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A MICROFLUIDIC IMPEDANCE CYTOMETRY APPARATUS

FIELD OF THE INVENTION:

This invention relates to the field of biomedical engineering.

Particularly, this invention relates to the field of cytometry

Specifically, this invention relates to a microfluidic impedance cytometry

apparatus.

BACKGROUND OF THE INVENTION:

Impedance cytometry is the measurement of the dielectric properties of cell
using single or multiple frequencies. Recent advancement in the impedance
cytometry research shows that different type of cells present in the human blood
can be distinguished using multiple frequencies. The advantage of impedance
cytometry over optical measurement is that the magnitude of the impedance is
less dependent on the position of the particle. Cytometry using optics requires a
sheath flow to maintain the cells in the centre of the channel which results in

huge wastage of fluid and make the system complex, bulky and costly.

Cytometry is the enumeration of different type of cells and various other
properties such as size of the cells, existence of certain protein present on the
membrane of the cells and various other properties such as different nuclei
shape presents inside the leukocytes. However, impedance cytometry offer
advantage compare to the optical measurement because the signal is least
dependent on the position of the particle. Therefore, the measurement in

impedance cytometry can be done without any sheath fluid. The present
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innovation offer advantage in building the Complete blood cell(CBC) count
instrument at PoC since the size of the instrument is drastically reduced.
The cells having membrane of different electrical conductivity can be

differentiated using multiple frequencies.

The present art discloses the innovation where precise impedance measurement
of the cell can be done using multiple electrodes embedded inside the
microfluidic channel on top and bottom wall. According to a first prior art
citation document [US10267720], the citation discusses the use of two-ground
electrodes between each measurement electrode and signal electrode. In this
citation, the signal electrode is an operative top electrode where potential is
applied and the measurement electrode is an operative bottom electrode which
is virtually grounded (at OV). Current flow from the signal electrode to the
measurement electrode is measured. Difference between the two measurement
electrodes gives an antisymmetric peak signal with a secondary peak in between
a global maximum and a global minimum of the peak. Here, peak is defined as
an electronic signal, obtained, due to passing of a particle from a first electrode

to a last electrode.

The electronic signal varies with position of the particle, in a Z-direction (where
is the axis defined, please show), for a same size of the particle. Therefore, to
precisely measure diameter of the particle, measurement of position of the
particle in Z-direction is very important. The electronic signal varies with the
position in the Z-direction because current density is non-uniform in the Z-
direction. The current density is relatively higher near to an edge of the

electrodes and relatively lower at a centre of the channel.

According to a first prior art citation document [US10267720], the citation

discusses that ratio of primary peak to secondary peak which can be used to
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corelate the position of the particle in a vertical direction and thereafter, the
correction in the diameter of the particle can be made. The disadvantage of the
first prior art citation is the magnitude of the secondary peak is very low and for
smaller size particle less than 4 micron the secondary peak is almost buried in
the noise for a cross section of 30umx30um and electrode width of 30 pm and
even with the edge to edge separation of two consecutive electrodes less than 10
microns the signal to noise ratio (SNR) of the secondary peak is not good.
Further, enhancement in the secondary peak magnitude can achieved by
reducing the height of the channel. However, this increases the chance of
clogging of the microfluidic channel because the smaller particle may block the

sensing region.

The second prior [US20220034781A1] art citation discusses that “increasing
the sensitivity of the microfluidic apparatus” for counting particle less than 2
micron. The major application of second prior art is to count the bacteria of size

less than 1 micron in wider channel.

The electrode, fabricated in the first prior art, always has some degree of
misalignment and slight variation in the geometry of electrode because of which
the peaks are not exactly antisymmetric and the offset current is not zero. The
offset current is defined as the difference between the current coming from the
bottom of the two signal electrodes when no particle is present in between the
electrode. Since, the offset current is not zero and two thermal noise coming
from the two bottom signal electrodes, when subtracted, is of higher magnitude
the impedance measurement of sub-micron size particle becomes challenge. The
second prior art discloses the idea of applying two equal voltages of same
frequency but with 180-degree phase difference. Two negative voltage is
applied to any top two electrode and two positive voltage is applied on the other

two top electrodes. The two current with 180-degree phase angle is summed
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using summing amplifiers and similarly the other two current is summed from
the other two pair of electrodes in the same fashion. The output, from the two
summing amplifiers, is subtracted using Differential amplifiers (DA). Since the
current is subtracted thrice the value of the offset voltage (the final output from
the DA when no particle is present) is always less compare to the first prior art.
Ideally, the offset voltage should be zero when there is no misalignment and the

two-electrode geometry configuration is same.

The second prior art citation does not disclose how to determine the position of
the particle and the FEM analysis shows that that peak impedance signal varies
with the position of the particle in the Z-direction. The first prior art citation and
the second prior art citation is completely different since the voltage is of same
phase in first prior art citation but in second prior art citation, they have used
voltage of opposite magnitude. The first prior art citation and the second prior
art citation, therefore, cannot be combined. Also, in second prior art the value of
the summing current with opposite phase is not zero theoretically because the
two electric field is not exactly same. The first and the last electrode will have
the same electric field distribution and the middle two electrodes will have the
same electric field distribution provided the electrode geometry and separation

is same for all the four pair of electrodes.

There is a need for an apparatus and a method where position of the particle can
be measured and thereafter correction in the diameter of the particle can be
made. The present art discusses how to determine the position of the particle in
the Y and Z-direction. The advantage of the present invention is the magnitude
of the ‘M’ defined in the below section which is of much higher magnitude than

the magnitude of the secondary peak disclosed in the patent 1.
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Further, the sensitivity of the microfluidic apparatus is required to be improved

compare to the second prior art citation.

The invention does not use any ground electrode and the voltage source of
opposite phase. The electronic measurement system in present invention is less
complicated than second prior art which require only single voltage source of
same phase and same frequency. The invention also discusses how the position
of the particle both in ‘Y’ and ‘Z’ can measured. The first prior art discloses the
art of measuring the position of the particle in the Z-direction by corelating the
simulated data after FEM analysis and the experimental raw data. The main
disadvantage is it requires huge computation power. However, in the current art
the value of ‘M’ , ‘A1’ and ‘A2’ defined in the later section can be easily used
to find the position of the particle in the Z-direction. The present art is

computationally is least expensive.

The use of more than four electrodes, preferably seven electrodes, uses inner
most four electrode which makes the electric field lines more symmetrical
compare to the second prior art. The reduction in the offset voltage is much
improved compare to second prior art. The present invention is completely

different from first prior art and second prior art.

OBJECTS OF THE INVENTION:
An object of the invention is to provide a system, apparatus, and method for
precise impedance measurement of particles or cells, inside a microfluidic

impedance cytometry apparatus using single or multiple frequencies.

Another object of the invention is to provide a system, apparatus, and method

for determining an operative vertical position of a particle (vertical position is
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the Z-axis, as seen in figure 14) which can be precisely calculated, and,

thereafter, precise volume of the particle can be measured.

Yet another object of the invention is to provide a system, apparatus, and
method enhancing sensitivity of detection for counting particle of size less than

1 micron.

SUMMARY OF THE INVENTION:
According to this invention, there is provided a microfluidic impedance

cytometry apparatus.

