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MULTI-FREQUENCY IMPEDANCE METHOD 
AND APPARATUS FOR DISCRIMINATING 

AND COUNTING PARTICLES EXPRESSINGA 
SPECIFIC MARKER 

FIELD OF THE INVENTION 

0001. The present invention relates to the field of medical 
devices, medical diagnostics, and particle counting, and more 
specifically to a method and device for discriminating, iden 
tifying and counting different particles, including bacteria, 
viruses, non-biological particles and cells. One example 
could be e.g. blood cells, expressing a specific marker, e.g. for 
discriminating, identifying and counting CD4+ T-lympho 
cytes in human blood. Another example could be bacteria or 
viruses expressing different Surface markers. Another 
example might be a solid particle with a surface marker, 
which could be an antibody, or piece of DNA or peptide. 

BACKGROUND OF THE INVENTION 

0002 Microfluidic systems have shown unique promise 
for studying cell function, cell and tissue engineering, disease 
diagnosis, blood sample preparation, and drug discovery. 
Very recently the use of microfluidics to isolate pure popula 
tions of leukocyte or white blood cell subsets from whole 
blood has attracted a lot of interest for point-of-care diagno 
S1S. 

0003. As an example, the diagnosis of immunodeficiency 
disease, primarily HIV, is performed using blood analysis. 
Determination of the concentration of T-helper lymphocytes 
in blood is important for monitoring the progression of an 
HIV infection. Therefore it is important to detect the presence 
of and count CD4+ and CD8+ T-lymphocytes. According to 
WHO guidelines, a CD4+ T-cell count of less than 200 cells/ 
ul of blood establishes a positive diagnosis of AIDS and in 
most settings is used as an indication for the need to apply 
antiretroviral treatment. Initiation of antiretroviral treatment 
before the CD4+ count falls below 200 cells/ul, e.g. as from a 
threshold of 350 cells/ul, is recommended, and a CD4+ count 
threshold of 500 cells/ul is widely used to increase the fre 
quency of clinical monitoring of patients. 
0004. The quantification of CD4+ T-lymphocyte levels by 
fluorescence based flow cytometry (FACS) is currently the 
gold Standard. Fluorescence based flow cytometers are com 
plex and expensive pieces of equipment and, as such, have not 
penetrated into resource-poor settings such as Sub-Saharan 
Africa. There is a need for a simple to use point-of-care CD4+ 
T-cell counting system, for example for use in the developing 
world. 
0005 Impedance spectroscopy (IS) has been widely used 
to measure the dielectric properties of cells, providing values 
for membrane capacitance, membrane resistance, cytoplas 
mic conductivity and permittivity. It can also be considered a 
“label-free” method of analysis. Generally cells are measured 
in Suspension, and the data represent the average for the 
population. The first high-speed measurements of the electri 
cal properties of single cells were performed by Coulter in the 
1950s. It was shown that individual blood cells could be 
counted and discriminated using an "electrical Volume mea 
surement' performed with a single low-frequency (or DC) 
electrical signal. In the 1970s Hoffman and Britt developed a 
macro-system for simultaneous low and high frequency 
impedance analysis of single cells using a miniature flow cell 
that had electrodes placed in a flow channel. 
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0006 X. Cheng et al., in “Cell detection and counting 
through cell lysate impedance spectroscopy in microfluidic 
devices’, Lab Chip, 2007, 7, 746-755, describe an electrical 
method for counting cells based on the measurement of 
changes in conductivity of the Surrounding medium due to 
ions released from surface-immobilized cells within a 
microfluidic channel. Immobilized cells are lysed using a low 
conductivity, hypotonic media and the resulting change in 
impedance is measured using Surface patterned electrodes to 
detect and quantify the number of cells. The method of cell 
lysate as described is sensitive enough to detect 20 cells ul", 
and offers a simple and efficient method for detecting and 
enumerating cells within microfluidic devices formany appli 
cations, including measurement of CD4 cell counts in HIV 
patients in resource-limited settings. 
0007 Impedance spectroscopy is generally performed on 
a large population of cells, usually of mixed type. Analysis of 
CD4+ cells in a suspension of other cells is therefore not 
possible using this method. CD4+ cells can be immobilized 
on a Substrate and counted by microscope, but this is not very 
reliable. 
0008 While the principle behind a cell isolation approach 
can be easily adapted to a wide spectrum of clinical applica 
tions, detecting these isolated cells remains a technical chal 
lenge to be addressed. 

SUMMARY OF THE INVENTION 

0009. It is an object of embodiments of the present inven 
tion to provide a good method and device for identifying and 
counting particles, such as bacteria, viruses, non-biological 
particles or cells, e.g. blood cells, expressing a specific 
marker. A good method and device according to embodi 
ments of the present invention is accurate in that the number 
of identified particles expressing a specific marker can be 
accurately determined. Furthermore, a good method and 
device according to embodiments of the present invention 
could also be used in resource-poor settings, without, how 
ever, being limited thereto. Other areas of application include 
PoC devices for generic analysis and identification of differ 
ent cells expressing different markers. 
0010. The above objective is accomplished by a method 
and device according to the present invention. 
0011. The present invention provides a general method 
and device for discriminating, identifying and counting par 
ticles, in particular embodiments blood cells, expressing a 
specific marker, for example a specific antigenic marker. This 
is obtained by using impedance labeling in combination with 
plural frequency (two or more frequencies) impedance 
cytometry, optionally for diagnosis of disease. 
0012. In a first aspect, the present invention provides an 
analysis method for identifying and counting particles, e.g. 
bacteria, viruses, non-biological particles or cells, such as for 
example blood cells, expressing a specific marker or other 
antibody. As an example only, the method may be applied to 
identify and count CD4+ T-lymphocytes in blood, The 
method comprises: 
0013 obtaining a sample of particles in suspension, for 
example blood comprising blood cells, 
0014 labeling the particles, e.g. blood cells, expressing 
the specific marker with an impedance label, and 
00.15 measuring the labeled sample using a plural fre 
quency system to discriminate at least the labeled particles 
expressing the specific marker. 
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0016. It is an advantage of a method according to embodi 
ments of the present invention that it allows a fast, inexpen 
sive and simple analysis, e.g. full blood cell analysis (full 
blood count) can be performed in a few minutes. A method 
according to embodiments of the present invention can be 
used routinely in clinical practice. Only a limited amount of 
sample, e.g. blood, is required, as the analysis is performed on 
individual particles (or individual particle/label complexes) 
rather than on a large population of particles. To achieve a 
pre-determined number of counting events, a given amount of 
sample, e.g. blood, must be used. A method according to 
embodiments of the present invention does not change the 
number of particles in a drop of sample, e.g. the number of 
cells in a drop of blood. However, state of the art systems use 
venipuncture blood in 4 ml tubes because they are used in 
large central laboratories and the 4 ml tubes is how samples 
are sent to the lab. In accordance with embodiments of the 
present invention, the method may be applied in a microflu 
idic device, and the microfluidic format allows integrated 
sample preparation which in turn enables point of care use, 
hence allowing immediate access to the sample requiring no 
storage thereof. The fact that a finger prick of blood contains 
enough cells to make the count statistically significant, per 
mits the use of only a finger prick of blood rather than a 4 ml 
tube. 
0017. In an analysis method according to embodiments of 
the present invention, labeling the particles expressing the 
specific marker may be performed within a microfluidic sys 
tem. In particular embodiments, the method may be applied 
to e.g. blood cells within a microfluidic system. The cells only 
need to be added into the micro fluidic system, and alysis and 
the labeling could be done sequentially. 
0018. In an analysis method according to embodiments of 
the present invention, the step of measuring the labeled 
sample to discriminate at least the labeled particles express 
ing the specific marker may comprise splitting the labeled 
sample into droplets comprising a single particle, determin 
ing the impedance of the single particle at least at a first 
frequency and at a second frequency, optionally at more than 
two frequencies, the first frequency being lower than the 
second frequency, and correlating the impedance at the first, 
lower, frequency to the opacity, the opacity being defined at 
the ratio of the second, higher, frequency impedance to the 
first, lower, frequency impedance, and from this correlation 
discriminating at least the labeled particles expressing the 
specific marker. 
0019. In an analysis method according to embodiments of 
the present invention, labeling a sample may include incuba 
tion of the sample with beads coated with an antibody to the 
specific marker. 
0020. A method according to embodiments of the present 
invention may furthermore comprise, before measuring the 
labeled sample, performing alysis step. Such lysis step allows 
an easier discrimination of cells expressing a specific marker. 
It is particularly advantageous that the lysis step may be 
performed in a microfluidic device. In case the sample is 
blood, the lysis step may comprise an erythrocyte lysis step. 
Such erythrocyte lysis step may comprise exposing the blood 
sample to a saponin in an organic acid. 
0021. In embodiments of the present invention, measuring 
the labeled sample may be performed in a sample flow, for 
example in a microfluidic device. 
0022. In a second aspect, the present invention provides 
the use of a method according to embodiments of the present 
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invention for identifying and counting particles in a sample. 
In a particular embodiment of the second aspect, the present 
invention provides the use of a method according to embodi 
ments of the present invention for detection and counting of 
CD4+ T-lymphocytes. Such count is advantageous as it helps 
in diagnosing HIV. In embodiments of the present invention 
the number of individual CD4+ cells is estimated from the 
impedance signal of single cells. 
0023. In a third aspect, the present invention provides a 
device for identifying and counting particles expressing a 
specific marker, comprising a micro-channel for comprising a 
sample flow, e.g. particles in Suspension, comprising labeled 
particles expressing the specific marker, at least one pair of 
electrodes, electronic circuitry, such as for example a function 
generator, for applying at least a first AC signal at a first 
frequency and a second AC signalata second frequency to the 
at least one pair of electrodes, the first frequency being lower 
than the second frequency, and a calculation unit for deter 
mining the impedance of aparticle present between the pair of 
electrodes, the calculation unit being adapted for determining 
the impedance of the particle at least at the first, lower, fre 
quency and at the second, higher, frequency, for correlating 
the impedance at the first, lower, frequency to the opacity 
being defined as the ratio of the second, higher, frequency 
impedance to the first, lower, frequency impedance, and for 
discriminating from this correlation at least the labeled par 
ticles expressing the specific marker. 
0024. Such device according to embodiments of the 
present invention is different from the prior art, where par 
ticles, e.g. blood cells, expressing the specific marker are 
immobilized on a fixed substrate, hence the micro-channel 
does not comprise a flow of sample. 
0025. A device according to embodiments of the present 
invention may furthermore comprise a second pair of elec 
trodes adapted for functioning as reference electrodes. 
0026. A device according to embodiments of the present 
invention may furthermore comprise an amplifier circuit 
adapted for making a differential measurement on a particle 
present between one of the pairs of electrodes. This way, a 
microfluidic single-cell impedance cytometeris provided that 
is able to perform a differential count, for example in case the 
sample is a blood sample, a white blood cell differential 
COunt. 

