characterization

of particles in a cage.

Fig. 15 shows the architecture of a device for the high resolution investigation of

the features of the particles.
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Fig. 16 shows the architecture of a device for the real-time determination of the

displacement of the particles both in the vertical and the horizontal direction.
Fig. 17 shows some different illumination and optical detection modes.

Fig. 18 shows the top and the sectional view of a special device for promoting the
detection of fluorescent cells, with an emission filter integrated on the chip

surface.

Fig. 19 shows the top and the sectional view of a special device for promoting the
detection of fluorescent cells, with an emission filter integrated on the internal

layers of the chip.

Fig. 20 shows the top and the sectional view of a special device for promoting the

detection of fluorescent cells, with multiple emission filters integrated on the chip

surface.

Fig. 21 shows a geometrical representation of the counting of different types of

particles, particularly of three different types.
Detailed description

The aim of the present invention is to provide a method and an apparatus for

carrying out the manipulation and/or the detection of particles.

The method of the invention is based on the use of a non uniform force field (F)
through which single particles or groups of particles (BEADS) are attracted
towards positions of stable equilibrium (CAGE) (figure 1). Such field can be for
example a negative (NDEP) or a positive (PDEP)'dielectrophoresis field (DEP), an
electrophoretic field (EF) or an electro-hydrodynamic (EHD) motions field or still
electro-wetting on dielectric (EWOD).

The detection can concern one of the following aspects, or combinations of the

same.
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1. the counting of single particles or the quantification;
2. the identification and/or characterization;
3. the localization.

Concerning this, the measurement of the impedance variation and/or the
measurement of the luminous intensity variation transmitted, diffused or emitted in

fluorescence is mainly exploited.
Generation of the forces

Thete are different methods for the generation of forces for moving particles,
according to the known art (figure 1), through arrays of electrodes (EL), provided
on a substrate. Typically, a cover (LID) is used, which can be in turn an electrode,
which delimits a micro-chamber within which the particles (BEADS) are typically
found in a liquid suspension. Some diagrams for the different forces are reported
in Figure 1. In case of dielectrophoresis (DEP), the voltages applied are in phase
periodic voltages (Vphip) shown with the addition symbol (+) and counter-phase
periodic voltages (Vphin) shown with the subtraction symbol (-). By counter-phase
voltages, voltages out of phase of 180 degrees are meant. The field generates a
force which acts on the particles, attracted towards points of equilibrium (CAGE).
In case of negative DEP (NDEP), it is possible to generate closed force cages,
according to the known art, if the cover (LID) is a conductive electrode; in this
case, the point of equilibrium (CAGE) is provided in correspondence with each
electrode connected with Vphin(-) if the adjacent electrodes are connected with the
opposite phase Vphip (+) and if the cover (LID) is connected with the phase Vphin
(-). Such point of equilibrium (CAGE) is normally spaced apart in the liquid
relative to the electrodes, whereby the particles (BEAD) are, in a steady state, in
levitation. In case of positive DEP (PDEP), the point of equilibrium (CAGE) is

normally found in correspondence with the surface on which the elecirodes are
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provided, and the particles (BEADS) are, in a steady state, contacting with the
same. For the PDEP, the presence of further electrodes in the cover is not
necessary, because the points of equilibrium of the PDEP correspond to the
maxima of the electric field. An array of electrodes can be used for
electrophoresis, in order to attract charged particles towards the electrodes with an
opposite polarity. For the electro-hydrodynamic (EHD) motions, the
configurations of the electrodes generate some flows which drive the particles
towards points of minimum flow. For the EWOD, a cover (LID) containing a
dielectric-coated electrode is generally used, and the matrix ot“ electrodes is
energized by counter-phase signals with respect to the cover in the points in which
the particles (typically liquid droplets in air) have to be attracted. The electrodes
on which the particle must not be present, on the contrary, are left floating. For the
EWOD, by manipulating droplets in air, above the array of electrodes,a series of

wires can be used alternatively to the cover.

In the following, for easiness, the use of closed negative dielectrophoresis cages as
an execution force for the description of the methods and apparatus of the
invention is merely considered by way of non limiting example for the purposes of
the present invention (for this reason, a lid acting as an electrode has to be used).
To those skilled in the art with ordinary abilities, it is apparent how to generalize
the methods and the apparatus described below for the use of different execution

forces and different types of particles.
Sensors employed

Always for simplicity, in the following reference will be only made to the case of
the optical sensors, which allow to detect the incident optical power on a
photodiode integrated with the electrodes. To those skilled in the art with ordinary

abilities, it is apparent how to generalize, in the different cases, the methods and
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apparatus described below also for the alternative or combined use of integrated

impedance meter sensors.

In the following, for simplicity, the term “grey level” will also be used as a
synonymous of “exiting signal from the integrated sensor”. This signal, in turn,
could be proportional to the “incident optical power” (on an optical sensor, such as
a photodiode) or to the measured impedance (in case of integrated impedance

meter sensors).
Methods for the use of the optical sensors

In case of optical sensors, reference will be generally made to the case of bright-
field (or BF)-type illumination. In this case, the illumination strikes on the sensor.
Dark-field (or DF) illumination methods, or based on fluorescence are also
possible and fall within the object of the present invention, but for easiness they

will not be listed for all the methods treated below, but are only discussed herein.

In Figure 17, some methods for the use of the optical sensors are shown. The
figure relates to the section of a device with optical sensors (PIXEL) integrated in
a substrate (SUB). The dielectric between the sensors and the different metallizing
layers which provide the electrodes (EL), can simply consist of an oxide (0X)
layer or also include a filter layer (DFL), for example realized with the thin-film

dichroic mirrors technology.

In the diagram of bright-field detection (Fig. 17-BF), the lighting (LIGHT) comes

. from the cover (LID) and the optical power detected by the sensors is substantially

varying as a function of the distortion and the absorption caused by the particle
(BEAD).

In the diagram of dark-field detection (Fig. 17-DF), the lighting (LIGHT) comes
through the cover (LID) at such an angle of incidence that it does not directly

reach the sensors (PIXEL), and the optical power detected by the sensors is
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substantially varying as a function of the diffuse radiation (SLIGHT) from the
particle (BEAD) hit by the lighting in a direct way (LIGHT), or, in case, following
to a reflection on the electrodes (RLIGHT).

In the diagram of bright-field fluorescence detection (Fig. 17-BFF), the excitation
(EXLIGHT) comes from the cover (LID) and the optical power detected by the
sensors is substantially varying as a function of the emitted fluorescence
(EMLIGHT) by the particle (BEAD). In this case, in order that the emitted light
(EMLIGHT) signal is not overcome by the excitation power (EXLIGHT), it is

advisable to use one or more of the following tricks:

> use a filter layer (DFL) for the wavelength of the radiation emitted for the

excitation;
> use an excitation frequency for which the optical sensor (PIXEL) has a low

quantum efficiency (i.e. it is relatively insensitive to that wavelength). This is
possible, for example, by using p-n joints at a relatively high depth, and an
excitation radiation with a wavelength preferably in the UV, in particular better if

lower than 380 nm.