In at least an embodiment, of this apparatus, a microfluidic impedance flow
channel comprises at least an inlet and at least an outlet opening for allowing
flow of conductive liquid, the liquid may carry non-conductive particles or
particle having conductivity and permittivity different from the liquid or

conductivity or permittivity different from the liquid.

In at least an embodiment, of this apparatus, the apparatus comprises at least an
operative top electrode provided on the apparatus’ top wall and at least an
operative bottom electrode provided on the apparatus’ bottom wall; electric
potential is applied on these top electrodes. Preferably, the apparatus comprises
multiple operative top electrodes, on its top wall, and multiple operative bottom
electrodes, on its bottom wall; which come in contact with the conductive liquid

carrying non-conductive particle.

Corresponding top and bottom electrodes form one or more pairs which provide
a current path flowing from top to bottom. When the conductive liquid, carrying
non-conductive particles, passes between formed electrode pair/s, electric field

lines are perturbed; thereby, resulting in change in current flowing from top to
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bottom. Change in the current is directly proportional to volume of the particle.
However, current density between each pair is non-uniform. Therefore, the
change in current is dependent on the position of the particle in a vertical
direction. The current density is stronger near the edge of the electrode;
therefore, the change in current is much higher when the particle is close to the

edge of the electrode.

The present invention discloses a mechanism, and method, where:
- vertical position of the particle can be precisely calculated; and
- thereafter, precise volume of the particle can be measured.
- Thereafter, position of the particle along the width can be measured.
The present invention comprises at least four pairs of electrodes for position and

impedance measurement of the particle.

Further, the system and apparatus also improve sensitivity of detection for

counting particle of size less than 1 micron.

According to this invention, there is provided a microfluidic impedance
cytometry apparatus, for position determination and impedance measurement of
particle/s in a fluid carrying particles, said apparatus comprising:
- amicrofluidic impedance flow channel for allowing flow of said fluid;
- an upstream section configured to channel fluid in a pre-defined
direction;
- adownstream section configured to channel fluid in a pre-defined
direction;
- asensing region configured to receive said channeled fluid, between said
upstream section and said downstream section, configured to sense one or
more parameters of said fluid, said sensing region comprising one or

more sets of pairs of electrodes, each pair forming a current path from an
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operative top to an operative bottom, each of said pairs being formed by
an operative top electrode and an operative bottom electrode, electric
potential being applied on said operative top electrode/s, each electrode
for a particular pair being parallel-aligned and being symmetric, with
respect to each other, same positive electric potential being applied on
each of said top electrodes and each of said bottom electrodes is virtually
grounded, for a pair;

o wherein, edge to edge spacing of adjacent electrode/s is at least 0.5
times of said electrode width but maximum spacing is 5 times of
said electrode width;

o wherein, width of said channel is at least 1.5 times greater than its
height;

- aconfiguration of amplifiers, wherein:

o afirst summing amplifier configured to add values of current
flowing from bottom first electrode and bottom second electrode to
obtain a first summation value;

o asecond summing amplifier configured to add values of current
flowing from bottom third electrode and bottom fourth electrode to
obtain a second summation value;

o a first differential amplifier configured to obtain a first difference
value, comprising at least three local maxima and three local
minima, over a defined time duration, using said first summation
value and said second summation value;

= change in current, between electrodes, being a function of
position of particle in a vertical direction (Z-direction) and
volume of said particle, in said fluid, causing said change in
current when said fluid comprising particles pass through
said at least a pair of electrodes of said sensing electrodes;

and
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velocity of the particle being a function of position of particle in a width
direction (Y-direction) and in a vertical direction (Z-direction) for a given

applied pressure of said fluid.

In at least an embodiment,

- each of the bottom electrode being connected to a fixed precision
resistor which is grounded to act as potential divider, in that, each
pair of electrodes being connected in series with a fixed resistor value
which is grounded;

- asecond differential amplifier being configured to output a second
difference value between voltage values of said first pair of electrodes
and said third pair of electrodes;

- athird differential amplifier being configured to output a third
difference value between voltage values of said second pair of
electrodes and said fourth pair of electrodes;

- afourth differential amplifier being configured to output a fourth
difference value between said second difference value and said third

difference value.

In at least an embodiment, said sensing region comprising at least a detection
chamber being defined as volume of the region between a top electrode and its

corresponding bottom electrode which, together, form a pair of electrodes.

In at least an embodiment, said sets of pairs of electrodes being odd numbers of

pairs, in that, a centre electrode is grounded.

In at least an embodiment, width of said sensing region being at least 1.5 times
of height of said sensing region in order to focus said particle/s in an operative

horizontal plane at higher flow rate (Z-plane).
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In at least an embodiment, width of said channel is 4 times of height of said
sensing region in order to align said particles in an operative horizontal plane

(Z-plane).

The apparatus as claimed in claim 1 contains a fluid which is viscoelastic for

focusing the particle/s in a Z-plane.

In at least an embodiment, each of said operative top electrodes being provided
on an operative top wall of said apparatus such that said electrode being in
communication with said fluid configured to pass through said impedance flow

channel.

In at least an embodiment, each of said operative bottom electrodes being
provided on an operative bottom wall of said apparatus such that said electrode
being in communication with said fluid configured to pass through said

impedance flow channel.

In at least an embodiment, each of said electrodes being fabricated by coating of
photoresist ( such as SU-8) with platinum electrode deposited on the silicon or
the glass wafer and said electrode material being platinum or gold such that they

all are in contact with the flowing fluid.

In at least an embodiment, from said three local maxima and three local
minima,
- difference between a third extreme value and fourth extreme value gives
a first (main) peak value having ‘A1’ value;
- difference between a first extreme value and a sixth extreme value gives

a second peak value having ‘A2’ value;
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- difference between a second extreme value and a fifth extreme value
gives a third peak value having ‘M’ value;
so that,
= amplitude difference between said ‘A1’ value and said ‘A2’
value provides a determination whether particle in said fluid
is above or below a centre value;
¢ positive difference between said ‘Al’ value and said
‘A2’ value provides a determination that particle in
said fluid is above or below a centre value; and
¢ negative difference between said ‘A1’ value and said
‘A2’ value provides a determination that particle in

said fluid is above or above a centre value.

In at least an embodiment, each of said electrodes is connected to an input
voltage signal, the input voltage signal being generated from a lock-in board
and an output signal coming from said differential amplifier being fed to an
input of said lock-in amplifier for demodulation required for impedance
measurement at different frequencies, the impedance signal modulated with
carrier frequency, the carrier frequency being the applied sinusoidal voltage to
the electrode with sinusoidal frequency on top of the electrode, the output of
said differential amplifier is the modulated signal carrying the impedance signal
of the particle and the carrier frequency, the demodulation of the signal is done
using said lock-in amplifier instrument to obtain impedance values at each

applied frequency applied to said top electrode/s.