0027. In a device according to embodiments of the present 
invention, the micro-channel may be adapted for receiving a 
flow of particles in suspension and for directing the flow of 
particles in Suspension between the at least one pair of elec 
trodes for identifying and counting in the flow of particles in 
Suspension those particles expressing a specific marker. 
0028. In a device according to embodiments of the present 
invention, the low frequency measurement capabilities can be 
extended so as to allow detection of biological particles. Such 
as for example DNA, virus, proteins etc., present in a sample 
through modification of the impedance properties of the func 
tionalized bead used for labeling the particles. 
0029. In accordance with embodiments of the present 
invention, a microfluidic device could be scaled down to 
allow for the detection of binding of biological particles, e.g. 
DNA, virus, proteins etc. to functionalized nano-Sceale 
beads. 

0030. It is an advantage of embodiments of the present 
invention that they may be used for CD4+ T-lymphocyte 
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counting. It is an advantage of embodiments of the present 
invention that they are simple to use, fast, accurate and inex 
pensive. 
0031 Particular and preferred aspects of the invention are 
set out in the accompanying independent and dependent 
claims. Features from the dependent claims may be combined 
with features of the independent claims and with features of 
other dependent claims as appropriate and not merely as 
explicitly set out in the claims. 
0032. The above and other aspects of the invention will be 
apparent from and elucidated with reference to the embodi 
ment(s) described hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0033 FIG. 1 is a schematic diagram of a micro impedance 
cytometer system according to embodiments of the present 
invention, implementing dual frequency impedance measure 
ment. 

0034 FIG.2(a) is a simplified schematic of the impedance 
detection system according to embodiments of the present 
invention, showing the differential detection system. The 
electrode pair on the left illustrates the equivalent circuit 
model (ECM) without a cell between the electrodes, the elec 
trode pair on the right has the cell present between the elec 
trodes. FIG. 2(b) illustrates a comparison of a typical fre 
quency-dependent impedance magnitude signal for a 
polymer bead and for a cell of similar size. 
0035 FIG.3 gives experimental data showing the magni 
tude of the impedance versus frequency for (a) 5.62 um diam 
eter latex beads, and (b) MACS purified populations of 
T-lymphocytes, monocytes, neutrophils. Each point com 
prises about 1500 events and shows the mean and standard 
deviation of the measurement data. The dashed lines show the 
PSpice circuit simulation incorporating the equivalent circuit 
model for the detection region with a cell (or bead) and the 
differential amplification electronics. 
0036 FIG.4(a) is a scatter plot showing the opacity (IZ (a) 
1707 kHz/IZ (a) 503 kHz) plotted against the low frequency 
(503 kHz) impedance magnitude for a mixture of T-lympho 
cytes, monocytes, neutrophils and a population of 5.62 um 
diameter latex beads. 
0037 FIG. 4(b) shows a histogram of the low frequency 
impedance magnitude. 
0038 FIG. 4(c) shows a histogram of the opacity. 
0039 FIG. 4(d) illustrates a FACS analysis of the same 
sample showing the forward and side scatter properties of the 
cells (without beads). 
0040 FIG. 5(a)-(c) are FACS scatter plots showing the 
fluorescence and forward light scatter properties of the fluo 
rescent labeled (anti-CD14-FITC and anti-CD16-Alexa700) 
saponin/formic acid treated whole blood. All the events were 
triggered on the FSC signal, cell populations identified 
according to their fluorescence signal. 
0041 FIG. 5(d)-(f) are scatter plots (from the same 
sample) showing the fluorescence and low frequency (503 
kHz) impedance magnitude properties as measured using the 
micro impedance cytometer. The data show that both systems 
can clearly resolve the three cell populations neutrophils, 
monocytes and lymphocytes. 
0042 FIG. 6(a) is a scatter plot showing the opacity (IZ (a) 
1707 kHz/IZI(a) 503 kHz) versus the low frequency (503kHz) 
impedance magnitude for saponin/formic acid treated whole 
blood and a population of 7.18 um diameter latex beads. 
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0043 FIG. 6(b) shows a histogram of the low frequency 
impedance magnitude. Data for the separate populations are 
fitted to Gaussian distributions (grey curves). 
0044 FIG. 6(c) shows a histogram of the opacity. Data for 
the separate populations are fitted to Gaussian distributions 
(grey curves). 
0045 FIG. 6(d) is a FACS analysis of the same sample 
showing the forward and side scatter properties of the cells 
(without beads). 
0046 FIG. 7 illustrates a typical differential scatter plot 
for white blood cells after treatment with a saponin/formic 
acid lysis solution. The ellipses in the figure illustrate the 
two-dimensional Gaussian probability profiles and the rela 
tive lymphocyte, monocyte and granulocyte populations 
were obtained from these probability distributions. The data 
in this differential scatter plot were analyzed as for FIG. 8. 
0047 FIG. 8 illustrates the correlation of the relative WBC 
distributions as a function of the measurements obtained from 
a reference full blood analyzer. The covariance factors 
between the results obtained from the impedance cytometer 
according to embodiments of the present invention and the 
reference device are illustrated in the legend. For one sample, 
the same experiment was repeated five times, each time pre 
paring a new lysate and a fully cleaned chip. 
0048 FIG. 9 shows how the CD4+ populations are iden 

tified due to the labeling with antibody coated beads. The 
lymphocytes and monocytes are clearly discriminated in the 
impedance plot. 
0049 FIG. 10 and FIG. 11 show an example of data from 
an experiment. 
0050 FIG. 10 shows a plot of the lymphocytes and neu 
trophils before labeling. 
0051 FIG. 11 shows a plot of the blood cells after labeling 
with CD4 antibody functionalised beads. 
0052 FIG. 12 are FACS scatter plots for lysed whole 
blood and lysed whole blood incubated with CD4 beads. The 
ellipse shows the location of the CD4+ T-lymphocyte popu 
lation with attached latex beads. 
0053 FIG. 13 shows FACS data from a sample of lysed 
whole blood which was both labeled with fluorescent anti 
bodies (against CD4 and CD14) and incubated with CD4 
beads. 
0054 FIG. 14 is an IS scatter plot of the opacity (IZ (a) 
10007 kHz/IZ (a) 503 kHz) versus low frequency magnitude 
(503 kHz) showing the various populations. 
0055 FIG. 15 shows calibration data for an impedance 
micro-cytometer according to embodiments of the present 
invention. 
0056. The drawings are only schematic and are non-lim 
iting. In the drawings, the size of some of the elements may be 
exaggerated and not drawn on Scale for illustrative purposes. 
0057. Any reference signs in the claims shall not be con 
Strued as limiting the scope. 
0058. In the different drawings, the same reference signs 
refer to the same or analogous elements. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