In the diagram of the dark-field fluorescence detection (Fig. 17-DFF), the
excitation (EXLIGHT) comes from the cover (LID) at such an angle of incidence
that it does not directly reach the sensors (PIXEL), and the optical power detected
by the sensors is substantially varying as a function of the fluorescence emitted
from the particle (BEAD) hit by the light in a direct way (EXLIGHT), or, in case,
following to a reflection on the electrodes (RLIGHT). In order that the emitted
light (EMLIGHT) signal is not degraded by the power of the light diffused by the
particle (SLIGHT), it is however desirable to use one or more of the triks above
mentioned in case of bright-field fluorescence, so as to improve the selectivity of

the system.
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Method for the detection of the full cages through activation and deactivation of

the cages

Fig. 12 shows a possible sequence of steps of the method according to the present
invention, in order to detect which cages are full (at least a particle is enclosed)
and which are empty, without the need of displacing the cages themselves. This
method is particularly suitable when the pattern applied to the electrodes is so
thick not to allow the cages to be displaced. Furthermore, it can be advantageous if

in the device, circuits for the displacement of the cages are not present.

The method is based on the alternation of execution phases, for the
entrapment/release of the particles (BEAD) in the cages (CAGE) and sensing,

during which one or more images are acquired by the integrated sensors (PIXEL).
The wave forms are schematized in Figure 13.

On the deactivation of the cages, the particles start to deposit by settling, and/or to
laterally displace themselves (right part of fig. 12 — t_sense) due to the Brownian
movements, starting from the position of stable equilibrium (PEQ) which they
assume when caged. Because of these displacements, the grey levels detected in
full cages vary in a substantially higher way with respect to the variations of the
grey levels associated with the thermal noise of the reading circuit and/or the light

system, which occur on the sensors (pixel) relating to empty cages.
The classification of empty or full cage takes place as follows:

1. A series of images is acquired (sensing) by alternating operation (activation or
deactivation) of the cages (for times in the order of some seconds to some fraction
of a second) and sensing of one or more images (for times in the order of a fraction

of a second, e.g. 100 ms, to tens of seconds).

2. For a series of images NIMG, for each sensor PIXEL IJ associated with a

CAGE_lJ, the non-normalized standard deviation of the grey level is calculated (in
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this particular case proportional to the incident optical power) on the sensor,

defined as

NIMG 2
&, rmee =+ > (PIXEL _IT, —M _IF 0

k=1

l NIMG
with M _IJ, =G ;PIXEL_IJ;. (average value of the grey level of

PIXEL_1J in the series of images NIMG).
3. The non-normalized standard deviation average of the grey level on empty
reference sensors (PIXEL_REF), and the relative standard deviation of the

. 1
non-normalized My _yne=

NREF . .
Y&, _anas standard deviation

r=1

1 2
O rer -Nmic = \l“—' Z(O'r-m.ua ~Mpgr_wnec)
NREF 5 are calculated

4, A classification threshold is defined.

THR =M e smac + X * O rgpnnec +A. Typical values are & =LA=0_

5. The cages 1J are classified as full, whereby Gy-nnaa >THR o the remaining

cages are classified as empty, whereby

.. . Ey-zmac <THR . .
It is interesting to - note that such method is independent from

the Fixed-Pattern-Noise (fixed spatial noise bound to the dispersion of the
characteristics of the photodiodes), as it considers the signal power with respect to
the average value per sensor, but leaves out the absolute value of such average

value.

It is typically sufficient to carry out a number of measurements (that is to acquire a
number of images) NIMG = 50-100 in order to obtain an accuracy higher than
95%.



WO 2007/049103 PCT/IB2006/000636

10

15

20

25

-14 -

A dynamic measurement of the number of images NIMG which has to be acquired
can be obtained considering the number of images required for converging the

standard deviation (normalized) of the reference pixels

1 G
O\ v = NG g(PIXEL_I;—M__FM)z

to its asymptotic
value.

This asymptotic value is constant if the noise 1/ bound to the light variations is

negligible (wherein f'is the general frequency in which the noise is considered).

Therefore, in more general terms, the method just described with a specific
reference to the case of using optical sensors allows to carry out the detection of
the presence of particles (BEADS), if any, existing in points of stable equilibrium
(PEQ) of any force field (F) (therefore not only a dielectrophoretic one) acting on
the particles (for example cells) and generated by an array of electrodes (EL). Such

method includes the steps of:
i. deactivating the force field (F);

ii. measuring, in at least a time interval following to the deactivation and selected
as a function of the dynamic of the settling and/or Brownian movements to which
the particles with a deactivated field are subjected, the grey level generated by first
sensors (PIXEL_IJ) associated with points of stable equilibrium (PEQ) and by
second sensors (PIXEL_REF) associated with space regions which certainly can
not be occupied by particles because of the current configuration of the force field

®);

iii. reactivating the force field (F);
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iv. repeating the steps from i) to iii) a number of times, substantially comparable
with the convergence rate to its asymptotic value, of the variance of the grey level

values measured on the second sensors, assumed as a reference (PIXEL_REF);

v. classifying a point of equilibrium as occupied by patticles if, in the considered
temporal series of measurements, the standard deviation of the grey level values
detected on the first sensors, associated with such point of equilibrium (PEQ),

results higher than a pre-fixed threshold (THR).

Method for the detection of the full cages by movement of cages and

measurement of the difference of the static value of the grey levels.

Fig. 10 shows the steps of a sequence of operations according to the present
method for detecting the full cages through a movement of the same and an

analysis of the static values of the grey levels.

1. In a first instant (t0) the cages (CAGE) place the particles (BEADS) on
respective sets of initial optical sensors (PIXEL_STA). An image with the grey

levels corresponding with this configuration is acquired.

2. At the following time (t1), once the transient bound to the cages movement is
exhausted, the particles arrange themselves in correspondence with final optical
sensors (PIXEL_TGT). A new image with the grey levels corresponding with this

configuration is acquired.

3. The difference image of the grey levels in relation to images of the points 1 and

2 is determined.
4. The absolute value of the difference image is determined.

5. The grey level resulting for the pairs of pixels (PIXEL_STA, PIXEL TGT)

relating to the starting and final positions of each cage is determined.



WO 2007/049103 PCT/IB2006/000636

10

15

20

25

-16-

6. The steps from 1 to 4 are repeated NDIFF times and the grey levels for each

cage relating to the absolute variation determined at the step 5 are accumulated.

7. Analogously to what above described for the classification with
activation/deactivation of the cages, a classification threshold THR is determined,
considering, this time, average and standard deviation of the absolute value of the
differences corresponding with certainly empty sensors (pixels) (such as, for
example, the pixels between rows of cages), for all the difference images NDIFF

acquired.