In at least an embodiment, a first top-electrode and a fourth top-electrode being
provided positive voltage and a second top-electrode and a third top-electrode
being provided negative voltage in order to obtain three local maxima and three

local minima.
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In at least an embodiment, a first top-electrode and a fourth top-electrode being
provided with positive voltage, a second top-electrode and a third top-electrode
being provided with negative potential of the same magnitude, all bottom
electrodes being virtually grounded, in that, current flowing from the first
bottom electrode and the third bottom electrode is summed using a first
summing amplifier and current flowing from the second bottom electrode and
the fourth bottom electrode is summed using another summing amplifier, and
difference of the output from the two summing amplifier is found using a
differential amplifier to generate the minima-maxima-minima-maxima-minima-
maxima or maxima-minima-maxima-minima-maxima-minima. This
configuration can be used to increase the sensitivity as well as to find the

position of the particle and thereafter impedance correction can be done.

In at least an embodiment, a first top-electrode and a second top-electrode being
provided positive voltage and a third top-electrode and a fourth top-electrode
being provided negative voltage, with all bottom electrodes connected to
resistors or virtually grounded for measurement of summation of current
flowing in first bottom electrode and fourth bottom electrode and for
measurement of summation of current flowing in the second first bottom
electrode and third bottom electrode and thereafter the two summed currents are
subtracted using the difference amplifier. This configuration generates maxima-
minima-maxima-minima or minima-maxima-minima-maxima. This
configuration increases the limit of detection (LOD) but cannot be utilized to

find the position of the particle.

In at least an embodiment, a first top-electrode and a second top-electrode being
shorted with a positive voltage applied on said first top-electrode and said

second top-electrode, using only single contact pads, and a third top-electrode
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and a fourth top-electrode being provided two different pads for electrical
connection, said third top-electrode and a fourth top-electrode being provided

with same magnitude negative voltages using only single contact pads.

In at least an embodiment, said third bottom-electrode and said second bottom-
electrode being shorted and said first bottom-electrode and said fourth bottom-
electrode having two different contact pads for and a total of three contact pads
for electrical current measurement, in that, all bottom electrodes are either

virtually grounded or connected to resistor.

In at least an embodiment, at least one of said operative top electrodes being
applied with a carrier signal having at-least two different frequencies ranging
from 500kHz to 30 MHz to find the size of the particle as well as the electrical
cell membrane properties such as capacitance to distinguish the particle of same

size but having different membrane electrical property.

In at least an embodiment, said apparatus having eight pair of electrodes where
only four innermost symmetric pairs of electrodes being utilized for

measurement.

In some embodiments, the microfluidic flow channel has top surface made of
glass and the bottom surface is made of silicon. The side wall of the

microfluidic apparatus is made of photoresist.

In some embodiments, the length of the sensing region can be from 30 micron

to 600 microns for counting micron sized- particle of less than 20 microns.
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In some embodiments, the height of the sensing region can be 10 microns to

100 microns.

In some embodiments, the width of the electrode can be from 10-micron 30

micron for counting sub-micron particle size.

In some embodiments, the width of the sensing region can be from 30 micron to

200 microns.

In some embodiments, the number of electrode pairs is at least 4 pair but can be

increased to 7 pairs. The electrode dimension for all the pairs is same.

In at least an embodiment, the prominence of the impedance signal (the final
output signal) is calculated as (1-M/A2). The value of the prominence is well

correlated with the position of the particle in the vertical Z direction. The

2 4
prominence is well correlated with the equation P = ¢1 + ¢c2 (%) +c3 (%) .

‘cl’,’c2’, and ‘c3’ is known for a fixed known geometry.

In at least an embodiment, the Z-position is substituted in the equation A2 =

2
Gd3(1+ al (%) + a2 (%) ) to obtain the true diameter of the particle.

Where ‘d’ is the diameter of the particle, 2’ is the vertical position of the
particle and *G’ is the gain factor dependent on the electronic circuit and

electrode geometry.

BRIEF DESCRIPTION OF THE ACCOMPANYING DRAWINGS:
The invention will now be described in relation to the accompanying drawings,

in which:
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Figure 1(a) shows four pair electrode having width of 10 micron with edge to
edge to edge spacing of 20 microns. The current difference between first and
third electrode is found using DA and the current difference between second
and fourth pair is found using another DA. The outputs from the two DA is
subtracted using third DA;

Figure 1(b) illustrates a top view of the electrode with three different regions,
the upstream, sensing region and downstream region. The current coming from
the bottom electrode is measured using Wheatstone bridge and differential
amplifier as shown in Figure 1(a);

Figure 2 illustrates Amplitude variation of the particle (the final output coming
from the third DA) with respect to the x-coordinate of the particle. The
impedance signal shown in the figure is for 6-micron diameter of the particle
and for Z=-6 micron inside microfluidic chip with height 30pm and width
30um. The centre of the channel is located at (0,0,0). The amplitude of
‘A1°,A2’ and ‘M’ is shown with the black double head straight arrow;

Figure 3 illustrates impedance signal of 6-micron particle at various Z position.
The impedance signal is in micro-ampere and the Z-position is in microns;
Figure 4 illustrates the X-axis is the Z position of the particle and the Y-axis is
the prominence defined in equation 2 described in the latter section;

Figure 5 illustrates Table 1 showing the fitting coefficient for both the equation
defined in the latter section for different size of the particle;

Figure 6(a) illustrates that the solid line shows the fitted equation 1 and the 'o’
shows the true value of A2 after FEM analysis for different vertical positions
(b) The solid line shows the fitted equation 2 and '0' is the discrete point
showing the true value of prominence described in equation 2a after FEM
analysis for different vertical positions;

Figure 7 illustrates difference between the first pair and third pair is found using
Differential amplifier and similarly the difference between the fourth pair and

the second pair is found;
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Figure 8 illustrates a five pairs’ electrode showing the concept of electrode
wiring and current measurement principle to calculate the Z-position of the
particle;

Figure 9 illustrates Table 2 showing fitting coefficient for both the equation 1
and 2a for different size of the particle for the electrode geometry shown in
Figure 8;

Figure 10 illustrates current density field lines for the four pairs’ electrode
apparatus system. The current density at fourth-electrode pair shows a change
when particle is between the fourth pair;

Figure 11 illustrates a seven pairs’ electrode system showing the electronic
setup impedance measurement of the particle. The inner five electrode pairs are
used for measurement;

Figure 12 illustrates that same voltage is applied on the top electrode and the
current is summed from the first and second electrode pair using summing
amplifiers. The current flowing from the third and the fourth electrode pair is
summed using another summing amplifiers. The output from the two summing
amplifiers are subtracted using Differential amplifier to give the same output as
shown in Figure 2;

Figure 13 illustrates a five pairs’ electrode system with middle electrode pair
grounded; and

Figure 14 illustrates a cross section of the sensing region. The axis is labelled as
shown. The peak amplitude varies with the Z coordinate but independent on the

Y-coordinate. The flow of fluid is in the X-direction.

DETAILED DESCRIPTION OF THE ACCOMPANYING DRAWINGS:
According to this invention, there is provided a microfluidic impedance

cytometry apparatus.
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The present invention relates to precise impedance measurement of a particle at
multiple frequencies. The current application, of such apparatus, is mainly for
enumeration of blood cells, counting of e-coli bacteria, impedance spectroscopy
of the cancerous cells to derive electrical parameters such as conductivity and
the permittivity of the particle as well as to find the electrical property of cell-

membrane.