0059. In one aspect, the present invention provides the use 
of a low-cost simple impedance flow cytometric analysis 
method in combination with impedance labeling to identify 
and count cells, e.g. blood cells, expressing a specific marker, 
for example to identify and count the CD4+ T-lymphocytes in 
human blood. 
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0060. The detailed description hereinafter is given for the 
particular embodiments of identifying and counting CD4+ 
T-lymphocytes in blood; however, the present invention is not 
limited thereto but includes in general the identification, dis 
crimination and counting of particles, which may include 
(non-exhaustive list) bacteria, viruses, non-biological par 
ticles, cells, dissociated tissue, nano beads with viruses 
attached. 
0061 Blood in general, and human blood in particular, 
comprises blood cells which fall into any of the following 
three categories: red blood cells or erythrocytes for transport 
of oxygen to body tissues, white blood cells or leukocytes for 
producing antibodies to defend the body against infections 
and foreign materials, and platelets or thrombocytes for blood 
clotting. The three categories of blood cells are Suspended in 
plasma. Plasma is 90% water, constitutes about 55% of the 
blood Volume and contains various proteins (e.g. albumin, 
fibrinogen, globulins and other clotting proteins). 
0062 Five different and diverse types of leukocytes exist: 
neutrophils (40–75% of the leukocytes), eosinophils (0-7% of 
the leukocytes), basophils (0-1% of the leukocytes) (these 
three being grouped under the name granulocytes), lympho 
cytes (20-45% of the leukocytes) and monocytes (3-11% of 
the leukocytes). The number of leukocytes in the blood is 
often an indicator of disease. There are normally between 
4x10 and 1.1x10' white blood cells in a liter of blood. 
0063 Lymphocytes comprise natural killer cells (NK 

cells), T cells and B cells. The function of T cells and B cells 
is to recognize specific “non-self antigens (antigens in bac 
teria), during a process known as antigen presentation. Once 
the T cells and B cells have identified an invader, they gener 
ate specific responses that are tailored to maximally eliminate 
specific pathogens or pathogen infected cells. B cells respond 
to pathogens by producing large quantities of antibodies 
when they neutralize foreign objects like bacteria and viruses. 
In response to pathogens some T cells, called helper T cells 
produce cytokines that direct the immune response while 
other T cells, called cytotoxic T cells, produce toxic granules 
that induce the death of pathogen infected cells. 
0064. The cluster of differentiation, also called cluster of 
designation and often abbreviated as CD, is a protocol used 
for the identification and investigation of cell surface mol 
ecules present on leukocytes. There are approximately 250 
different CD proteins. The CD system is commonly used as 
cell markers, allowing cells to be defined based on what 
molecules are present on their Surface. These markers are 
often used to associate cells with certain immune functions. 
0065 CD molecules are utilized in cell sorting using vari 
ous methods including flow cytometry. Cell populations are 
usually defined using a + (positive) or a '-' (negative) sym 
bol to indicate whether a certain cell fraction expresses or 
lacks a CD molecule. Two commonly used CD molecules are 
CD4 and CD8, which are, in general, used as markers for 
helper and cytotoxic T cells, respectively. Human immuno 
deficiency virus (HIV) binds CD4 and a chemokine receptor 
on the surface of a T helper cell to gain entry. The number of 
CD4 and CD8 T cells in blood is often used to monitor the 
progression of HIV infection. 
0066 HIV infection leads to a progressive reduction in the 
number of T cells possessing CD4 receptors. Therefore, 
medical professionals refer to the CD4 count to decide when 
to begin treatment for HIV-infected patients. CD4 tests mea 
sure the number of T cells expressing the CD4 receptor on 
their surface. Normal blood values are more than 1x10/L. 
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Results are usually expressed in the number of cells per 
microliter of blood. Patients often undergo treatments when 
the CD4 count reaches a low point, around 200-350 cells per 
microliter. 
0067. Flow cytometry is a technique for studying, e.g. 
counting, Sorting and examining chemical and/or physical 
properties of microscopic particles, for examples cells, which 
are suspended in a fluid stream. 
0068 Embodiments of the present invention make use of 
flow cytometry for performing impedance spectroscopy. 
0069 FIG. 1 shows a diagram of the single cell analysis 
system 10 according to embodiments of the present invention. 
A microfluidic device 11 is provided, containing a micro 
channel 12 through which cells 13 flow which are suspended 
in a suspending fluid. This is different from prior art analysis 
systems where cells are immobilized on a fixed substrate for 
being counted. A first pair of micro-electrodes 14 are fabri 
cated in the channel 12, and these are connected to a small 
signal AC Voltage generated by a function generator 15. The 
ratio of this applied Voltage to the measured current flowing 
through the micro-channel 12 between the micro-electrodes 
14 is used to determine the electrical impedance of a single 
cell 13 passing between the micro-electrodes 14. 
0070. As shown in FIG. 1 and FIG. 2, two pairs of micro 
electrodes 14, 16 are used to define two closely positioned 
detection Volumes, both connected to the same function gen 
erator 15, hence receiving the same AC Voltage, so that a 
differential measurement is made on individual cells 13. The 
first pair of electrodes 14 measures the electrical signal from 
the cell 13 whilst the second pair of electrodes 16 acts as a 
reference and measures the signal from the micro-channel 12 
with suspending fluid but without cell 13 being present. The 
electrical signals may be measured using custom-made elec 
tronics. This double measurement method significantly 
reduces measurement noise and drift which may arise from 
variations in temperature or composition of the Suspending 
fluid. 
0071. In use, cells 13 in suspension are pumped through 
the microfluidic channel 12 of the microfluidic device 11 
using a syringe pump (not illustrated) at a pre-determined 
rate, e.g. a rate of approximately 100 cells 13 per second. As 
the cells 13 pass through the channel 12 they perturb the 
electric field in the detection volumes, thus subsequently 
creating a positive signal (when the cell 13 passes the first pair 
of electrodes 14) and negative signal (when the cell 13 passes 
the second pair of electrodes 16); these signals are processed 
to provide the impedance. The time between the two peaks 
(positive and negative) in the measured signal corresponds to 
transit time of the cell 13 between the electrodes 14, 16. In 
accordance with embodiments of the present invention, high 
speed impedance analysis is performed at two simultaneous 
frequencies and data from the system 10 is analyzed using 
analysis Software running on an analysis device 18. The 
analysis device 18 may comprise a calculation unit for deter 
mining the impedance of a blood cell present between the pair 
of electrodes, the calculation unit being adapted for determin 
ing the impedance of the blood cell at the first frequency and 
at the second frequency, for correlating the impedance at the 
first frequency to the opacity being the ratio of the high 
frequency impedance to the low frequency impedance, and 
for discriminating from this correlation at least the labeled 
blood cells expressing a specific marker. 
0072 The dielectric properties of cells 13 in suspension 
are described using Maxwell's mixture theory, that charac 
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terizes the relationship between the equivalent complex per 
mittivity of a heterogeneous system and the properties of 
individual particles and Suspending medium. 
0073 For a suspension of spherical particles (e.g. cells 13) 
in a medium, the equivalent complex permittivity of the mix 
ture 6, is given by 

1 + 2db for 
& F & 1 - d.f.caf 

where 

&p - &n foM = ( 

ande,ande, are the complex permittivity of the suspending 
medium and the cell 13 respectively. d is the volume fraction, 
i.e. the ratio of the volume of the cells 13 to the detection 
volume. This model is based on the assumption that the cells 
13 are solid homogeneous objects. It can be extended to the 
case of a biological cell using the shell model, which treats the 
particle as a homogeneous object Surrounded by a thin mem 
brane. Nowe is given by: 

where e, and e, are the complex permittivity of the cell 
membrane and cell inside (cytoplasm), respectively. R is the 
radius of the cell and d (d.<<R) is the thickness of the mem 
brane. 

0074 Mixture theory describes the behavior of a mixture 
of cells at low volume fractions, db (0.2, for example d-0.1, 
and is used to model the dielectric properties of a single cell 
13 positioned between two measuring electrodes 14 of a first 
pair of measuring electrodes. If the geometrical parameters of 
the system are known (electrode size, channel dimensions, 
etc.) then the values of permittivity and conductivity of the 
system can be replaced by equivalent electrical components. 
0075. A simplified Equivalent Circuit Model (ECM) for a 
cell 13 in suspension is shown in FIG. 2(a). The impedance of 
the cell-free medium is represented by the parallel combina 
tion of a resistor (R) and a capacitor (C), as in FIG. 2(a), 
left hand side. With a cell 13 between the electrodes 14, the 
circuit is modified, as in FIG. 2(a), right hand side. A cell 13 
has a thin insulating membrane and behaves as a capacitor 
(C). R, is the equivalent resistance of the cell cyto 
plasm. C represents the electrical double layer capacitance 
at the liquid electrode interface. 
0076. The component values in the ECM are determined 
by the dielectric properties of the cell 13 (membrane capaci 
tance and cytoplasmic resistance), the Suspending medium 
conductivity and permittivity, and the volume fraction. The 
equations that govern the behavior of the system are detailed 
hereinbelow. 