In more general terms, the detection of the presence of particles (BEADS)
existing, if any, in points of stable equilibrium (PEQ) of a force field (F) acting on

the particles, generated by an array of electrodes (EL) takes place by

i) first measuring the grey level generated by first sensors (PIXEL STA)
associated with stable points of equilibrium (PEQ), and by reference sensors
(PIXEL_REF) associated with space regions which certainly can not be occupied
by particles in this first current configuration of the force field (F);

ii) next, modifying the force field (F) in order to impart it a second current
configuration wherein the points of stable equilibrium are displaced in
correspondence with second sensors (PIXEL _TGT), different from the first

SCNSsors,

iii) next, measuring the grey level generated by the second sensors (PIXEL_TGT)
and reference sensors (PIXEL_REF) associated with space regions which can not
certainly be occupied by particles in the second current configuration of the force
field (F);

iv) determining the difference (DIFF_IMG) between the grey level values detected

to the preceding points;

v) repeating the steps i) to iv);
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vi) processing differential grey level values in order to classify the points of stable

equilibrium (PEQ) occupied by particles and those not occupied.

Such processing includes the steps of vii) determining the absolute value of the
differences in grey levels, and then viii) classifying as occupied the points of
equilibrium associated with sensors for which a variation substantially higher than
the average variation of the grey level associated with reference sensors which can
not be occupied by particles in the first and second configurations of the field (F)

is detected.

This method, based on the absolute value of image differences, is also immune
from the Fixed-Pattern-Noise and, likewise to the method with
activation/deactivation of the cages, is rather insensitive to unevenness in the

llumination.

With respect to the first method, it has the disadvantage of requiring circuits for
the displacement of the cages and a distance between the same which allows such
a movement thereof to determine in an univocal way the displacement of the caged

cell, if any.

One of the advantages of this method is that a few images (and reduced times) are
typically required in order to obtain a certain classification quality (low chances of
error) which, with the method of activation/deactivation of the cages, requires

more images and more time.

In Fig. 11, the result which can be obtained with a single step (NDIFF = 1) is
shown. In Fig. 11 (a), the image detectable by the optical microscope is reported,
in Fig. 11 (b) the map of the corresponding grey values is shown (with a
compensation of the Fixed-Pattern-Noise) and on the contrary, in Fig. 11 (c) the
normalized image of the absolute value of the difference between the image with

initial-grey values and after-a displacement rightward is shown.
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Method for the detection of the full cages through movement of cages and

measurement of the dynamic value of the grey levels.

Fig. 2 shows the wave forms in the steps of the methods for the dynamic detection
of the presence of particles in the cages through displacement of the cages

themselves.

At the beginning, a displacement of the cages is carried out but without waiting the
settling of the particles in their new position of equilibrium and the signal
variations of the optical sensors above which the cells (particles) contained in the

moving cages are moving, are detected.

Fig. 4 shows a sequence of steps which involves the movement of the cage in the
IJ position and the displacement of the point of equilibrium (PEQ) which
determines the passage on the particle (BEAD) on the optical sensor (PIXEL _II).

If the dimensions of the particle (BEAD) are higher than those of the electrode, the
sensor will measure a variation but it does not reach the base value relating to the
pixel without particles above it. In this case, a diagram slightly different can be
adopted, as in Fig. 9. This case, by measuring the grey value on the pixel
(PIXEL_IJ) on the edge of a cage with higher dimensions than an electrode,
reproduces a situation corresponding to that of having electrodes with double

dimensions than the actual dimensions of the electrode.

This technique allows, in one sense, to scan the cell by detecting the grey values
associated with the incident power considering the integral with respect to
horizontal sections of the same (if the photodiode is as large as the cell and this is
vertically moved). By changing the duty-cycle of the execution , a different

scanning rate is obtained.

P These operations allow to detect the presence of particles based on the

act

Gt + o) luminosity peaks and valleys which occur when the cage is full. By
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processing the signals of the sensors, a person skilled in the art can easily detect a
series of parameters (for example the peak-peak amplitude of the grey value)

which allow to discriminate full cages from empty cages.

Therefore, according to this variant of the method of the invention, the presence of
existing particles (BEAD), if any, in points of stable equilibrium (PEQ) of a force
field (F) acting on the particles, generated by an array of electrodes (EL) is
detected by carrying out the following steps:

i. modify the force field (F) so as to move the points of stable equilibrium (PEQ)

by passing the particles (BEADS) in correspondence with respective sensors

(PIXEL_IN);

ii. measuring the grey level generated by sensors (PIXEL IJ) associated with the
passage of the different points of stable equilibrium (PEQ) with a substantially
higher frequency than the settling time of the particles in the new position of
equilibrium;

iii. classify the presence or the absence of particles through the measurement of
characteristic parameters of the temporal evolution of the measurement of the grey

level generated by the sensors, for example based on the incident optical power, in

case of optical sensors.

The measurement of the grey level generated by the sensors, namely the optical
power striking on the same, can obviously take place also alternating the steps of
activation of the field acting on the particle; and deactivation of the aforesaid field,
in order to measure, afterwards, the incident optical power, that is the grey level
thus obtained; this is advantageous for avoiding any interference between the
execution voltages with the reading of the sensors, even if in principle it is not
necessary if there is a substantial independence of the sensors from the activation

of the executicn voltages.
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The parameters of the temporal evolution of the measurement of the optical power
preferably include the peak to peak amplitude of the grey level, and preferably the
classification takes place through the comparison with a threshold value
determined starting from peak to peak measurements of the optical power, namely
the grey level, on reference sensors which can not be occupied by particles with
the configuration of the considered force field (F), increased by a factor

proportional to the standard deviation of the peak to peak values of the reference

SEnsors.

In this way, also the compensation of the noise 1/f due to the environment

illumination existing on the reference sensors is obtained.

Method for the counting of cells based on the number of full cages, with: error

compensation

By the methods above described, the number of full cages is then determined. The
aim of the present invention is also to find out a method for the counting of the
cells in the cages. From this, the volume of the considered sample being known,

also the concentration of the cells is obtained.

As a first approximation, especially if the average number of cells per cage is
substantially lower than about 0.1, the number of full cages is approximately
similar to the number of cells (in this case there is an underevaluation of the
number of cells of about 5%). For a higher average number of cells, according to
the present invention, the distribution statistics of the cells per cages can be
compensated, in order to obtain a counting which approximates with a greater

precision to the actual number of cells on the chip.
We assume that the following suppositions occur:

1. The cells are uniformly distributed per volume unit; this hypothesis is overall

verified in the cases in which the sample is injected in the empty micro-chamber.
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If, on the contrary, the sample is injected in the micro-chamber previously filled of
buffer, the sample could be only locally uniform, because of the variations of cells

density bound to the flow profile of the sample.

2. The bonds connected with the maximum number of cells per cage can be

ignored.

This hypothesis is verified when the total volume of the cells (average volume of a
cell per average number of cells) is reasonably lower than the volume of a cage

(intended as the volume of the basin of attraction of each cage).