In at least an embodiment, of this apparatus, a microfluidic impedance flow
channel comprises at least an inlet and at least an outlet opening for allowing

flow of conductive liquid, the liquid carrying non-conductive particles.

In at least an embodiment, of this apparatus, the apparatus comprises at least an
operative top electrode provided on the apparatus’ top wall and at least an
operative bottom electrode provided on the apparatus’ bottom wall; electric
potential is applied through these electrodes. Preferably, the apparatus
comprises multiple operative top electrodes, on its top wall, and multiple
operative bottom electrodes, on its bottom wall; which come in contact with the

conductive liquid carrying non-conductive particle.

Corresponding top and bottom electrodes form one or more pairs which provide
a current path flowing from top to bottom. When the conductive liquid, carrying
non-conductive particles, passes between formed electrode pair/s, electric field
lines are perturbed; thereby, resulting in change in current flowing from top to
bottom. Change in the current is directly proportional to volume of the particle.
However, current density between each pair is non-uniform. Therefore, the
change in current is dependent on the position of the particle in a vertical
direction. The current density is stronger near the edge of the electrode;
therefore, the change in current is much higher when the particle is close to the

edge of the electrode.
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In preferred embodiments, the microfluidic apparatus, of this invention, is
fabricated by coating of photoresist (SU-8) with platinum electrode deposited
on the silicon or the glass wafer shown in figure 1a. The electrode material of

the apparatus can be platinum or gold.

In at least an embodiment, the microfluidic apparatus, of this invention, has
three sections, as labeled in figure 1b: an upstream section, a sensing section,

and a downstream section.

In preferred embodiments, length of the sensing section, of the apparatus, can
vary from 10 micron to 600 microns with at least four pair of electrodes. The
top and bottom electrodes are aligned to ensure the electric field lines are
parallel and symmetric to reduce any error arising because of the misalignment

of the electrode.

In preferred embodiments, width of the electrodes can be from 5 micron to 100
microns depending on the size of the particle required for counting. Edge-to-
edge gap between each pair can be from 5 micron to 60 microns. High current
density near the top electrode and the bottom electrode causes a variation in
impedance signal magnitude. However, position of the particle can be
calculated from the impedance signal, of the particle, using three factors viz.
‘A2’’M’, and ‘A1’ as shown in figure 2 and as described below; thereafter,
impedance value can be corrected. Figure 2 illustrates a graph of voltage
recorded, across electrodes, with respect to position; across which multiple
values are obtained. For a given configuration of electrodes, this graph shows 3

maxima and 3 minima.
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The sensitivity of the apparatus is defined as the ratio of minimum volume of
the particle which can be counted to the volume of detection chamber. Here,
detection chamber is defined as volume of the region between a top electrode
and its corresponding bottom electrode which, together, form a pair of
electrodes. Electrode dimensions can be decreased to increase sensitivity of the
apparatus. Sensitivity of the signal, discussed in the first prior art, is limited
because of the following factors:

(a) The greater electric potential cannot be applied beyond a certain value
because the current voltage converter circuit will saturate and also high
voltage gradient in the direction of height will degrade the electrode
material.

(b) There is always a misalignment in the electrode and variation in the
electrode geometry which increases the offset voltage in the electronic
circuit resulting in high noise and reaching to saturation if gain of the

circuit is increased.

In at least an embodiment, same electric potential is applied on all the top
electrodes and all the bottom electrodes is connected to a fixed resistor value
which is grounded as shown in figure 1a. Current flowing from top to bottom is
changed when a particle is nearer to a wall or is in-between the top and bottom
electrode. The figure 1a shows four pairs of electrodes; but, in general, multiple
electrodes can be fabricated. The impedance signal, of the particle, at various
heights, for microfluidic apparatus, shown in figure 1a, is shown in figure 3
which clearly indicates higher impedance value when a particle is closer to the
edge of the electrode. The impedance magnitude of the particle denoted as ‘A2’
is related to a position of the particle and a diameter of the particle described in

equation 1.

42 = 6> (1 + a1 () + a2 (%)2) )
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P=ct+c2(Z) +e3(Z) @)

Where,

A2 is the impedance magnitude of the signal,

‘al’, ‘a2’,’c1’, and ‘c2’ is the fitting parameter,

Z is the vertical position of the particle shown in figure 14,

‘d’ is the diameter of the particle,

‘G’ 1s the electronic circuit gain,

‘H’ is the height of the channel.

The coefficient ‘al’ and ‘a2’ is obtained after least square fit since A2 and Z is
known for various Z positions for a known geometry of microfluidic apparatus
and diameter of the particle after solving Laplace equation in voltage and
applying the appropriate boundary conditions on the walls of the sensing region.
Here the ‘P’ is called prominence defined below in equation 3

P=1-4 (2b)

The characteristic feature of the impedance signal showing M and A2 is labelled
in figure 2.

32(71)" cosh{—(szrl)nAz}}

2n+1)wy
X cos M 3a
(2n+1)3ns cosh{—(2n+21)1EA} { 2 }] / 0 ( )

U y) =|(r* -1+ X

n (2n+1)mA.
128(-1)"tanh F———} . (@n+D)m
yrIoTTE x sin { > 3 3b)

Where, Y=y/L, Z=z/1, A=I/L , U=u/un and (

2 0
Mo = [=3+ 2o

fOLfoludxdz
Un =T T,
Iy J, axdz

Figure 14 shows coordinate axis and definition of 1 and L.

Here, U is the scaled velocity defined as the ratio of the velocity at position ‘x’
and ‘y’ coordinate to the mean flow velocity in the sensing region.

Operative vertical position of the particle can be above or below a centre of the
channel. The amplitude difference between the A1 and A2 decides whether the

particle is above or below the center. The positive difference between Al and
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A2 indicates that the particle is below the centre and the negative difference
indicates that the particle is above the centre of the channel. ‘P’ is defined as
another height factor (Prominence,”P’) which can be used to calculate the

position of the particle in the vertical direction.

Equation 2 relates the ‘P’ with the position of the particle in the vertical
direction. The impedance signal, for a known geometry, and for different Z
positions, of the particle, is obtained after FEM analysis as discussed below.
The value of ‘P’ is known for different position of the particle, in the vertical
direction for a known geometry, and it should be noted that the impedance value

is independent in the Y-direction (The axis is defined in figure 7).

Equation 2a is fitted to obtain a fitting coefficient ¢1, ¢2, and ¢3 for a known
electrode geometry using least square fit. The electrode width and edge to edge
spacing between electrodes is chosen in such a way to give a pronounce effect
on the value of ‘M’ so that the operative vertical position of the particle can be

better discriminated.

The another obtained value ‘P’ equal to 1-M/A2 correlates position of the
particle in the ‘Z’ direction inside the sensor. Here, the Z-direction is defined
in the direction of the height of the channel (sensing region). The ‘Z’ position

of the particle can be calculated from the fitting equation:

2 4
P:c1+02(%) +c3(%) :
Where, ‘H’ is the height of the channel and ‘c1’,’c2’ and ‘c3’ is the fitting
parameter.

For a known dimension of the sensor and electrode geometry, the

‘c1’,’¢c2’, and ‘c3’ are the derived parameters from the least square fit which can
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be calculated after solving Laplace equation and applying appropriate boundary

conditions.