0077. For a cell 13 held between two planar electrodes 14, 
and for low volume fraction d (for example <10%) the indi 
vidual electrical components can be represented as follows: 
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1 
R = - - 
"O (1 - 3d (2)lk 

C = &oalk 

e - 4 

k = tanh() 

0078. In this equation, K is the geometrical cell constant 
for the impedance sensing region, Solved using Schwarz 
Christoffel mapping method that takes into account the non 
uniform electric field. h is the height of the microfluidic 
channel 12, w the width and 1 is the length of the electrode 14. 
K(k) is the complete elliptic integral of the first kind, K'(k) is 
the complementary integral and k is the modulus of the ellip 
tic function. 
0079. In these equations, the volume fraction d is given 
by: 

d = tri 5' I 
Also 

Cnem,0=&memf d 
2e +& -2db (e-s) 

& F & 2s + 8 + dB(e-e) 

where C is the specific membrane capacitance (capaci 
tance per unit area), d the thickness of the membrane, 6 is 
the permittivity at infinite frequency, e, and e, are the com 
plex permittivities of the cell 13 and Suspending medium, 
respectively. 
0080. The complex impedance of the system, Z. 
becomes: 

Zvi = 1 
mi is, 

I0081. The electric field in the suspending medium also 
varies with frequency because of the electrical double layer at 
the electrode-electrolyte interface. In this work the double 
layer is simply modeled as an ideal capacitor (C). 
I0082. The total impedance of the circuit (including the 
double layer) is: 

-- Rn(1 + ico RCnen) 
joCDL ico RnCnen + (1 + ico RCnen) (1 + ico RnCn) 

I0083) Typical values for the dielectric parameters for the 
cell 13 are: €8.854x10' Fm-1, d=5 nm, 6,80 €. 
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o, 1.6 Sm', e, 11.0 €, O,-10 Sm', e, 60 e. 
O, 0.6 Sm'. In the simulations, the actual values for cell 
parameters were taken from Table 1. Typical geometric 
dimension for the micro fluidic device 11 are wh=1-20 um. 
Actual values are obtained from measurement of individual 
microfluidic devices. 
0084. From the above, it can be seen that the impedance at 
low frequencies is dominated by the cell membrane (C). 
As the frequency of the applied field increases, this capacitor 
becomes short circuited and the cell behaves as a resistor 
(R), with a value proportional to the cytoplasm conduc 
tivity. The capacitive reactance of the cytoplasm has little 
effect on the response at high frequencies and is ignored. 
0085. The above equations were used to calculate the elec 

trical impedance of a single cell 13 in Suspension. A full 
electrical circuit analysis was performed using PSPICE. The 
model includes the electrical characteristics of the microflu 
idic device 11, the electrical double layer, the cell 13 in the 
Suspending medium and the components of the amplifier 
circuit 17. FIG. 2(b) shows how the magnitude of the imped 
ance of an arbitrary cell 13 and a latex bead (of similar size) 
vary with frequency. At low frequencies the system is domi 
nated by the electrical double layer. In the frequency range 1 
MHz to 10 MHz the impedance of the cell 13 decreases 
rapidly due to the (Maxwell-Wagner) interfacial relaxation of 
the cell membrane (in dielectric spectroscopy this is termed 
the B-dispersion). No such relaxation is measured for a bead 
and the impedance remains Substantially constant. For the 
cell 13, at higher frequencies the properties of the circuit are 
dominated by the cytoplasmic resistance and also parasitic 
capacitances in the electrical circuit. FIG. 2(b) shows that the 
membrane capacitance has most influence on the response in 
the 1 to 3 MHz region. 
I0086. In order to characterize different leukocyte sub 
populations and determine the optimal frequencies for dis 
crimination, the frequency-dependent impedance of purified 
T-lymphocytes, monocytes and neutrophils were measured. 
0087. The eosinophils, basophils neutrophils are grouped 
together as granulocytes because they are detected as one 
group. The eosinophils and basophils make up a small per 
centage and special techniques are required for the separate 
identification and enumeration. In each case, the properties of 
a sample of 5.62 um diameter latex beads were also measured 
as a reference. 

0088 Purified populations of cells 13 and/or latex beads 
(suspended in physiological saline, PBS (phosphate buffered 
saline)) were flowed through the microfluidic device 11 of the 
cell analysis system 10 and the magnitude of the impedance 
was recorded at several discrete frequencies. FIG.3(a) shows 
the impedance magnitude for 5.62 um diameter latex spheres 
as a function of frequency. The data were acquired by simul 
taneously applying two frequencies to the electrodes 14, 16. A 
first frequency (the reference) was held at 503 kHz. The low 
frequency acts essentially as DC. 503 kHz is a preferable 
value, 100 kHz to 800 kHz is good and DC to 1 MHz would 
work also, whilst the second frequency was changed in dis 
crete steps between 500 kHz AND 50 MHz. Each data point 
in FIG.3(a) is the mean value and standard deviation of the 
impedance signal for approximately 1500 individual events, 
measured at that particular frequency value for the second 
frequency. The complete data set shown in FIG. 3(a) is the 
average frequency-dependent impedance of the 5.62 um 
beads. Each set of measurements (1500 beads) takes approxi 
mately 2 minutes; there are 14 data sets in the figure, and a 
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complete spectrum takes 30 minutes to record. The transit 
time for the beads was approximately 1 ms (aparticle Velocity 
of 60 mm/sec). When each bead passed through the elec 
trodes 14, 16 a bipolar voltage signal was recorded. This 
signal was processed to provide the mean peak value; no 
further signal processing was applied to the data. 
I0089 FIG. 2(b) shows the data from the PSPICE model, 
using the equivalent circuit with a double layer capacitance 
C of 60 pF, and including the transfer functions of the vari 
ous amplifiers (obtained from the manufacturers). The fit 
(dashed line) was calculated with a bead permittivity of 2.5 
e, conductivity of 0.36 mS/m (surface conductivity=1.2 nS) 
with PBS (phosphate buffered saline) suspending medium. 
The data are well described by the equivalent circuit model. 
0090 The frequency-dependent properties of the three 
leukocyte Sub-populations were measured in the same way, as 
illustrated in FIG.3(b). Also shown are the PSPICE simula 
tions, performed using the equivalent circuit, with values for 
dielectric parameters taken from Yang J. Huang Y. Wang 
X-B. Becker F. F. and Gascoyne, PRC (2000), “Differential 
analysis of human leukocytes by dielectrophoretic field-flow 
fractionation, Biophys J. 78:2680-2689, as summarized in 
Table 1. 

TABLE 1 

Membrane Cytoplasm 
Diameter Capacitance conductivity Cytoplasm 
(Lm) (mF/m) (mSim) permittivity 

Lymphocyte 6.58 O.7 10.5 - 31 O.65 O15 1544 39.9 
Monocyte 9.26 O.72 15.3 - 4.3 O56. O.1 126.8 35.2 
Granulocyte 9.42 O.46 113.2 O.60.13 150939.3 