Under these hypothesis, the statistical distribution of the cells is represented by the
binomial distribution. We define:

NCAGES = number of cages in the chip (or considered portion)
n=NCELLS = number of cells in the chip (or considered portion)

wherein by “chip” the set formed by the array of electrodes EL is intended, which
is precisely normally integrated in a single multilayer chip together with the

sensors PIXEL.
Then, the probability that a cell belongs to the basin of attraction of any cage is:
p = 1/NCAGES

The probability of having k cells per cage results from the formula:
P[] =(:)-p‘ -Q-p™*

wherein is ny__.n__
k) kKm-bB)

the number of combinations of n objects taken k at a time (binomial distribution).

The average value of cells per cage (Average Cells Per Cage — ACPC) is

NCELLS
NCAGES

ACPC =< Plk]>=p-n=
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As on the chip there are typically many cages, the probability of having 1, 2, ... k
cells per cage, multiplied by the number of cages, approximates well the actual
value of cages with 11, 2, ... k cells. Considering this, and the total number of
empty and full cages being detected, the average value of cells per cage (ACPC)
can be estimated, by calculating the value which provides an expected number of

full and empty cages corresponding with the detected value.
The expected value of empty cages is calculated as

1 NCELLS

EC = NCA i 0 = . -— " = G . ———————————

stimate GES - P[0] = NCAGES -(1- p)" = NCA ES(I NCAGES)

and by replacing the value of the empty cages actually detected, the counting of

cells is then obtained, which can be calculated with simple passages such as

NCELLS, .. = log(NCAGES) - log(EC, o)
log(NCAGES) — log(NCAGES -1)

A better estimation of the number of cells is thus obtained, and the precision of the
counting results good also for ACPC values higher than one, provided that the
number of empty and full cages is statistically significant; in this way, in fact, the
error bound to the underevaluation of the number of cells otherwise associated
with the counting of the full cages alone is mitigated. Obviously, the detected
number of empty cages (ECyeasure) must be greater than zero and results lower or
equal to the number of cages NCAGES. The following table numerically shows
the case for a particular example with 6400 cages, and different concentrations of
cells. As it can be noted, the counting error is drastically reduced, especially for
high average concentrations of cells per cage. Actually, the reported value is
simply the one based on the density of probabilities, but given the great number of

cages, the probability estimation approximates well a possible measured value.
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* TABIE | . |
NCAG
ES 6400 6400 6400 6400
NCEL 1280
LS 640 3200 6400 0
0,10 0,50 1,00 2,00
ACPC |0 0 0 0
cages| cells cages | cells Cages | cells cages | cells
kK Pik} P[k] Plk] Plk]
90,4 |579 60,6 36,7 13,5
0 8% |1 0 5% 13882 |0 9% 12354 {0 3% |86 |0
9,05 30,3 194 )36,7 235 {270 173
1 % 579 579 13% {1941 |1 9% 12355 |5 7% {1732 |2
0,45 7.58 184 235 {27,0 346
2 % 29 |58 |% 485 {970 |0% (1177 |4 7% (1732 |4
0,02 1,26 6,13 117 [18,0 346
3 % 1 3 % 81 243 |% 392 |6 5% 1155 |5
0,00 0,16 1,53 9,02 - |230
4 % 0 0 % 10 |40 |% 98 392 1% 577 |8
0,00 0,02 0,31 3,61 115
5 % 0 0 % 1 5 % 20 100 1% 231 |6
0,00 0,00 , 0,05 1,20
6 % 0 0 % 0 0 % 3 18 1% 77 1462
0,00 0,00 0,01 0,34
7 % 0 0 % 0 0 % 0 0 % 22 154
0,00 0,00 0,00 0,09
8 % 0 0 % 0 0 % 0 0 % 5 40
0,00 0,00 0,00 . 0,02 1
9 % 0 0 % 0 0 % 0 0 % 1 9
0,00 0,00 0,00 ~ 0,00 |.:: Co
10 % 0 0 % 0 0 % 0 0 % 0 0
0,00 0,00 0,00 0,00
11 % 0 0 % 0 0 % 0 0 % 0 0
0,00 0,00 0,00 0,00
12 |% 0 0 % 0 0 % 0 0 % 0 0
0,00 0,00 0,00 0,00
13 % 0 0 % 0 0 % 0 0 % 0 0
0,00 0,00 0,00 0,00
14 % 0 ] % 0 0 % 0 0 % 0 0
0,00 0,00 0,00 0,00
15 % 0 0 % 0 0 % 0 0 % 0 0
total
counting 319 639 127
609 |640 2518 |9 4045 |5 5532 (89
4,84 10,00 21,3 {0,03 36,8 {0,08 86,7 10,09
error % 1% 1% % 0% |% 8% (%

In other words, according to this method, from the counting of full and empty
cages, carried out according to any one of the method described so far, the
counting of the total number of particles (for example cells) actually existing in a
5  sample injected in a chamber defined by the array of electrodes EL and the cover

(LID), if any, can be derived; the counting step of the single particles, of which the
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general presence has been previously detected, takes place according to this aspect

of the invention in an estimated way on statistical bases, as follows:

a) the number (ECpeasure) Of points of stable equilibrium (PEQ) existing in the field
(F) generated by the array of electrodes (EL) — points of stable equilibrium,
hereinbelow also shown as —cages- which do not contain any particle (BEAD) is

measured by the sensors.

b) The counting (NCELLS) of particles (BEAD) is determined as the ratio of the
difference between the logarithm of the number (NCAGES) of points of stable

~ equilibrium (PEQ) to the logarithm of the measured number (ECmeasure) Of the

points of stable equilibrium (PEQ) non containing any particle, and the difference
between the logarithm of the number (NCAGES) of points of stable equilibrium
(PEQ) and the logarithm of the number (NCAGES-1) of the points of stable
equilibrium (PEQ) less one.

Method of characterization of the cells in the cages through movement of the

cages and measurement of the dynamic value of the grey levels.

As it is shown in Figure 3, since a ball (ex. Fig. 3 (a)), a cell of a type (ex. a K562,
as in Fig. 3 (b)), or a cell of another type (ex. a red cell as in Fig. 3 (c)), have
different dimensions, shape, absorbance profile and index of refraction, by passing
the cage on a sensor it is possible to detect not only if it is full but also, according
to a further aspect of the present invention, to characterize the type of the existing

particle, if any.

A cell (and certain types of micro-balls) show a light distortion (a kind of a lens
effect) which causes a variation of the grey level with negative peaks (dark edges
on the cell) and positive peaks (brighter centre where the cell concentrates the

light) of the grey level.
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Parameters bound to the dynamic evolution of the grey level, such as, by a
significant but not limiting example reported in Fig. 5, the measurement of the
amplitude of the negative (Gnp) and positive (Gpp) peaks of the grey level, as well
as for example the delay (td) between cage movement and detection of the first
grey variation, or also the temporal length of the variations can be used for

obtaining additional information and classifying the kind of cell.