The Z-position can be used to calculate diameter of the particle. The amplitude

variation of the particle in the said geometry of the channel and the electrode
. . a3 27 27\?%
width varies as A2 = Gd° (1 + al (7) + a2 (7) )-
Where ‘d’ is the diameter of the particle.

The value ‘A2’ and the ‘Z’ can be used to calculate the diameter of the

particle.

The velocity of the particle flowing in the said geometry can be obtained by
finding the time difference between two consecutive peaks since the electrical
signal are sampled at much higher rate than the transit time of the particle inside
the sensing region. The center-to-center distance of the two consecutive
electrode is known and therefore the velocity of the particle can be measured
easily using the geometry defined herein. The flow inside the channel is
parabola which is a function of both Z and Y-coordinate. Here, the ‘Y’
coordinate is in the direction of the width of the channel. The ‘Z’ position is
obtained in claim 12 and 13 can be used to calculate the ‘Y’ coordinate using

the U(X,Y) =

(2n+1)wAZ
32(-1)" coshj——F"—={
S T Ml e | OO A4
(2n+1)3n3 cosh{%} 2
My
+ A
My = 2+Z°° 128(—1)"tanh{%}x . {(2n+1)ﬂ:}
0~ L3 n=0 Am5(2n+1)5 2

fOL fol udxdz
Where, Y=y/L, Z=z/1, A=l/L , U=u/uy and u,, = 55—
Jo [y axaz

Where 2L is the width of the sensing region and ‘21’ is the height of the

channel.
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The centre of the coordinate is at the geometric center of the sensing
region defined in claim.
Here ‘v’ is the velocity of the fluid at any location of the defined

geometry.

The said defined geometry, of the apparatus of this invention, can be given
positive voltage on the first top-electrode and fourth top-electrode and the
negative potential on the second top-electrode and the third top-electrode of the
same magnitude to obtain the same features (A1, A2, M). All the bottom
electrodes are virtually grounded. The current flowing from the first and the
third bottom electrode is summed using first summing amplifier and the current
flowing from the second and fourth bottom electrode is summed using another
summing amplifier. The difference of the output from the two summing
amplifier is found using differential amplifier to generate the same

characteristics (Al, A2, M).

Figure 4 shows the value of ‘P’ after FEM analysis vs position of the particle in
the vertical direction for 4-micron, 5-micron, and 6-micron diameter particle; it
clearly indicates that the value of ‘P’ is dependent only on the vertical position
of the particle and least dependent on the size of the particle. The x-axis of the
figure is the operative vertical position and the y-axis is the prominence ‘P’
described in equation 2. The center of the cross section is at (0,0) as shown in

figure 14.
Equation 2 is used to calculate the vertical position of the particle inside the

microfluidic device after obtaining the coefficient c1, ¢2 and ¢3 from FEM

analysis and least square fit as described above.

23



WO 2023/218481 PCT/IN2023/050440

Equation 2 is used to calculate the ‘Z’ position of the particle for a known value
of ‘M’ from the obtained electronic signal and thereafter value of ‘Z’ is
substituted into equation 1 for known value of ‘A2’ which gives the correct
diameter ‘d’ of the particle. Here ‘d’ is the diameter of the particle when the

particle Z-position is equal to zero.

The fitted coefficients of equation 1 and equation 2 are shown in figure 5 for 3-
microns, 4-microns, and 5-microns size of the particle. The R? factor, for each
curve, clearly indicates that the fitting coefficient can, very well, calculate both,
the position in the vertical direction and the diameter of the particle. The
coefficients for both the equation for 4-micron, 5-micron, and 6-micron size do
not vary much. The fitted equation 1 and 2 and true value of the A2 and P is

shown in figure 6.

The difference between the current of first pair electrode and third pair electrode
of microfluidic apparatus is found using Differential Amplifier (DA) and the
difference between the fourth pair and the third pair of microfluidic apparatus is
found using another Differential Amplifier shown in figure 7. The Resistor 1k
shown in figure 7 is connected to ground and the bottom electrode surface
which in combination with the electrode pair act as a potential divider but in
general the value of resistor can vary. However, the difference in current
flowing between first and third and difference in current flowing between fourth
and second can also be found using transimpedance amplifier and Differential
Amplifier as shown in figure 12. Another advantage of using the current
electrode configuration is the reduction in the offset voltage arising due to
misalignment of top and bottom electrode. The difference in current between
first and fourth pair is non-zero. However, the double difference between two
different electrode pair will reduce the offset value increasing the sensitivity of

the microfluidic apparatus. The factor ‘M’ shown in figure 2 can be increased or
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decreased depending on the edge to edge spacing between two successive
electrodes. Increasing the edge to edge spacing will decrease the ‘M’ and at
much larger edge spacing greater than 5X of the electrode width will isolate
each electrode from each other. Here, the isolation means that there is no cross

current flow in the alternate electrode.

The reduced edge to edge spacing causes some of the current to flow from top
electrode pair to the alternate bottom electrodes. The cross-flow current can be
increased by decreasing the edge spacing between two successive electrodes.
The current concept is not limited only to four pair electrodes but can be applied

to more than four pair of electrodes.

In another embodiment, of the microfluidic apparatus, of this invention, five
pairs of electrodes are used as shown in figure 8. The centre electrode is
connected to a 1k Resistor which is grounded. The impedance signal of the
particle is calculated using a wiring scheme as shown in the figure. The fitted
coefficient, for both the equation 1 and equation 2, for the given geometry, is
shown in figure 9. The impedance signal shown in figure 2 is for a single
frequency; but, in general, summation of frequencies can be applied on the
electrode surface and the concept is not limited to a single frequency. The
current art not only gives the information of particle position in the Z direction
but also increases sensitivity of the whole system; thus, enabling the
microfluidic apparatus to measure particle of sizes less than 1 micron in

relatively more wider channels.

The electrode dimension and spacing is known for the current apparatus, the
transit time between two peaks can be calculated from the known signal
sampling rate. The two information data items, for the current microfluidic

apparatus, can be used to calculate velocity of the particle. The velocity, inside
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the hard-microfluidic channel, is a parabolic velocity profile. The equation 3

can be used for the current apparatus to calculate the y-position of the particle.

Another application, of the current invention’s apparatus, is to find the position
of the particle both in Y and Z direction which can give useful insights for
scientific study of particle dynamics and, therefore, can be alternative for

particle image velocimetry instrument which is a very costly instrument.

The equation 2 relating P to the height of the particle will be different for
different geometries of the electrode. However, for a known geometry, the
equation 2 will always be least dependent on the size of the particle provided
the volume of the detection chamber is far greater than the volume of the
particle. The current density lines, of the apparatus, of the current invention, are
shown in figure 10; the two extreme electrodes show symmetrical behavior
and the two middle electrodes show symmetrical behavior. The current
microfluidic apparatus has same current density lines for the middle two
electrode pair and same current density for the extreme two electrode pair.
However, the current density is not same for all the electrode pairs. The four
pair electrode system may not show better sensitivity because of asymmetric
field line behavior. However, the sensitivity is better than the first prior art

citation.