0091. The data in FIG.3(b) show that the impedance mag 
nitude varies with cell size, particularly at low frequencies 
(e.g. the 503 kHz reference frequency). Also variations due to 
differences in membrane capacitance are evident. T-lympho 
cytes are much smaller than monocytes or neutrophils, and 
can be discriminated solely on the basis of size. Table 1 shows 
that monocytes and granulocytes (including neutrophils, 
eosinophils and basophils) are of similar size and are difficult 
to distinguish based on the magnitude of the low frequency 
impedance. However, their membrane capacitance is differ 
ent, implying that discrimination should be possible in the 
mid-frequency band (cf. FIG. 2(b)). The PSPICE fit (dashed 
lines) confirms this, where the maximum difference in imped 
ance between the monocytes and neutrophils is in the 1 to 3 
MHz window. The mean values of the experimentally deter 
mined impedance also indicate that discrimination between 
monocytes and neutrophils should be possible in this fre 
quency window. However, there is a large distribution in both 
size and membrane capacitance for these cells, hence the 
discrimination is not straight forward. 
0092. From FIG. 3, it is clear that the optimum frequency 
for discrimination based on size is around 500 kHz. In the 
range 1-10 MHZ differences in membrane capacitance domi 
nate. To determine the potential for discrimination, imped 
ance analysis of cells was performed by mixing purified cells 
in equal ratios (in a buffer solution such as PBS containing 
0.5% BSA (bovine serum albumin) and 2 mM EDTA (ethyl 
enediaminetetraacetic acid)). Measurements were made 
using two probe frequencies simultaneously, a lower fre 
quency, and a higher frequency, e.g. 503 kHz and 1.707 MHz. 
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0093. For independent verification, monocytes and neu 
trophils were labeled with fluorescent labels, e.g. FITC con 
jugated anti-CD14 antibody for monocytes and Alexa700 
conjugated anti-CD16 antibody for neutrophils. The fluores 
cent signal identified each cell and enabled correlation of the 
measured impedance signal with cell phenotype. 
0094 FIG. 4 shows data from a mixture of the three dif 
ferent cell types (T-lymphocytes, monocytes and neutrophils) 
and 5.62 um diameter beads. In this plot the impedance is 
displayed as a scatter plot of opacity (IZ (a) 1707 kHz/ 
IZ (a 503 kHz) vs low frequency impedance (IZ (a 503 kHz). 
Opacity is the ratio of the high frequency to the low frequency 
impedance, and provides aparameter which is independent of 
cell size, thus reflecting changes in the cell membrane. The 
monocytes and neutrophils populations are color-coded 
according to the fluorescence. In the graph, different cell 
populations are encircled by a “best-fit ellipse'. The scatter 
plot (FIG. 4(a)) shows that T-lymphocytes can be discrimi 
nated from a group comprising monocytes and neutrophils on 
the basis of size (low frequency impedance). Also shown are 
the low frequency impedance magnitude (FIG. 4(b)) and 
opacity histograms (FIG. 4(c)), together with data from the 
same sample as measured on a commercial flow cytometer 
(FACSAria, Becton Dickinson) (FIG. 4(d)) plotted as side 
scatter (SSC), a measure of granularity, against forward scat 
ter (FSC), roughly proportional to cell size. A good correla 
tion is found between the low frequency impedance data 
(size) and FSC (Table 2). 

TABLE 2 

T-lymphocyte Neutrophil 
(%) Monocyte (%) (%) 

MACS FACSAria 37.8 32.3 29.9 
purified, re- Micro- 33.6 36.7 29.6 
mixed cytometer 
Saponin FACSAria 24.0 6.4 71.2 
treated whole (B & T. 
blood lymphocytes) 

micro- 24.0 4.8 69.6 
cytometer 

Typical ratios in whole 20-45 (total 3-11 40-75 
blood lymphocytes) 

0095 Analysis of the impedance scatter plot (FIG. 4(a)) 
and histograms (FIG. 4(b) and FIG. 4(c)) shows significant 
overlap between monocytes and neutrophils in the purified 
and re-mixed cell populations, Suggesting that unambiguous 
discrimination would not be possible without further modifi 
cation of the cells. 
0096. In whole blood, contrary to the purified populations 
as indicated above, chemical modification of the white blood 
cells can be used to enhance the electrical signal and aid 
discrimination of leukocyte Sub-populations. For example, 
exposure of the whole blood to a lysing agent which effec 
tively alters, on a selective basis, one or more cellular con 
stituents of the complex blood sample to a degree necessary to 
permit the Subsequentisolation, identification and/or analysis 
of the cellular constituents of interest. An example of such a 
lysing agent may for example be saponin in an organic acid 
(formic acid) to which the whole blood may be exposed for a 
short period of time (<10 seconds) and which modifies the 
properties of leukocytes, changing the cell Volume and cell 
membrane characteristics. Other lysing agents may be used 
for destruction of the red cells. Other lysing agents are 
described for example in U.S. Pat. No. 5,155,044 and U.S. 
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Pat. No. 4,485,175. Conventional techniques for the analysis 
of leukocytes in whole blood often (but not always) require 
some form of pre-treatment to lyse erythrocytes. It has been 
found as an embodiment of the present invention that expo 
sure of whole blood to saponin enables both lysis of erythro 
cytes as previously reported, and modification of the leuko 
cyte populations to improve their discrimination. 
(0097. After fluorescently labeling neutrophils (for 
example with anti-CD16-Alexa700) and monocytes (for 
example with anti-CD14-FITC), whole blood (50 ul) was 
exposed to a solution of saponin in formic acid (0.12% V/v 
formic acid, 0.05% w/v saponin) for 6 seconds, followed by 
quenching (0.6% w/v sodium carbonate, 3% w/v sodium 
chloride) and analysis on the impedance cytometer according 
to embodiments of the present invention and a flow cytometer 
(FACS) as known in the art. As shown in FIG. 5(a-c), the 
saponin/formic acid treatment both removes the erythrocytes 
and allows the monocytes, neutrophils and lymphocytes to be 
identified. FIG. 5(d-e) show similar data from the impedance 
cytometer in accordance with embodiments of the present 
invention, with each event triggered on the amplitude of the 
low frequency signal (503 kHz) and false-colored according 
to the fluorescence signal. The numbers of events for this data 
set are summarized in Table 2, and correlate with the FACS 
data. 

0.098 FIG. 6 shows scatter data according to embodiments 
of the present invention for saponin treated whole blood, 
(populations, and encircled per type by a “best-fit ellipse' for 
ease of illustration) with the SSC and FSC data from the prior 
art FACS in FIG. 6(d). The impedance plot of FIG. 6(a) shows 
that the three different cell types (lymphocytes, monocytes, 
neutrophils) can be unambiguously identified solely on the 
basis of a dual frequency measurement. Cell counts for both 
the FACS and impedance cytometer were similar and repre 
sentative of the ratios found in whole blood (table 2). These 
data were replicated three times using three different patient 
samples. 
0099. The exact effect of the saponin treatment on the cells 
is not known, but comparison of FIG. 4(a) with FIG. 6(a) 
shows that saponin treatment lead to a reduction in the distri 
bution of cell size (impedance at 503 kHz). An estimate of the 
change in cell size can be obtained from the low frequency 
impedance. The system was first calibrated to allow an unam 
biguous size analysis of the blood cells. The system was 
calibrated using three different sizes of latex particles (5.8 
um, 7.18 um and 9.52 um). The three sizes of latex beads 
(5.82 um, 7.18 um and 9.52 um plotted as black squares in 
FIG. 15) were mixed and suspended in the saponin/formic 
acid treated whole blood. The sample was run on the imped 
ance micro-cytometer system according to embodiments of 
the present invention under the same conditions as the whole 
blood experiments (data shown in FIG. 5 and FIG. 6). The 
data are shown in FIG. 15, where the means and standard 
deviations of the bead populations are plotted as beads size 
Versus low frequency (503 kHz) signal magnitude. A second 
order polynomial is fitted to the bead data as a calibration 
curve. The mean signal amplitudes obtained from the whole 
blood data of FIG.5 and FIG. 6 is then used with the calibra 
tion curve to estimate cell size for the lymphocytes, mono 
cytes and neutrophils. These calibration data were used to size 
the leukocytes and the results are summarized in Table 1. It 
can be seen that there is very little change in the mean size of 
the cells but the variance in the monocyte and neutrophil 
population distribution is reduced. 
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0100 Comparison of FIG. 4(a) and FIG. 6(a) also shows 
that the monocyte and neutrophil populations move relative to 
each other as a result of the Saponin treatment, thus enabling 
clear discrimination and identification of these two popula 
tions. After Saponin treatment, the opacity of the monocyte 
population is reduced relative to the other cells by approxi 
mately 5%. The equivalent change in membrane capacitance 
of the monocytes was calculated (using PSPICE), and corre 
sponds to an increase from approximately 15 mF/m to 19 
mF/m. In supplementary experiments, the membrane 
capacitance of monocytes (magnetically purified, Miltenyi 
Biotec MACS) was measured using electrorotation analysis 
and found to increase from 16+2 mF/m (12 untreated cells) 
to 19+3 mF/m (saponin/formic acid treated cells). This dif 
ference mirrors the change measured using the impedance 
cytometer according to embodiments of the present invention 
for monocytes after saponin treatment of whole blood. The 
mean radius of the cells did not change significantly after 
saponin/formic acid exposure in either case; the predominant 
change is the opacity, due to changes in cell membrane struc 
ture. 

0101. In order to further evaluate the micro fluidic device 
according to embodiments of the present invention for a dif 
ferential blood counting, samples were taken from Volunteers 
and measured on a commercial blood analysis instrument and 
also with the micro-impedance analyzer according to 
embodiments of the present invention. Over a period of 10 
days, 7 Separate venous blood samples were obtained from 
different volunteer subjects (n=7). Two vials of blood were 
taken, one was used for experiments and a second vial was 
sent to a hospital (Mount Alvernia, Guildford UK) for inde 
pendent full blood count analysis on a Horiba-ABX Pentra 
DX 120 machine. FIG. 7 shows a scatter plot for one of the 
samples. Three distributions were identified and fitted to two 
dimensional Gaussian probability profiles using a maximum 
likelihood approach. The ellipses in the figure illustrate these 
distributions. The relative lymphocyte, monocyte and granu 
locyte populations were obtained from these probability dis 
tributions. 