FORMULAS:

The displacement speed is, as a first approximation, proportional to the
dielectrophoretic mobility, and results v oc k- R%. The length of the variation of the
grey levels, as a first approximation, therefore results , namely inversely
proportional to the radius of the particle (it decreases when R increases). The time
delay td between t.=%¢%. execution and start of the variation of the

grey level results as a first approximation (in the case of Fig. 4, with a cell on a

single electrode) equal to
(it also decreases when R increases).
Fig. 6 shows the actual course measured for a K562 cell.

Fig. 7 shows the typical course expected for non transparent balls, or
small cells for which the effect of the absorbance compared to the above

mentioned “lens” effect is predominant.

Fig. 8 shows the temporal evolution of the grey value detected at the passage of
polystyrene balls with 10pum, 6pm and 3um. following to the displacement of its

cage.

By extracting opportune discriminating parameters, it is possible, in an apparent
way for those skilled in the art, to define a classification criterion, similarly to

what above mentioned for the classification of full and empty cages.
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In particular, the identification method can include the extraction of the
discriminating characteristics of the particles, and the use of algorithms based on
neural networks, first close ks, thresholds algorithms and/or Principal Component

Analysis, or a combination of the same.

Fig. 14 shows an alternative technique based on the same principle, through which
it is possible to scan the cell with a greater resolution in its horizontal section, by
laterally moving it above the sensor. In fact, the “slice” of the considered cell has
lower dimensions. From the derivative of the grey value as the cell goes by, the
punctual value of the grey value along a horizontal section of the cell can be
calculated, with a horizontal resolution equal to the number of points during the

acquisition, and vertical resolution equal to the gap (distance) between the

electrodes.

Based on what above described, it is therefore apparent that the invention also
allows to characterize particles (BEADS) (that is, for example, to establish their
physical nature) present in points of stable equilibrium (PEQ) of a force field (F)
acting on the particles and generated by an array of electrodes (EL), through the

carrying out of the following steps:

a. modifying the force field (F) so as to displace said points of stable equilibrium
(PEQ) by passing said particles (BEADS) in correspondence with respective
sensors (PIXEL 1J); |

b. measuring the grey level detectable by the sensors (PIXEL _IJ) associated with
the transit of different points of stable equilibrium (PEQ) containing particles, with
a frequency substantially higher than the settling time of the particles in the new

equilibrium position;

c. processing characteristic parameters of the temporal evolution of the grey level

measurement for estimating the nature of the particles.
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The whole always without being affected from the background “noise” detectable

by the sensors, namely the Fixed Pattern Noise.

In the described example, where the sensors used are optical sensors and the
measurement of the grey level is a measurement of the optical power striking on

the sensors, such measurement preferably takes place by alternating the steps of
i. activating the field acting on the particle;
ii. deactivating the field and measuring the incident optical power;

or by using the same preferred system above described for the dynamic detection
of the presence of particles in the cages. The parameters of the temporal evolution
of the measurement of the optical power include, based on what above described,

at least one of the parameters selected from the group consisting of:

i. the delay (td) between the variation of the force field (F) and the first variation of

the optical power

ii. the length (tw) of the transitory variation of the optical power;

iii. the amplitude of the positive peak (Gpp) of the optical power value;

iv. the amplitude of the negative peak (Gnp) of the optical power value.

Method for the counting of different species of cells in an heterogeneous sample

By combining the methodologies for the counting of cells for a single population
with the characterization of the particles in the single cages it is possible,
according to the present invention, to determine the composition of a sample with

heterogeneous types of particles.

Generally, it is not easy to differentiate the composition of particles in cages which
contain more than one cell. However, by processing the dynamic of the grey level,

recorded as above described for the characterization of the content of a cage, it is
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relatively simple to determine if the cage contains a single particle or a multiplicity

of particles (MC).

Since it can be assumed that the distribution of different types of particles are
independent (orthogonal) therebetween, by combining the number of particles of
each type obtained in the cages with a single particle, and the information relating
to the number of empty cages (EC) and the total number of cages, it is therefore
possible to determine the estimation of the number of particles of the different
populations, by a numerical route. The problem is the minimization of a function
with varying NPT (where NPT = number of types of particles). In Fig. 21 a

representation of the problem in case of NPT = 3 is reported.

For each type of particle t=1, ... NPT, once the presence of a number of particles
(NCELLSY) has been supposed, the volume of the hypercube of the space to NPT
dimensions which represents the number of particles of the ¢ type existing in a
cage alone (by ignoring the other kinds of particles), remains in fact fixed (Pt_1).
With reference to the Fig. 21(a), for the particles of a first type, we will obtain
P1_1 particles in a single cage, P1_M particles in multiple cages and P1_0 cages
without particles of the type P1 (the measures of the shown volumes). The
detected number of f-type particles in a single cage must take into account,
however, that one or more particles of other types can be present in the same
cages. Therefore, as shown in Fig. 21(d), the detected value of single particles
(Pt_1_MEAS) of each type # corresponds to the volume (Pt_1) of the hypercube of
particles of type ¢ minus the volume of the intersection hypercubes between Pt 1
and Pq_h, with g<>t and h>0 of hypercubes which contain at least a particle of a
different type. The volume of the hypercube of empty cages (EC_MEAS) is
further known.

The tuple of values NCELLSt, t=1, ..., NTP is calculated by numerical way,

whereby the (statistically) expected value better corresponds to the actually
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measured number (Pt_1) of cages with a single particle of each type t and of empty
cages (EC_MEAS).

Based on what just described, it is therefore apparent that the invention also allows
to count the number of particles (BEADS) of a multiplicity of types (NTP),
existing in points of stable equilibrium (PEQ) of a force field (F) acting on the
particles and generated by an array of electrodes (EL), through the execution of the

following steps:

a. modifying the force field (F) so as to displace said points of stable equilibrium
(PEQ) by passing said particles (BEADS) in correspondence with respective
sensors (PIXEL II);

b. measuring the grey level detectable by the sensors (PIXEL IJ) associated with
the passage of the different points of stable equilibrium (PEQ) containing particles,
with a frequency substantially higher than the settling time of the particles in the

new equilibrium position;

¢. processing characteristic parameters of the temporal evolution of the grey level
measure associated with each point of stable equilibrium (PEQ) for detecting if the
associated cage is empty, if it contains a particle of a type or if it contains more

particles;

d. determining in a numerical way the combination of countings of particles of
each type (NCELLSt) which better approximates to the measured value of cages
with a single particle of each type (Pt_1_MEAS) and empty cages (EC_MEAS).

Apparatus for the high resolution characterization of the cells in the cages
through movement of the cages and measurement of the dynamic value of the

grey level.

In order to increase the resolution of the dynamic detection methods described so

far, according to the present invention it is possible to combine (Figure 15) a series
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of electrodes (EL) associated with photodiodes (PIXEL V1, ... PIXEL VN)
characterized by a greater spatial resolution, to sequentially analyze different

sections of the particle, by sequentially moving it on different electrodes.

The resolution limit is thus determined by the minimal geometry of the
photolithographic resolution and it does not have the need of placing different
transistors for the addressing of the electrodes (pixels), which would increase the
required area. For example, some openings (SLITS) can be carried out on a
metallizing arranged upon the photodiode, so as to render it sensitive only in

correspondence with the same opening.