In another embodiment of the current invention, there is provided an eight pair
electrode system which is used to improve the sensitivity and the impedance
correction arising due to different position of the particle in the Z-direction.
Increasing the number of electrodes will make the field lines more symmetrical
for inner 4 electrodes shown in figure 11. The advantage of the current system
is reduction in the offset voltage arising due to misalignment of the electrode

and variation in the electrode geometry, making the offset close to zero.
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In another embodiment, the electronic measurement scheme is employed shown
in figure 12 for the impedance measurement of the particle using summing
amplifier. The positive sinusoidal voltage is applied on the top electrodes as
shown in figure 12. The current flowing from bottom first two electrodes is
added using a first summing amplifier. The current flowing from fourth
bottom electrode and the third bottom electrode is summed using a second
summing amplifier. The output from the two summing amplifiers (first and
second) is subtracted using a differential amplifier as shown in figure 12. The
same measurement scheme can be applied to five pair electrodes’ apparatus

also.

In another embodiment of the current electronic measurement system, a
combination of frequencies is applied. The applied voltage can be Vsin(w,t) +
Vsin(w,t) + Vsin(wst) + -+ Vsin(w,t). Where o1, o2, @3 and....... wy, is the

angular sinusoidal frequency applied on the top electrode.

In at least an embodiment, the electronic apparatus, with multiple electrodes, is
connected to an input voltage signal, the input voltage signal is generated from
the lock-in board and the output signal coming from the differential amplifier
is fed to the input of a lock-in amplifier for demodulation required for
impedance measurement at different frequencies. The impedance signal is
modulated with carrier frequency, the carrier frequency is the applied voltage to
the electrode with sinusoidal frequency on top of the electrode. The output
coming from the DA is the modulated signal carrying the impedance signal of
the particle and the carrier frequency.

The demodulation of the signal is done using the lock-in amplifier instrument
to obtain impedance values at each applied frequency applied to the top

electrode. The sinusoidal voltage applied to the top electrode is generated from
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the lock-in amplifier board. The current difference between two electrode pair

is:

Vsin(wt)+Vsin(w,t)+Vsin(w;t)+:--Vsin(wnt)
72

a1 =( )42.

Where AZ is the impedance change due to presence of the particle between two
electrodes and Z is the impedance of the conductive solution. The variation in
AZ depends on the volume, conductivity, and permittivity of the particle. The
summation of the voltage sinusoidal signal will be applied to all the electrode
top surface but not only to individual electrode surface. It may be noted that
lower frequency applied to the electrode reveals information about the size of
the cell and the higher frequency applied to the electrode surface reveals
information regarding the permittivity of the cell membrane. The output signal

shown in figure 7, 8, and 12 can be expressed in the below equation 4:

C))

Vsin(wt)AZ(t)
72

Here ‘®’ is the carrier angular frequency and AZ(t) is the impedance signal due
to particle. The AZ(t) signal can be obtained by multiplying the above output
signal with the carrier frequency of same phase and then passing the multiplied
signal with low pass filter which gives the real part of AZ(t) signal. The
imaginary part of AZ(t) signal can be obtained in the same way except that
multiplying the signal with 90-degree phase change of the generated carrier

frequency.

In at least an embodiment, the said defined geometry, of the apparatus of this
invention, can be given positive voltage on the first top-electrode and fourth
top-electrode and the negative potential on the second top-electrode and the

third top-electrode of the same magnitude to obtain the same features (Al, A2,
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M). All the bottom electrodes are virtually grounded. The current flowing from
the first and the third bottom electrode is summed using first summing amplifier
and the current flowing from the second and fourth bottom electrode is summed
using another summing amplifier. The difference of the output from the two
summing amplifier is found using differential amplifier to generate the same

characteristics (Al, A2, M).

In at least an embodiment, the said defined geometry, of the apparatus of this
invention, can be given positive voltage on the top of first and second electrode
and negative voltage on third and fourth electrode. All the bottom electrode is
virtually grounded. The current flowing from the bottom first and bottom fourth
electrode is summed using first summing amplifier and the current flowing from
the second and third bottom electrode is summed using another summing
amplifier. The difference between the output of the two summing amplifier is
found using differential amplifier. However, the output generated due to flow of
the particle will be first maxima-minima-maxima-minima or first minima-

maxima-minima-maxima which is different from other embodiments.

An impedance curve obtained can be fitted with two antisymmetric gaussian

_x—ulip _X-u2.2 _ Xx-u3d\2 _xmudy2
Ae i) -Ae Cg? + Ae (xsig) -Ae g
where

‘sig’ is defined here as the width of the peak

‘ul’,’u2’,’u3’, and ‘u4’ is the position of extreme values of the
impedance curve

‘A’ is the amplitude of the fitted curve.
The correlation between the two antisymmetric fitted curve and the impedance

curve can be obtained. Here, the correlation factor can be used to corelate the
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signal buried in the noise to improve the counting of the smaller particle which

is just above or below the threshold level of the noise.

In at least an embodiment, the said defined geometry, of the apparatus of this
invention, has first and second top electrode shorted and third and fourth
electrode shorted to provide two different pads for electrical connection. The
positive voltage will be applied on the first top and second top electrode using
only single contact pads and negative voltage of same magnitude will be

provided on third and the fourth electrode using only single contact pads.

In at least an embodiment, the said defined geometry, of the apparatus of this
invention, has third bottom and second bottom electrode shorted and first and
fourth bottom electrode will have two different contact pads. The configuration
has two contact pads for supplying positive and negative voltage and three

contact pads for electrical current measurement.

In at least an embodiment, the said defined geometry, of the apparatus of this
invention, has carrier signal applied to a top electrode which can be of two
different frequencies ranging from 500kHz to 30 MHz to find the size of the
particle as well as the electrical cell membrane properties such as capacitance to
distinguish the particle of same size but of different membrane electrical
property. One such application is to distinguish the small red blood cells and the

platelet which falls in the same size having different electrical membrane

property.

In at least an embodiment, the microfluidic apparatus, of this invention, with

multiple electrode system has side openings for inlet and outlet fluid flow.
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In at least an embodiment, the microfluidic apparatus, of this invention, with
multiple electrode system can also have opening from the top side of the system
as shown in figure 1. However, making hole from the top side requires more

lead time and precision laser cutting or mechanical drilling system.

In at least an embodiment, the sensing region of the current invention’s
apparatus can range from 30 micron to 600 microns in length to incorporate
multiple electrode pair. The height of the sensing region can be from 10 micron

to 100 microns.

In at least an embodiment, the sensing region of the current invention’apparatus

can range from 40 micron to 100 microns in width along Y-direction.

In at least an embodiment, the width of the electrode inside the sensing region

can vary from 10 microns to 100 microns.

In at least an embodiment, edge to edge spacing between two successive

electrodes can vary from 5 micron to 60 microns.
In at least an embodiment, the edge to edge spacing between two successive
electrodes can vary from 0.25X to 2X of the electrode width to increase the

value of ‘M’ shown in figure 2.

In at least an embodiment, the edge to edge spacing between two successive

electrodes may not be same.

In at least an embodiment, the length of the microfluidic impedance sensor is

less than 6 mm to reduce the pressure drop.
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As discussed before, the current invention’s microfluidic apparatus can be used
to determine whether the particle is located above the centre or below the
centre. The difference between A1-A2 >0 shown in figure 2 indicates the
particle is below the centre. The difference between A1-A2<0 indicates the

particle is above the centre.