01.02 FIG. 8 shows the correlation of the relative WBC 
distributions with data from the Horiba-ABX Pentra. The 
monocytes are the least abundant cell species, with fractions 
between 5%-20%. The granulocytes (predominantly neutro 
phils) have fractions between 40%-80%. The range of relative 
fractions covers a significant part, but not all of clinical range. 
For instance, the normal clinical range of granulocytes is 
between 20%-90%. The covariance (CV) factors between the 
results obtained from the impedance cytometer and the ref 
erence device are illustrated in the legend. To provide a mea 
sure of experimental variance, the experiment with one of the 
samples was repeated five times, each time preparing a new 
lysate and using a cleaned chip. This result is indicated by 
crosses in FIG.8. From the figure the correlation between the 
impedance cytometer according to embodiments of the 
present invention and a commercial full blood analyzer is in 
the region of 95%. 
0103) An analysis method according to embodiment of the 
present invention for identifying and counting blood cells 
expressing a specific marker, e.g. for identifying and counting 
CD4+ T-lymphocytes in human blood, may comprise: 
0104 
0105 labeling these blood cells in the sample of blood 
which express the specific marker, e.g. labeling the CD4+ 

obtaining a sample of blood, 
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T-lymphocytes in the sample of blood, with an impedance 
label, for example a dielectric label, 
0106 measuring of the labeled sample of blood using a 
plural, e.g. dual, frequency system to discriminate at least the 
labeled blood cells expressing the specific marker, e.g. to 
discriminate at least the labeled CD4+ T-lymphocytes. 
0107 The step of measuring the labeled sample to dis 
criminate at least the labeled blood cells expressing the spe 
cific marker, e.g. the labeled CD4+ T-lymphocytes, in accor 
dance with embodiments of the present invention may 
comprise 
0.108 splitting the labeled sample into droplets compris 
ing a single cell, 
0109 determining the impedance of the single cell at a 

first frequency, and 
0110 determining the impedance of the single cell at a 
second frequency, the first frequency being lower than the 
second frequency, correlating the impedance at the first, 
lower, frequency to the opacity being the ratio of the second, 
higher, frequency impedance to the first, lower, frequency 
impedance, from this correlation discriminating at least the 
labeled cells expressing the specific marker, e.g. discriminat 
ing at least the CD4+ T-lymphocytes. 
0111 Labeling the cells expressing the specific marker, 
e.g. labeling the CD4+ T-lymphocytes, may comprise label 
ing them with antibody coated beads, e.g. CD4+ antibody 
coated beads e.g. the commercially available kit Manual CD4 
Count beads available from Beckman Coulter, Coulter CD4 
Cyto-spheres Reagent. Labeling a particle, e.g. a cell, aids in 
discrimination due to a change in size of the particle. The 
inclusion of the beads into the system leads to a small increase 
in noise. The amplitude of the noise is similar to that seen 
when platelets are present. This noise signal is easily gated 
out, as for the 3 part differential measurements. 
0112 A method and a system according to embodiments 
of the present invention require only a tiny sample of blood 
from a fingerprick and minimal sample preparation that could 
optionally be automated. This may involve incubation of the 
whole blood for, for example, 2 minutes with antibody coated 
beads, e.g. CD4+ antibody coated beads (obtained from a 
manufacturer Such as for example Beckman Coulter. In the 
particular example given, the CD4+ antibody labels both a 
subset of the T-lymphocytes and also a subset of the mono 
cytes. An erythrocyte lysis step, for example an automated 
erythrocyte lysis step using detergents, e.g. using Saponin/ 
Formic Acid or 2% acetic acid in distilled water, may be 
performed. The Saponin/Formic Acid lysis agent has the 
advantage that is does not result in significant noise as it does 
not give rise to presence of RBC debris. 
0113. The thus-treated sample may be introduced directly 
into a micro-fluidic device 11 of a cell analysis system 10, 
without any other preparatory steps. 
0114. As stated above, the CD4+ antibody labels both a 
subset of the T-lymphocytes and also the monocytes. The 
diagnosis of HIV, however, requires accurate counting of only 
the CD4+ T-lymphocyte subset. This is easy to achieve in 
accordance with embodiments of the current invention 
because the CD4+ labeled T-lymphocytes and CD4+ labeled 
monocytes are very well separated from all other cells and 
from each other in an opacity versus low frequency imped 
ance scatter plot. The principle of this method is shown in 
FIG.9. FIG.9 shows how the CD4+ populations are identified 
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due to the labeling with antibody coated beads. The lympho 
cytes and monocytes are clearly discriminated in an imped 
ance plot. 
0115. It is an advantage of embodiments of the present 
invention that, by applying the dual frequency impedance 
spectroscopy method, on a blood sample in which blood cells 
expressing a specific antigenic marker is labeled with dielec 
tric labels, CD4+ T-lymphocytes and CD4+ monocytes can 
be simultaneously discriminated and counted. 
0116. According to embodiments of the present invention, 
measurements of the sample are performed using a dual fre 
quency system to count the monocytes, lymphocytes and 
neutrophils. Accurate diagnosis is performed by counting the 
CD4+ cells which can be easily identified as a distinct popu 
lation because they are dielectrically labeled. In embodiments 
of the present invention, the absolute CD4+ count may be 
referenced against the total lymphocyte count. In alternative, 
less accurate embodiments, the absolute CD4+ count may be 
referenced against the total leukocyte count which is mostly 
the Sum of the lymphocytes and neutrophils. 
0117. A device according to embodiments of the present 
invention is a microfluidic impedance cytometer that mea 
Sures the dielectric properties of single cells. 
0118 Dual frequency measurements according to 
embodiments of the present invention enable discrimination 
of the cells according to both membrane capacitance and size. 
Chemical pre-treatment of whole blood using Saponin/formic 
acid may be used to eliminate the erythrocyte population from 
the sample providing a clean leukocyte sample that is free 
from contamination with cell debris (including erythrocyte 
ghosts). The pre-treatment also alters the electrical properties 
of the monocytes and neutrophils, improving discrimination. 
The lymphocyte, monocyte and neutrophil populations may 
all be unambiguously indentified using dual frequency 
impedance data. Volunteer blood was measured on the micro 
cytometer and a hospital haematology analyser, showing 
excellent correlation. 
0119 The robust nature and simplicity of microfluidic 
impedance cytometry according to embodiments of the 
present invention offers a range of potential applications in 
cell analysis, including affordable point-of-care (PoC) diag 
nostic systems using fluorescent label-free techniques. The 
savings afforded through the simplicity of the system and the 
reduction in reagents costs (e.g. no requirement for fluores 
cent probes, etc.), make it applicable for use in low resource 
settings such as the developing world. Furthermore, as the 
dielectric properties of cells can be sensitive to stimuliarising 
from exposure to drug molecules and a variety of mitogens 
derived from bacterial and viral products, the technology may 
find applications in cell cycle analysis and toxicity/viability 
assayS. 
0120. The system may also be further refined through the 
development of dielectric tags to enable cells with similar 
impedance properties to be distinguished (e.g. CD4+ counts 
for HIV diagnostics). It is possible to do the equivalent of 
multi-color fluorescence. I.e. a multiplexed assay with mul 
tiple CD makers, each detected using populations of beads 
with different dielectric signature (because they are different 
size of different materials). 
0121 FIG. 10 and FIG. 11 show examples of data from an 
experiment. Human blood from a healthy donor was treated 
as outlined above and measured using impedance cytometry 
in accordance with embodiments of the present invention. 
FIG. 10 shows the results of a dual frequency impedance 
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measurement of the lymphocytes and granulocytes before 
labeling of the blood sample. FIG. 11 shows the results of a 
dual frequency impedance measurement of the blood after 
labeling with CD4+ antibody coated beads according to 
embodiments of the present invention. Both the labeled 
monocytes and T-lymphocytes are discriminated, enabling an 
easy count to be made and hence a diagnosis. 
0.122 The method can be used for diagnosis and manage 
ment of therapy. The absolute values or ratios (e.g. CD4+/ 
CD8+) of antibodies may be determined. The ratio of CD4+ 
populations to CD8+ populations may be determined by 
using different tags for both populations, for example one 
insulating and the other conductive, or tags with different 
sizes, which allows the identification of different subpopula 
tions of cells. 
I0123 For patients with AIDS the CD4+ T-cell count pro 
vides additional information Such as 
0.124 Less than 200/ul: pneumocystis pneumonia (PCP). 
0.125 Less than 100/ul: toxoplasmosis and cryptococcal 
meningitis. 
0.126 Less than 75/ul: mycobacterium avium complex 
(MAC). 