In this way, a further step can be implemented in all the methods described so far,
in which said points of stable equilibrium (PEQ) are displaced such that said
particles (BEADS) are passed in correspondence with a plurality of respective said
sensors (PIXEL _IJ); and in which the sensors (PIXEL _IJ) are optical sensors and
are shielded (through the aforesaid metallizing layer equipped with openings
SLITS of a pre-fixed and relatively small amplitude), so as to detect with the
sensors the incident optical power on a space portion substantially lower than the

dimensions of the particles and the sensors themselves.

Method for the manipulation of cells with an automatic control of the

displacement speed of the cages

A method of manipulation with an automatic control of the displacement speed of
the cages can then be based on the use of the passage detection of the cells, as
above described. For the cages with cells which are moving on the chip (together
with the array of electrodes) the evolution of the grey levels can be monitored and
the end of the settling transient in the new point of equilibrium can be detected for
immediately starting the following step along the trajectory. Besides the

optimization of the times, by dynamically adapting them to the speed of the
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different particles in the different moments, such approach also allows to verify

that each cell does not remain blocked.

If to each electrode a single optical sensor is associated, for example in the vertical
gap (distance) between two electrodes, as in Figure 4, this method cab be carried
out using cages with a width of 1 x 2 electrodes (1 in a horizontal positionx 2 in a
vertical position). In the horizontal displacement, in fact, the particle locates itself
at full speed on the sensor between the two electrodes, and its movement can be
followed by monitoring the sensor in correspondence with the initial and/or final
point of equilibrium. This introduces a bond on the cage shape, which however can

be overcome by using an apparatus as described below.

Apparatus for the manipulation of cells with automatic control of the

displacement speed of the cages, without bonds on the dimensions of the same.

In Figure 16, the diagram of an apparatus with sensors (pixels) for the movement
determination both in horizontal (PIXEL_H) and in vertical (PIXEL V) ditection
is shown. Such apparatus is advantageous for implementing a manipulation of
particles with a close chain control, carried out in an integrated manner with the
one of the displacement speed of the cages. With this apparatus, the horizontal
displacement also with cages 1 x 1 can be carried out, since the cell/particle passes
in any case on the sensor (PIXEL H) placed between two electrodes along the

horizontal axis.

Hodksk

With the additional method and apparatus now described, a step applicable on all
the methods of detection and characterization of particles above described is
implemented, consisting of the control of the variation course in the grey level
detectable by the sensors (PIXEL_1J) associated with the passage of the points of

stable equilibrium (PEQ) containing particles, so as to determine the end of the
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settling transient of the particles in the new position of equilibrium and go back
from this measure to the displacement speed of the particles (BEADS) towards
new points of stable equilibrium (PEQ). At the end of such a settling transient, a
variation in the force field (F) produced by the electrodes themselves can be
therefore automatically generated (for example through a proper software
implemented in a control unit CTRL, moreover of a known type, of the array of
electrodes EL (figure 15), for the purpose of causing a new displacement of the
points of stable equilibrium (PEQ) along the pre-fixed desired trajectory (shown in
figure 15 by the arrow).

Apparatus with integrated dichroic filters for the detection and/or the

characterization of the cells in the cages by means of fluorescence

For the fluorescence detection and/or the characterization of cells, some preferred
implementations according to the present invention are reported. These
implementations integrate a filter element which allows the passage of the
fluorescence emission but mitigates the excitation. These filter elements can be
integrated with process steps downstream of the chip execution, such as thin film
depositions of materials with opportune indexes of refraction for carrying out
dichroic filters. The filter effect allows to mitigate the part of optical power in the
excitation band detected by the sensor (PIXEL), thus reducing the requirements

bound to the dynamic range of the sensor itself.

In Figure 18, the diagram of an apparatus particularly suitable for the detection
and/or characterization of fluorescence cells is shown. A dichroic filter (DFL)
which allows the passage of the frequencies corresponding to the emission is
deposited, with techniques known to those skilled in the art, on the chip. After the
deposition, optionally, wishing to improve the electric contact between an
electrode (EL) and a liquid, some windows on the dichroic layer are opened, in

correspondence with the electrodes themselves. In this way, it is possible, for
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example, to use even high conductive solutions, in case of electrophoresis, without
voltage drops connected with the presence of the dielectric layer composed of the
dichroic filter. This execution scheme is compatible with the use of a standard

CMOS wafer manufacture and only involves a post-processing of the wafers.

Alternatively, the dichroic filter can be carried out below the electrodes, as it is
shown in Figure 19. This can be useful if the CMOS process can be modified. Also
without the modification of the CMOS process, this diagram can be however
carried out by performing a post-processing, even if more complex, represented by
the application of the filter, the opening of contacts at the CMOS top metal and the
additional metallizing for carrying out the electrodes (EL). It can be advantageous
to carry out, regardless by the fact of being above or below the electrodes (EL), a
spatially organized multiplicity of dichroic filters with a different passband (DFL1,
DFLN), as it is shown in Figure 20. This can be useful for dividing and separately

detecting the fluorescence of cells/particles at different emission frequencies.

Clearly, by checking the cells position it is then possible to analyze them in
sequence, on different sensors, for the presence for example of different
fluorophores. According to this aspect of the invention just described, the
invention relates to an apparatus for the detection and/or characterization of
particles as above described, but further including shielding means of the sensors
and openings, in a number of at least one for each sensor, obtained through the
shielding means and having pre-fixed dimensions, smaller than those of the

particles to be detected/characterized.

The apparatus according to the invention can further include at least a dichroic -
filer with a pre-fixed passband arranged such that it shields at least partly the
sensors (PIXEL), if these are optical sensors, and preferably include a plurality of
dichroic filters, each having a passband different from the others, arranged

superimposed therebetween and so as to shield however at least partly the sensors
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(PIXEL). If at least a dichroic filter is arranged to cover the electrodes (EL), it is
equipped with interruption openings placed in correspondence with at least part of

each electrode.
Filtering of the excitation

The apparatus can take advantage, or not, of the fact that (externally) the excitation
source is filtered and optimized for each fluorophore to be analyzed. This can be
easily carried out with filters non integrated on the device. Furthermore, or
alternatively, the lid of the chip can integrate the part of the excitation filtering
corresponding with underlying dichroic filters, which vary, or not, from pixel to

pixel of the chip.

If the excitation filtering is integrated on the lid, it is necessary to carry out wider
zones with a homogeneous dichroic filter, so as to avoid cross-talk between the
excitations of the different pixels. In this case, the cell under test must cover a
greater distance for being analyzed for different fluorophores. According to this
additional aspect of the invention, the apparatus described so far can therefore
include at least a dichroic filter with a pre-fixed passband arranged in
correspondence with the cover (LID) defining, together with the array of
electrodes (EL), a chamber or micro-chamber suitable for receiving and containing

a fluid sample containing the particles to be detected/characterized.
Compensation method of the illumination noise

In all the methods above mentioned, when optical sensors are used, the signal for
the detection or the characterization of the particles depends on the illumination
power. Therefore, variations of this type can cause some variations of the level of
the optical power detected which are not bound to the signal (presence and/or
position of the particle). Although normally this is not a problem, the

performances of the methods (greater precision, greater speed) can be however
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improved, compensating such variations by using a value normalized to the
average detection of the reference pixels (pixels certainly corresponding with
empty cages, for which the optical incident power is only affected by the

illumination power).