Another application, of the current invention’s apparatus, is to differentiate
different type of cells of same size but with different membrane permittivity.
The current centre can also be employed to count the E-coli bacteria and micro-

plastics present in the waste water using multiple frequency.

The concept described earlier can be extended to more advanced system such as
shown in figure 13 where the edge current density is decreased because of the
presence of the ground electrode. The presence of the ground electrode shown
in figure 13 reduces the impedance variation but does not reduce variation to
zero. The current microfluidic apparatus can have multiple ground electrode but
only one shown in figure 13. The objective of using the ground electrode is to
minimize the variation in Al. The position can be inferred from the values of M
and A2. Minimizing the variation in A1 is required for the smaller dimension
particle because the poor SNR may not give higher ‘P’ value. (The ‘P’ value

may be suppressed in the noise level).

In at least an embodiment, flow rate of the sample, containing particles,
suspended inside the microfluidic apparatus can be constant. Since the flow
inside the channel is a parabola and flow rate is known the Y-coordinate of the
particle can be calculated using the velocity which is a function of both Y and Z
position given in equation 3. The velocity of the particle is known since the
electrode dimensions and geometry is known. The time to cross the successive

electrode can be found from the location of two peaks when the signal is
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captured for a fixed known sampling rate. The Y-position calculated from the
equation 3 will tell the absolute value of the Y-coordinate but not the true

value. This means the particle can be at +Y or -Y position.

According to another aspect of the invention, ratio of A2,omi/A2mH, 1S another
important parameter which can give be used to discriminate many different
types of cells. The multi dimension frequency-impedance measurement
approach can give both the conductivity and the permittivity of the particle after
fitting the Maxwell-Wagner equation using least square fit. The obtained value
of the conductivity and the permittivity reveals information regarding the

membrane wall permittivity and conductivity of the cytoplasm.

In at least an embodiment, the microfluidic apparatus, of this invention, can be a
single time use device which can be integrated inside a disposable cartridge
used for automatic sample preparation required for Complete blood cell count
(CBC). The electrode material used for the current apparatus can be platinum,
gold, or silver sputtered on glass wafer or silicone wafer. The wafer is first
patterned with electrode and then photo-resist is spin coated on the silicon wafer
to make open microfluidic channel. Thereafter, the glass wafer patterned with

electrode is aligned and bonded with the silicon wafer to close the open channel.

In at least an embodiment, the microfluidic apparatus, of this invention, can be
used to distinguish E-coli bacteria from micro-plastics present inside the waste
water. The combination of frequencies applied to the top electrode system can
differentiate the cells from the hard particles based on difference in permittivity
and conductivity of the beads and the E-coli bacteria. High frequency, applied
to the top electrodes, can penetrate the cell membrane of the bacteria giving

better discrimination between beads and the bacteria. The current invention’s
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microfluidic apparatus can be used for continuous in-line measurement of the

water quality during water filtration.

In at least an embodiment, the current microfluidic apparatus can be used to
distinguish living cells and dead cells using combination of two frequencies or
applying more than two frequencies. The current microfluidic apparatus can be
used in wine industry to distinguish live and dead yeast present inside the wine
during fermentation process. The continuous in-line measurement of live and
dead yeast monitors the progress of the fermentation during whole wine or beer

production.

In at least an embodiment, of the invention, the microfluidic apparatus can also
be used for the counting of the somatic cells present inside the milk. The
somatic cell count is the indicator of the milk quality. Greater than 250000/ml
of cells present inside the milk indicates the presence of pathogen inside the

milk.

In at least an embodiment, the width of the channel can made at least four
times greater than its height. The high aspect ratio channel will cause the
particle to be focused on the Z=0 plane when suspended inside the viscoelastic
fluid. The fluid can be made viscoelastic by addition of PAA (polyacrylic acid)
particle with molecular weight greater than 5000kDa. The visco-elastic focusing
reduces the variation in the amplitude Al and A2 which increases the accuracy

of the whole system in measurement of the diameter of the particle.
There apparatus and method, of this invention, is such that position of the

particle can be measured and thereafter correction in the diameter of the particle

can be made. The advantage of the present invention is the magnitude of the
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‘M’ is much higher than the magnitude of the secondary peak disclosed in the

patent 1. Therefore, signal ‘M’ is of much higher SNR.

Further, the sensitivity of the microfluidic apparatus is improved compare to the

second prior art citation.

The electronic measurement system in present invention is less complicated
than second prior art which require only voltage source of same phase and same
frequency. The invention also discusses how the position of the particle both in
‘Y’ and ‘Z’ can measured. The first prior art discloses the art of measuring the
position of the particle in the Z-direction by corelating the simulated data after
FEM analysis and the experimental raw data. The main disadvantage is it
requires huge computation power. However, in the current art the value of ‘M,
‘A1’ and ‘A2’ can be easily used to find the position of the particle in the Z-

direction. The present art is computationally inexpensive.

The use of three differential amplifier reduces the offset voltage arising due to
the misalignment of the electrode.
The use of three differential amplifier increases the SNR of the signal by

rejecting the common noise present in the same electrode.

The use of more than four electrodes, preferably eight electrodes, uses inner
most four electrode which makes the electric field lines more symmetrical
compare to the second prior art. The reduction in the offset voltage is much
improved compare to second prior art. The present invention is completely
different from first prior art and second prior art. The Electric potential will be
applied on all eight pair which will give more than six peak values (extreme
values) but only inner six peaks (maxima and minima) will be used for finding

the peak location.
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The TECHNICAL ADVANCEMENT of this invention lies in providing an
apparatus, and method, where:

- vertical position of the particle can be precisely calculated; and

- thereafter, precise volume of the particle can be measured.
Further, the system and apparatus also improves sensitivity of detection for

counting particle of size less than 1 micron.

While this detailed description has disclosed certain specific embodiments for
illustrative purposes, various modifications will be apparent to those skilled in
the art which do not constitute departures from the spirit and scope of the
invention as defined in the following claims, and it is to be distinctly understood
that the foregoing descriptive matter is to be interpreted merely as illustrative of

the invention and not as a limitation.
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CLAIMS,

1. A microfluidic impedance cytometry apparatus, for position

determination and impedance measurement of particle/s in a fluid

carrying particles, said apparatus comprising:

a microfluidic impedance flow channel for allowing flow of said fluid;
an upstream section configured to channel fluid in a pre-defined
direction;

a downstream section configured to channel fluid in a pre-defined
direction;

a sensing region configured to receive said channeled fluid, between said
upstream section and said downstream section, configured to sense one
or more parameters of said fluid, said sensing region comprising one or
more sets of pairs of electrodes, each pair forming a current path from an
operative top to an operative bottom, each of said pairs being formed by
an operative top electrode and an operative bottom electrode, electric
potential being applied on said operative top electrode/s, each electrode
for a particular pair being parallel-aligned and being symmetric, with
respect to each other, same positive electric potential being applied on
each of said top electrodes and each of said bottom electrodes is virtually
grounded, for a pair;

o wherein, edge to edge spacing of adjacent electrode/s is at least
0.5 times of said electrode width but maximum spacing is 5 times
of said electrode width;

o wherein, width of said channel is at least 1.5 times greater than its
height;

a configuration of amplifiers, wherein:
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o a first summing amplifier configured to add values of current
flowing from bottom first electrode and bottom second electrode
to obtain a first summation value;

o a second summing amplifier configured to add values of current
flowing from bottom third electrode and bottom fourth
electrode to obtain a second summation value;

o afirst differential amplifier configured to obtain a first
difference value, comprising at least three local maxima and three
local minima, over a defined time duration, using said first
summation value and said second summation value;

» change in current, between electrodes, being a function of

position of particle in a vertical direction (Z-direction)

and volume of said particle, in said fluid, causing said

change in current when said fluid comprising particles pass
through said at least a pair of electrodes of said sensing
electrodes; and

velocity of the particle being a function of position of particle in a width

direction (Y-direction) and in a vertical direction (Z-direction) for a given

applied pressure of said fluid.