Experimental Results 1: 
0127 50 ul of fresh human blood was labeled with fluo 
rescent antibodies against CD4 and CD14. This allows iden 
tification of the cell Sub-populations expressing these Surface 
antigens. CD14 is present on monocytes and CD4 on the 
surface of a sub-population of T-cells (inducer T-cells) and 
also at low levels on monocytes. 
0128 Cells were also labeled with CD4 coated beads. 
Both the fluorescent antibody labeling and bead conjugation 
was carried out prior to an erythrocyte lysis (6 seconds in 
saponin/formic acid followed by quench). The same samples 
were then analyzed both by FACS (Fluorescence-activated 
cell sorter) as known in the art and IS (impedance spectros 
copy) in accordance with embodiments of the present inven 
tion. 
I0129 FIG. 12 shows FACS data from a sample of lysed 
whole blood. FIG. 12(a) is a scatter plot of blood that has not 
been labeled with CD4 beads and FIG. 12(b) shows a sample 
of the same blood that was incubated with the CD4 beads. 
(SSC is plotted on a log scale to allow easy visualization of all 
the populations). 
0.130. As shown by these figures, the CD4+ T-cells form a 
distinct population (outlined in FIG. 12(b)) when complexed 
with the CD4 beads (-2.2 um diameter), and the SSC signal is 
increased above the signal from the granulocytes. 
I0131 FIG. 13 shows FACS data from a sample of lysed 
whole blood which was both labeled with fluorescent anti 
bodies and incubated with CD4 beads. The CD4+ cells and 
the CD14+ cells can be clearly identified based from their 
fluorescent signals (regions P1 and P2 respectively in FIG. 
13(b)). Gating on these fluorescent populations and plotting 
FSC versus SSC allows identification of the cells with CD4 
beads attached FIG. 13(a). 
0.132. The number of cells that were complexed with beads 
can be enumerated from the FACS databased on the fluores 
cence and scatter properties of the populations. The CD4+ 
T-cell population with attached beads is distinct from the bead 
free lymphocyte population (CD4-T-cells, B-cells, NK, etc). 
The low level of CD4 expression on the monocytes means 
that only a small percentage of monocytes bind the CD4 
beads (see Beckman Coulter Manual CD4 Count Kit data 
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sheet). The monocytes form two populations: (i) cells with no 
beads that express CD4+ at very low levels, indicated as 
“monocytes (no beads), and (ii) cells complexed with beads 
that lead to a higher SSC, but clearly not at the same level as 
the T-cell. This is probably because fewer beads attach to the 
monocytes (representative of the level of antigen expression) 
compared to the T-cells—see FIG. 13(a). 
0.133 FIG. 14 show IS data plotted as opacity (10 MHz/0.5 
MHz) versus magnitude (0.5 MHz) in accordance with 
embodiments of the present invention. The different popula 
tions are visible on the scatter plot. The cells complexed with 
CD4 beads have an increase in both opacity and size and form 
a distinct population (circled). 
0134. The FACS shows a small change in FSC when the 
cells are complexed with beads (FIG. 13(a)). 
0135 Table 3 shows this data for the different sub-popu 
lations, comparing FACS and IS. Although the total counts in 
both FACS and IS are different, it is possible to compare ratios 
of cells. The total gated cell counts are shown in brackets. 
This is a representative data set for one sample of blood. 
Similar data was obtained on the FACS on three further occa 
sions (different blood samples). 

TABLE 3 

Cell type FACS (% of total) IS (% of total) 

T-cells with CD4 beads 
Lymphocytes (no beads) 
Monocytes with CD4 beads 
Monocytes (no beads) 
Granulocytes 

18.0 (11243/62312) 
12.7 (7914/62312)) 
0.6 (328/62312) 
4.3 (2695/62312) 

64.4 (40132/62312) 

15.6 (1215/7789) 
12.9 (1005/7789) 
0.8 (66/7789) 
5.4 (2695/7789) 

65.4 (5095/7789) 

0136. The CD4+ T-cell count is the critical parameter for 
diagnosing HIV; comparison of FACS and IS shows that the 
percentage count is similar. The Small error between the two 
may be due to many reasons, including gating parameters, 
smaller sample size, or loss of bead-complexed cells in the IS 
system due to sedimentation. This experiment shows that 
both technologies produce comparable results using this 
methodology. 
0.137 The aim of the above experiment is to the show that 
the number of CD4+ T-lymphocytes and CD4+ monocytes 
measured using impedance spectroscopy according to 
embodiments of the present invention is similar to the number 
of CD4+ cells measured by commercial FACS. 

Experimental Results 2: 
Cell Preparation 

0138 Blood samples were obtained from healthy donors 
with informed consent. Blood (5 ml) was collected into Vacu 
tainerTM tubes (EDTA K3E 15%, 0.12 ml, Becton Dickinson). 
Following collection the blood tubes were placed on a roller 
and continually mixed at room temperature; all Subsequent 
processing and experimental work was carried out within 12 
hours. 

Purified Leukocyte Sub Populations 
0139 Blood was processed using density gradient separa 
tion and magnetically activated cell sorting (MACS, Miltenyi 
Biotech, Bisley, UK). Anticoagulated whole blood (5 ml) was 
carefully layered over 5 ml of PolymorphoprepTM (Nycomed, 
Zurich, Switzerland) and centrifuged for 30 min at 450xg at 
room temperature. Following centrifugation the mononuclear 
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cell fraction (mainly monocytes and lymphocytes) and the 
polymorphonuclear fraction (granulocytes) appear as sepa 
rate bands on the gradient and were collected into separate 
tubes. Both cell fractions were washed three times by alter 
nate re-suspending in fresh PBS (containing 0.5% BSA and 2 
mM EDTA) and pelleting by centrifugation (10 min at 400xg 
at room temperature) to remove residual PolymorphoprepTM 
and contaminating plasma and platelets. 
0140 Purified populations of T-lymphocytes (CD3+ 
cells), monocytes (CD14+ cells) and neutrophils (CD16+ 
cells) were prepared using magnetic activated cell sorting 
(MACS). The mononuclear cell sample was split into two 
portions, one sample incubated with anti-CD3 MACS beads 
and the other with anti-CD14 MACS beads. The polymor 
phonuclear cells were incubated with anti-CD16 MACS 
beads. All incubation and washing steps were carried out in 
accordance to the manufacturer's guidelines. The individual 
magnetically tagged cell samples were then fractionated 
using an AutoMACSTM separation system (Miltenyi Biotec) 
and the positive cell fraction collected. 
0.141. To assess the purity of the populations, the samples 
were labeled with fluorescently conjugated antibodies: anti 
CD3-FITC, anti-CD14-APC (both Miltenyi Biotec, Bisley, 
UK) and anti-CD16-Alexa700 (BioLegend, San Diego, 
Calif.). Cells were incubated for 30 minutes, followed by 
washing as above. In all cases matched isotype controls were 
included as controls. The cell samples were analysed on a 
FACSAria (Becton Dickinson). 
0.142 Prior to analysis on the micro-cytometer according 
to embodiments of the present invention, cells were Sus 
pended in PBS (containing 2 mM EDTA and 0.5% BSA) to a 
final density of ~1x10 cells per ml. The purified cell popu 
lations were analyzed separately and also as mixtures of the 
three cell types. The Suspending medium was isotonic with a 
conductivity of 1.6 Sm-1, pH-7.4 and osmolality=290 mOs. 
Whole Blood Analysis (Erythrocyte Lysis Using Saponin/ 
Formic Acid): 
0.143 Whole blood was collected into anticoagulant as 
described above. 50 ul of fresh whole blood was incubated 
with fluorescently conjugated monoclonal antibodies 
directed against CD14 (FITC) and CD16 (Alexa700) for 15 
min in the dark at 4°C. Erythrocyte lysis was performed by 
the addition of 600 ul of lysis solution (0.12% v/v formic acid, 
0.05% w/v saponin) to the labeled whole blood. The sample 
was incubated for 6 seconds at room temperature with con 
tinual agitation to enhance mixing of the blood and lysis 
reagent. This lysis reaction was halted by the addition of 265 
ul of quench solution (0.6% w/v sodium carbonate, 3% w/v. 
sodium chloride). The samples were then analyzed without 
further processing using both a FACSAria and the microflu 
idic impedance cytometer. 
Concordance 

0144. The sample was diluted 1:13 into the lysis solution 
(as above) for 6 seconds, before dilution (1:1.4) into the 
quenching agent. The final dilution ratio (with respect to 
whole blood) was 1:18. Approximately 25uL of the solution 
was pumped through an impedance cytometer chip according 
to embodiments of the present invention and data measured at 
500 kHz and 1.7 MHz simultaneously. 
Microchip 
0145 Chips were fabricated using photolithography and 
full wafer thermal bonding. Electrical and fluidic intercon 
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nections to the chip were made using a connection block 
machined from PEEK polymer. Fluidic and electrical con 
nections were made by clamping the chip within the block. 
Spring loaded electrical connectors were used to make con 
tact with the chip electrodes and miniature O-rings used to 
seal the fluidic connection between the block and chip. The 
connector block was mounted on a PCB which had the front 
end impedance detection circuitry. The entire assembly was 
mounted on an X-y-Z stage on an optical bench above a 
bespoke microscope, allowing alignment of the chip and 
accurate positioning of the optical detection region and laser 
spot within the microfluidic channel. 
0146 Chips were primed by flowing PBS containing 2% 
BSA and 2 mM EDTA through the device for 30 minutes. 
This coated the channel and tubing walls with protein to 
reduce cell adhesion. Samples of cell Suspension were pipet 
ted into a reservoir at the inlet of the chip and sucked through 
the device at a constant Velocity using a Syringe pump. A 
volume flow rate of 5ul per minute was used for all experi 
mental work. Between experiments, all equipment was 
cleaned in 10% sodium hypochlorite and 4M sodium hydrox 
ide. 