This is mainly true for the low-frequency illumination noise, which because of the

spectral density of the noise power (proportional to 1/f, makes the impact thereof

more influent.
Method of noise compensation for impedance sensors.

In all the methods above mentioned, when impedance meter sensors are used, the
signal for the detection and the characterization of the particles depends on the
conductivity and permittivity of the suspension medium of the particles, which in
turn depends for example on the temperature, the salts concentration or other
molecules, etcetera. Therefore, variations of these can cause some variations of the
level of the detected impedance which are not bound to the signal (presence and/or
position of the particle). Although normally this is not a problem, the
performances of the methods (greater precision, greater speed) can be however
improved, compensating such variations by using a value normalized to the
average detection of the reference pixels (pixels certainly corresponding with
empty cages, for which the impedance is only affected by the conductivity and the

permittivity of the suspension medium).

Fkok

In all the methods of detection and characterization described so far, a further step
consisting of a compensation of the grey levels detected by said sensors
(PIXEL IJ) can therefore be introduced, using a value normalized to the average

detection of reference sensors (PIXEL REF) associated with space regions which
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can not certainly be occupied by particles in the current configuration of the
considered force field (F).

Note on the applications

The methods and the apparatus described so far are of a general use and find
multiple applications. By way of example but not limitation of the invention, we

mention some of the most important applications:
O Analysis of blood samples; by introducing a sample on the chip (which uses for

example closed dielectrophoresis cages) the red cells can be counted by counting
as a first approximation all the occupied cages (in fact the other cells possibly
existing have a so lower concentration that it results negligible for the precision
typically required).

© Emochroma: characterization of the number and type of cells in the blood; in
this case, the method above described for carrying out an accurate characterization
of each single existing cell is employed, by classifying it as a red cell, platelet;
lymphocyte, etcetera.

© Counting of the bacteria existing in a sample; by injecting on the chip (with
DEP closed cages) a known volume of sample, all the bacteria existing are
detected, and if necessary also the type, if they are distinguishable through their
characteristic signature detected with the optical sensors.

O Separation/counting of the cells labelled with fluorescence from a mixed

population. This type of problem is widely diffuse both in the research and the

diagnostics.

For example, bacteria in dairy samples, such as milk, yoghurt, ice-cream

preparatiohs, etcetera can be detected.

As another example, bacteria for a fermentation of grape must (for example for

enological applications) can be detected.
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As a further example, bacteria existing in a volume of drinking water could be

detected.
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CLAIMS

1. Method for the detection of the presence of particles (BEADS) possibly present
in points of stable equilibrium (PEQ) of a force field (F) acting on said particles,

generated by an array of electrodes (EL) comprising the steps of:

i. deactivating the force field (F);

ii. measuring, in at least a time interval following to the deactivation and selected
as a function of the dynamic of the settling and/or Brownian movements to which
the particles with a deactivated field are subjected, the grey level generated by first
sensors (PIXEL _IJ) associated with said stable equilibrium points (PEQ) and by
second sensors (PIXEL REF) associated with space regions which can not

certainty be occupied by particles because of the current configuration of said

force field (F);
iil, reactivating the force field (F);

iv. repeating the steps from 1) to iii) a number of times, substantially comparable
with the convergence rate to its asymptotic value, of the variance of the values of

the grey level measured on said second sensors, assumed as a reference

(PIXEL_REF);

v. classifying a point of equilibrium as occupied by particles if, in the considered
temporal series of measurements, the standard deviation of the grey level values
detected on the first sensors, associated with such point of equilibrium (PEQ),

results higher than a pre-fixed threshold (THR).

2. Method according to claim 1, characterized in that said threshold (THR)
corresponds with the average value of the grey level values detected on said
second sensors (PIXEL REF) associated with said space regions which can not be
occupied by particles, increased by a factor proportional to the standard deviation

value of the grey levels detected on said second sensors (PIXEL_REF).
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3. Method for the detection of the presence of particles (BEADS) possibly
existing in points of stable equilibrium (PEQ) of a force field (F) acting on said

particles, generated by an array of electrodes (EL), comprising the steps of:

i. measuring the grey level generated by first sensors (PIXEL_STA) associated
with said points of stable equilibrium (PEQ), and by reference sensors
(PIXEL_REF) associated with space regions which certainly can not be occupied

by particles in a first current configuration of said force field (F);

ii) modifying said force field (F) in order to impart it a second current
configuration wherein said stable equilibrium points are displaced in
correspondence with second sensors (PIXEL_TGT), different from the first

SENSOTS,

iii) measuring the grey level generated by the second sensors (PIXEL TGT) and
by reference sensors (PIXEL REF) associated with space regions which can not

certainly be occupied by particles in said second current configuration of said

force field (F);

iv) determining the difference (DIFF_IMG) between the grey level values detected

1o the preceding points i) and iii);
v) repeating the steps i) to iv);

vi) processing differential grey level values in order to classify the points of stable

equilibrium (PEQ) occupied by particles and those not occupied.

4. Method according to claim 3, characterized in that such processing includes the
steps of determining the absolute value of the differences in grey levels, and
classifying as occupied the points of equilibrium associated to sensors for which a
variation substantially higher than the average variation of the grey level
associated with said reference sensors which can not be occupied by particles in

said first and second configurations of the field (F) is detected.
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5. Method for the detection of the presence of particles (BEADS) possibly
existing in points of stable equilibrium (PEQ) of a force field (F) acting on said

particles, generated by an array of electrodes (EL), comprising the steps of:

i. modifying said force field (F) so as to displace said points of stable equilibrium
(PEQ) to get said particles (BEADS) pass in correspondence with respective
sensors (PIXEL _1J);

ii. measuring the grey level generated by sensors (PIXEL_IJ) associated with the
passage of said different points of stable equilibrium (PEQ), with a frequency
substantially higher than the settling time of said particles in the new equilibrium

position;

iii. classifying the presence or the absence of particles through the measurement of
at least a characteristic parameter of the temporal evolution of the grey level

measured by said sensors (PIXEL_1J).

6. Method according to the preceding claim, characterized in that said -
characteristic parameter of the temporal evolution of the measurement of the grey

levels on said sensors (PIXEL_IJ) comprises the peak to peak amplitude.

7. Method according to the preceding claim, characterized in that the
classification takes place through the comparison with a threshold value
determined starting from peak to peak measurements of the grey. levels on
reference sensors which can not be occupied by particles with the configuration of
the considered force field (F), increased by a factor proportional to the standard

deviation of said peak to peak values of said reference sensors.