2. The apparatus as claimed in claim 1 wherein,

- each of the bottom electrode being connected to a fixed precision
resistor which is grounded to act as potential divider, in that, each
pair of electrodes being connected in series with a fixed resistor value
which is grounded;

- asecond differential amplifier being configured to output a second
difference value between voltage values of said first pair of

electrodes and said third pair of electrodes;
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a third differential amplifier being configured to output a third
difference value between voltage values of said second pair of
electrodes and said fourth pair of electrodes;

a fourth differential amplifier being configured to output a fourth
difference value between said second difference value and said

third difference value.

. The apparatus as claimed in claim 1 wherein, said sensing region

comprising at least a detection chamber being defined as volume of
the region between a top electrode and its corresponding bottom

electrode which, together, form a pair of electrodes.

. The apparatus as claimed in claim 1 wherein, said sets of pairs of

electrodes being odd numbers of pairs, in that, a centre electrode is

grounded.

. The apparatus as claimed in claim 1 wherein, width of said sensing

region being at least 1.5 times of height of said sensing region in order

to focus said particle/s in an operative horizontal plane (Z-plane).

The apparatus as claimed in claim 1 wherein, width of said channel is 4
times of height of said sensing region in order to align said particles in

an operative horizontal plane (Z-plane).

. The apparatus as claimed in claim 1 contains a fluid which is

viscoelastic for focusing the particle/s in a Z-plane.

The apparatus as claimed in claim 1 wherein, each of said operative top

electrodes being provided on an operative top wall of said apparatus
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such that said electrode being in communication with said fluid

configured to pass through said impedance flow channel.

9. The apparatus as claimed in claim 1 wherein, each of said operative
bottom electrodes being provided on an operative bottom wall of said
apparatus such that said electrode being in communication with said

fluid configured to pass through said impedance flow channel.

10.The apparatus as claimed in claim 1 wherein, each of said electrodes
being fabricated by coating of photoresist (SU-8) with platinum
electrode deposited on the silicon or the glass wafer and said electrode
material being platinum or gold such that they all are in contact with the

flowing fluid.

11.The apparatus as claimed in claim 1 wherein, from said three local
maxima and three local minima,
- difference between a third extreme value and fourth extreme value gives
a first (main) peak value having ‘A1’ value;
- difference between a first extreme value and a sixth extreme value gives
a second peak value having ‘A2’ value;
- difference between a second extreme value and a fifth extreme value
gives a third peak value having ‘M’ value;
so that,

» amplitude difference between said ‘A1’ value and said ‘A2’
value provides a determination whether particle in said fluid
is above or below a centre value;

¢ positive difference between said ‘A1’ value and said
‘A2’ value provides a determination that particle in

said fluid is above or below a centre value; and
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¢ negative difference between said ‘A1’ value and said
‘A2’ value provides a determination that particle in

said fluid is above or above a centre value.

12.The apparatus as claimed in claim 1 wherein, each of said electrodes is
connected to an input voltage signal, the input voltage signal being
generated from a lock-in board and an output signal coming from said
differential amplifier being fed to an input of said lock-in amplifier for
demodulation required for impedance measurement at different
frequencies, the impedance signal modulated with carrier frequency, the
carrier frequency being the applied voltage to the electrode with
sinusoidal frequency on top of the electrode, the output of said
differential amplifier is the modulated signal carrying the impedance
signal of the particle and the carrier frequency, the demodulation of the
signal is done using said lock-in amplifier instrument to obtain
impedance values at each applied frequency applied to said top

electrode/s.

13.The apparatus as claimed in claim 1 wherein, a first top-electrode and a
fourth top-electrode being provided positive voltage and a second top-
electrode and a third top-electrode being provided negative voltage in

order to obtain three local maxima and three local minima.

14.The apparatus as claimed in claim 1 wherein, a first top-electrode and a
fourth top-electrode being provided with positive voltage, a second top-
electrode and a third top-electrode being provided with negative
potential of the same magnitude, all bottom electrodes being virtually
grounded, in that, current flowing from the first bottom electrode and

the third bottom electrode is summed using a first summing amplifier
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and current flowing from the second bottom electrode and the fourth
bottom electrode is summed using another summing amplifier, and
difference of the output from the two summing amplifier is found using
a differential amplifier to generate output values relating to:

© minima-maxima-minima,

o0 maxima-minima-maxima, and / or

0 maxima-minima-maxima-minima-maxima-minima,

in that, said output value/s having increased sensitivity to provide position

of particle and to provide impedance correction.

15.The apparatus as claimed in claim 1 wherein, a first top-electrode and a
second top-electrode being provided positive voltage and a third top-
electrode and a fourth top-electrode being provided negative voltage,
with all bottom electrodes connected to resistors or virtually grounded
for measurement of summation of current flowing in first bottom
electrode and fourth bottom electrode and for measurement of
summation of current flowing in the second first bottom electrode and
third bottom electrode and thereafter the two summed currents are
subtracted using the difference amplifier to generate output values
relating to:

© maxima-minima-maxima-minima,
© minima-maxima-minima-maxima,

in that, said output value/s increasing limit of detection.

16.The apparatus as claimed in claim 1 wherein, a first top-electrode and a
second top-electrode being shorted with a positive voltage applied on
said first top-electrode and said second top-electrode, using only single
contact pads, and a third top-electrode and a fourth top-electrode being

provided two different pads for electrical connection, said third top-
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electrode and a fourth top-electrode being provided with same

magnitude negative voltages using only single contact pads.

17.The apparatus as claimed in claim 1 wherein, said third bottom-
electrode and said second bottom-electrode being shorted and said first
bottom-electrode and said fourth bottom-electrode having two different
contact pads for and a total of three contact pads for electrical current
measurement, in that, all bottom electrodes are either virtually grounded

or connected to resistor.

18.The apparatus as claimed in claim 1 wherein, at least one of said
operative top electrodes being applied with a carrier signal having at
least two different frequencies ranging from 500kHz to 30 MHz to find
the size of the particle as well as the electrical cell membrane properties
such as capacitance to distinguish particles of same size but having

different membrane electrical properties.

19.The apparatus as claimed in claim 1 wherein, said apparatus having
eight pair of electrodes where four innermost symmetric pairs of

electrodes being utilized for measurement.
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