Impedance Detection 

0147 Two sinusoidal voltages at fixed frequencies (one at 
503 kHz and a second varied 0.5-30 MHz (a) 2.5Vpp) were 
applied to the both pairs of detection electrodes (see also FIG. 
1). A differential current was measured using custom built 
electronics, and two lock-in amplifiers (SR844, Stanford 
Research Instruments, USA), one for each frequency. The 
output from the lock-in consists of the real component (in 
phase) and imaginary component (90° out of phase) of the 
electrical impedance at each particular frequency. The out 
puts, together with the photomultiplier signals were sampled 
at 120 kHz with a 16-bit A-D card (NI6034E, National Instru 
ments) and the data captured and analyzed with Software 
written in LabVIEWTM (National Instruments, USA). The 
low frequency in-phase impedance signal was used to trigger 
acquisition of the data. The data were processed and plotted as 
scatter plots for subsequent analysis in MATLAB (Math 
works Inc., Natick, USA). 

Optical System 

0148 For comparison reasons, an optical measurement 
was performed at the same time as performing the electrical 
measurement. Light from a 488 nm (50 mW solid state) and 
a 633 nm (20 mW HeNe) laser was combined using a dichroic 
mirror (Chroma Technologies, Rockingham, Vt., USA). The 
beam was expanded using a pair of lenses and passed into the 
back of an infinity corrected objective lens (x20, NA=0.7. 
Nikon). The spot formed at the focal plane of the objective 
was positioned across the centre of the channel. Fluorescent 
light was collected via the same objective lens. Dichroic 
mirrors and bandpass filters (Chroma Technologies, Rock 
ingham, Vt., USA) spectrally filtered the light before spatial 
filtering with lenses and pinholes (100 um, Thorlabs) posi 
tioned in front of photomultiplier tubes (H7710-13, 
Hamamatsu). A power supply (C7169, Hamamatsu) was used 
to adjust the gain on the PMTs and the signals were condi 
tioned and amplified with Hamamatsu amplifiers (C7319, 
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Hamamatsu). Three emission wavelengths were simulta 
neously measured, 515 nm, 675 nm and >715 nm. 

Flow Cytometry 
0149 Conventional flow cytometric analysis of cells was 
carried out with a FACSAria (Becton Dickinson) equipped 
with two lasers: 488 nm solid state (20 mW. Coherent(R) 
SapphireTM), and 633 nm HeNe (20 mW, JDS UniphaseTM). 
FACSFlow sheath fluid (Becton Dickinson) was used and 
samples flow was at a pressure of 70 psi through a 70 um 
nozzle. The instrument was controlled by a PC running 
FACSDiVaTM software (Becton Dickinson). 
0150. While the invention has been illustrated and 
described in detail in the drawings and foregoing description, 
such illustration and description are to be considered illustra 
tive or exemplary and not restrictive. The invention is not 
limited to the disclosed embodiments. 
0151. For example, it is possible to operate the invention in 
an embodiment wherein cell populations can be detected, 
such as CD3, CD4, CD8, CD14, CD16, CD19, CD21, CD45 
or any other cell Surface receptor, activation marker. The cells 
can be human and/or mammalian. Embodiments of the inven 
tion can also be applied to non-mammalian cells, e.g. bacteria 
and yeast cells. 
0152. Other examples would be CD64 on neutrophils to 
sepsis detection or EpCam for the detection of circulating 
tumor cells in blood or CD34 for stem cells. 
0153. Other variations to the disclosed embodiments can 
be understood and effected by those skilled in the art in 
practicing the claimed invention, from a study of the draw 
ings, the disclosure and the appended claims. In the claims, 
the word “comprising does not exclude other elements or 
steps, and the indefinite article “a” or “an' does not exclude a 
plurality. A single processor or other unit may fulfill the 
functions of several items recited in the claims. The mere fact 
that certain measures are recited in mutually different depen 
dent claims does not indicate that a combination of these 
measures cannot be used to advantage. A computer program 
may be stored/distributed on a suitable medium, Such as an 
optical storage medium or a solid-state medium Supplied 
together with or as part of other hardware, but may also be 
distributed in other forms, such as via the Internet or other 
wired or wireless telecommunication systems. Any reference 
signs in the claims should not be construed as limiting the 
Scope. 
0154 The foregoing description details certain embodi 
ments of the invention. It will be appreciated, however, that no 
matter how detailed the foregoing appears in text, the inven 
tion may be practiced in many ways, and is therefore not 
limited to the embodiments disclosed. It should be noted that 
the use of particular terminology when describing certain 
features or aspects of the invention should not be taken to 
imply that the terminology is being re-defined herein to be 
restricted to include any specific characteristics of the fea 
tures or aspects of the invention with which that terminology 
is associated. 

1. An analysis method for identifying and counting par 
ticles expressing a specific marker, the method comprising: 

obtaining a sample comprising particles, 
labeling the particles expressing the specific marker with 

an impedance label, measuring the labeled sample using 
a plural frequency system to discriminate at least the 
labeled particles expressing the specific marker. 
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2. An analysis method according to claim 1, wherein label 
ing the particles expressing the specific marker is performed 
within a microfluidic system. 

3. An analysis method according to claim 1, wherein the 
step of measuring the labeled sample to discriminate at least 
the labeled particles expressing the specific marker comprises 

splitting the labeled sample into droplets comprising a 
single particle, 

determining the impedance of the single particle at least at 
a first frequency and at a second frequency, the first 
frequency being lower than the second frequency, 

correlating the impedance at the first frequency to the opac 
ity being the ratio of the second frequency impedance to 
the first frequency impedance, 

from this correlation discriminating at least the labeled 
particles expressing the specific marker. 

4. An analysis method according to claim 1, wherein label 
ing a sample includes incubation of the sample with beads 
coated with an antibody to the specific marker. 

5. A method according to claim 1, furthermore comprising, 
before measuring the labeled sample, performing alysis step. 

6. A method according to claim 5, the sample being a blood 
sample, wherein performing a lysis step is performing an 
erythrocyte lysis step comprising exposing the blood sample 
to a Saponin in an organic acid. 

7. A method according to claim 1, wherein measuring the 
labeled sample is performed in a sample flow. 

8. Use of a method according to claim 1, for identifying and 
counting CD4+ T-lymphocytes. 

9. A device for identifying and counting particles express 
ing a specific marker, comprising 

a micro-channel for comprising a sample flow comprising 
labeled particles expressing the specific marker, 
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at least one pair of electrodes, 
electronic circuitry for applying at least a first AC signal at 

a first frequency and a second AC signal at a second 
frequency to the at least one pair of electrodes, the first 
frequency being lower than the second frequency, 

a calculation unit for determining the impedance of a par 
ticle present between the pair of electrodes, the calcula 
tion unit being adapted for determining the impedance 
of the particle at least at the first frequency and at the 
second frequency, for correlating the impedance at the 
first frequency to the opacity being the ratio of the Sec 
ond frequency impedance to the first frequency imped 
ance, and for discriminating from this correlation at least 
the labeled particles expressing the specific marker. 

10. A device according to claim 9, furthermore comprising 
a second pair of electrodes adapted for functioning as refer 
ence electrodes. 

11. A device according to claim 10, furthermore compris 
ing an amplifier circuit adapted for making a differential 
measurement on a particle present between one of the pairs of 
electrodes. 

12. A device according to claim 9, wherein the micro 
channel is adapted for receiving a flow of particles in Suspen 
sion and directing the flow of particles in Suspension between 
the at least one pair of electrodes for identifying and counting 
in the flow of particles in Suspension the particles expressing 
a specific marker. 

13. An analysis method according to claim 1, wherein the 
impedance labeling of the sample is carried out on a microf 
luidic device. 
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