8. Method according to any one of the preceding claims, further including a
counting step of the total number of particles of which the presence has been
detected, characterized in that said counting step takes place in a way estimated on

statistical bases, in the following way:



WO 2007/049103 PCT/IB2006/000636

10

15

20

25

-41 -

i. the number (ECneasure) Of points of stable equilibrium (PEQ) existing in the field
(F) generated by the array of electrodes (EL), which do not contain any particle
(BEAD), is measured by the sensors;

ii. the counting (NCELLS) of particles (BEADS) is determined as the ratio of the
difference of the logarithm of the number (NCAGES) of points of stable
equilibrivm (PEQ) to the logarithm of the measured number (ECpeasure) Of the
points of stable equilibrium (PEQ) non containing any particle, and the difference
of the logarithm of the number (NCAGES) of points of stable equilibrium (PEQ)
to the logarithm of the number (NCAGES-1) of the points of stable equilibrium
(PEQ) less one.

9. Method for the characterization of particles (BEADS) existing in points of
stable equilibrium (PEQ) of a force field (F) acting on said particles, generated by

an array of electrodes (EL), comprising the steps of:

i. modifying said force field (F) so as to displace said points of stable equilibrium

(PEQ) by passing said particles (BEADS) in correspondence with respective
sensors (PIXEL 1J);

ii. measuring the grey level generated by sensors (PIXEL IJ) associated with the
passage of the different points of stable equilibrium (PEQ) containing particles,
with a frequency substantially higher than the settling time of said particles in the

new position of equilibrium;

iii, processing characteristic parameters of the temporal evolution of the grey level

measurement in order to estimate the nature of said particles.

10. Method according to the preceding claim, characterized in that said
parameters of the temporal evolution of the grey level include at least one of the

parameters selected from the group consisting of:
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i. the delay (td) between the variation of the force field (F) and the first variation of

the grey level;

ii. the length (tw) of the transitory variation of the grey level;
iii. the width of the positive peak (Gpp) of the grey level;

iv. the width of the negative peak (Gnp) of the grey level.

11. Method for counting the number of particles (BEADS) of a multiplicity of
types (NTP), existing in points of stable equilibrium (PEQ) of a force field (F)
acting on said particles and generated by an array of electrodes (EL), through the

execution of the following steps:

i. modifying the force field (F) so as to displace said points of stable equilibrium
(PEQ) by passing said particles (BEADS) in correspondence with respective
sensors (PIXEL_1J);

ii. measuring the grey level detectable by the sensors (PIXEL_IJ) associated with
the passage of the different points of stable equilibrium (PEQ) containing particles,
with a frequency substantially higher than the seitling time of the particles in the

new position of equilibrium;

iii. processing characteristic parameters of the temporal evolution of the grey level
measurement associated with each point of stable equilibrium (PEQ) for detecting
if the associated cage is empty, if it contains a particle of a type or if it contains

more particles;

iv. determining in a numerical way the combination of countings of particles of
each type (NCELLSt) which better approximates to the measured value of cages
with a single particle of each type (Pt_1_MEAS) and empty cages (EC_MEAS).

12. Method according to the claim 5 or 9 or 11, characterized in that said points of

stable equilibrium (PEQ) are displaced such that said particles (BEADS) are
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passed in correspondence with a plurality of respective sensors (PIXEL _IJ); and in
that said sensors (PIXEL_IJ) are optical sensors and are shielded so as to detect the
incident optical power on a portion of space substantially lower than the

dimensions of the particles.

13. Method according to one of the claim 5, 9 or 12, characterized in that the
course of the variation in the grey level detectable by the sensors (PIXEL IJ)
associated with the transit of said points of stable equilibrium (PEQ) containing
particles is controlled, so as to determine the end of the settling transient of said
particles in the new equilibrium position and go back from this measurement to the

displacement speed of said points of stable equilibrium (PEQ).

14. Method according to the preceding claim, characterized in that at the end of
said settling transient, a variation in said force field (F) is produced for causing a

new displacement of said points of stable equilibrium (PEQ).

15. Method according to any one of the claims 1 to 11, characterized in that said

sensors are optical sensors and said grey level corresponds with the optical power

striking on the sensors.

16. Method according to any one of the claims 1 to 11, characterized in that said

sensors are impedance meter sensors.

17. Method according to any one of the preceding claims, characterized in that a
compensation of the values of the grey levels detected by said sensors (PIXEL_IJ)
is carried out using a value normalized to the average detection of reference
sensors (PIXEL_REF) associated with space regions which can not certainly be

occupied from particles in said current configuration of said force field (F).

18. Method according to any one of the preceding claims, characterized in that

said measurement of the grey level takes place by temporarily deactivating said

force field (F).
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19. Method according to any one of the preceding claims, characterized in that
said force field (F) is generally selected from: positive dielectrophoresis, negative
dielectrophoresis, Electrowetting on dielectric, electrohydrodynamic flows,

electrophoresis.

20. Apparatus for the detection and/or characterization of particles (BEADS)
comprising: means for the generation of points of stable equilibrium (PEQ) of a
force field (F) acting on said particles, generated by an array of electrodes (EL);
and optical sensors (PIXELS) associated with said electrodes; characterized in that
said optical sensors are made so as to detect the incident optical power on a sensor

portion substantially lower than the dimensions of the particles.

21. Apparatus according to the preceding claim, characterized in that it comprises
shielding means of said sensors, and openings, in a number of at least one for each
sensor, obtained through said shielding means and having pre-fixed dimensions,

smaller than those of the particles to be detected/characterized.

22. Apparatus for the detection and/or characterization of particles (BEADS)
comprising means for the generation of points of stable equilibrium (PEQ) of a
force field (F) acting on said particles, generated by an array of electrodes (EL);
and sensors (PIXEL) associated with said electrodes, characterized in that to each
electrode (EL) a first sensor (PIXEL_V) for detecting the transit of said particles in
a vertical direction, and a second sensor (PIXEL_H) for detecting the transit of

said particles in a horizontal direction are associated.

23. Apparatus according to one of the claims 20 to 22, characterized in that it
includes at least a dichroic filter with a pre-fixed passband arranged so as to shield

at least partly said sensors (PIXEL), which are optical sensors.

24. Apparatus according to the preceding claim, characterized in that it comprises

a plurality of dichroic filters, each having a passband selected from a set of
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different passbands, arranged in a non-superimposed way between them and so as

to shield in any case at least partly said sensors (PIXEL).

25. Apparatus according to the claim 23 or 24, characterized in that said at least a
dichroic filter is arranged to cover said electrodes (EL) and is equipped with

interruption openings placed in correspdndence with at least part of each said

electrode.

26. Apparatus according to one of the claims 23 to 25, characterized in that it
comprises at least a dichroic filter with a pre-fixed passband arranged in
correspondence with a cover (LID) defining together with said array of electrodes
(EL) a chamber or a micro-chamber suitable for receiving and containing a fluid

sample containing said particles.
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