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Abstract Lab-on-chip technologies are being developed
for multiplexed single cell assays. Impedance offers a
simple non-invasive method for counting, identifying and
monitoring cellular function. A number of different
microfluidic devices for single cell impedance have been
developed. These have potential applications ranging from
simple cell counting and label-free identification of dif-
ferent cell types or detecting changes in cell morphology
after invasion by parasites. Devices have also been devel-
oped that trap single cells and continuously record
impedance data. This technology has applications in basic
research, diagnostics, or non-invasively probing cell func-
tion at the single-cell level. This review will describe the
underlying principles of impedance analysis of particles. It
then describes the state-of-the-art in the field of microflu-
idic impedance flow cytometry. Finally, future directions
and challenges are discussed.

1 Introduction

Microfluidic single-cell analysis systems require techno-
logical solutions for counting, trapping, focusing, separat-
ing, sorting, characterisation and identification of single
cells (Brown and Audet 2008; Chao and Ros 2008). Whilst
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bulk measurements on large populations of cells provide
average information, individual cells, which are identical in
appearance, generally have heterogeneous behaviour (Sims
and Allbritton 2007; Svahn and Berg 2007). Therefore,
high-throughput single-cell analysis methods are being
developed that offer new approaches for characterising
large numbers of single cells at high speed. Flow cytometry
is a well-established technique for counting, identifying
and sorting cells (Davey and Kell 1996; Shapiro 2004).
Modern commercial fluorescence-activated-cell-sorting
machines can analyse thousands of cells per second, but are
generally expensive complex machines that are unsuited to
handling small sample volumes. Lab-on-chip technologies
(Manz et al. 1992; Whitesides and Stroock 2001; Thorsen
et al. 2002; Beebe et al. 2002; Stone et al. 2004; Squires
and Quake 2005; Whitesides 2006) offer new approaches
for cell assays, and new technologies are being developed
for high-speed cell manipulation.

Individual cells can be identified on the basis of dif-
ferences in size and dielectric properties using electrical
techniques which are non-invasive and label-free. Char-
acterisation of the dielectric properties of biological cells is
generally performed in two ways using AC electrokinetics
or impedance spectroscopy. AC electrokinetic techniques
are used to study the behaviour of particles (movement
and/or rotation) and fluids subjected to an AC electric field.
The electrical forces act on both the particles and the
suspending fluid and have their origin in the charge and
electric field distribution in the system. They are the basis
of phenomena such as dielectrophoresis (Pohl 1978; Pethig
1979; Morgan and Green 2003; Voldman 2006; Sun et al.
2007a), travelling wave dielectrophoresis (Huang et al.
1993; Morgan et al. 1997), electrorotation (Arnold and
Zimmermann 1988; Yang et al. 1999) and electroorienta-
tion (Jones 1995).
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Electrical impedance spectroscopy measures the AC
electrical properties of particles (in suspension) from
which the dielectric parameters of the particles can be
obtained. The earliest work on bio-impedance measure-
ments can be traced back to the 1910s (Hober 1910, 1912,
1913), where the low and high-frequency conductivity of
erythrocytes was measured. This article was the first to
estimate the conductivity of the interior of an erythrocyte.
In 1924 and 1925, Fricke published a series of papers
(Fricke 1924a, b, 1925a) that described the electrical
conductivity and capacity of disperse systems using
principles laid down by Maxwell (1873). Measurements
of the capacitance of the suspending system (Fricke
1925b, c, d) were used to estimate the capacitance and
thickness of the cell membrane at 8.1 mFm™> and
3.3 nm, respectively, values that are remarkably close to
the accepted values of today. Cole (1928a, b) used
Maxwell’s mixture equation to derive the complex
impedance of a single-shelled cell in suspension. He
proposed the Constant Phase Angle model (Cole 1932) to
describe the behaviour of the cell membrane and derived
the famous Cole—Cole plot. These authors published
several papers (Cole 1935; Cole and Cole 1936a, b) on
the electrical impedance of single oocytes. Single-cell
measurements were firstly made in 1937 when Curtis and
Cole (1937) using two electrodes embedded in a groove
into which a single Nitella cell was placed. Schwan
(1957, 1963) pioneered the field of cell impedance anal-
ysis, identifying three major dielectric dispersions (a, f3
and 7) for biological cells in suspension. The dispersion
occurring at the lowest frequency termed the o-dispersion
is attributed to polarisation of the double layer around the
particle. Because this is found in the kHz frequency
spectrum, it is difficult to measure because of electrical
double layer (EDL) effects at the interface between the
electrode and the electrolyte. The f-dispersion occurs in
the MHz regime and originates from charging of the
capacitive cell membrane. It is the most widely measured
and used to determine cell membrane capacitance. In GHz
range, dipolar relaxation of water gives the y-dispersion.
Schwan’s contributions to the dielectric measurements of
biological material have been summarised by Foster
(2002).

This review summarises recent technological develop-
ment in the field of microfluidic single-cell impedance
analysis. We begin by introducing the Maxwell’s mixture
theory (Maxwell 1873) that describes the dielectric prop-
erties of single cells in suspension. Equivalent circuit
models are presented to link the measured electrical
properties with the dielectric properties of the system. We
then review recent developments in single-cell microfluidic
cytometry. Finally, we describe possible future develop-
ments and applications of the technology.
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2 Theory
2.1 Maxwell’s mixture theory

Impedance is the ratio of the voltage to current passing
through the system. It is a measure of the dielectric prop-
erties (permittivity and conductivity) of the system. The
dielectric behaviour of colloidal particles in suspension is
generally described by Maxwell’s mixture theory (Maxwell
1873). This relates the complex permittivity of the sus-
pension to the complex permittivity of the particle, the
suspending medium and the volume fraction. Based on
Maxwell’s mixture theory, shelled-models have been
widely used to model the dielectric properties of particles
in suspension (Hanai 1960; Pethig 1979; Wachner et al.
2002; Stewart et al. 2005; Asami 2002, 2006; Sun et al.
2007b, c) and are widely used to interpret experimental
results in both AC electrokinetic and impedance measure-
ments. For a cell in suspension, a single-shelled spherical
model is normally used as shown in Fig. la.
The complex permittivity of the mixture is &pyx:

~ 1420 . s & — Em

x = m—————— th = 1
Emix Em 1 — (I)fCM w1 fCM ép i 2ém ( )
where & = ¢ — jo/w is the complex permittivity, F =1,

o the angular frequency, foum is the Clausius—Mossotti and
@ is the volume fraction. The subscripts “p” and “m” refer
to particle and medium, respectively.

The complex permittivity of the cell, &, is a function of
the dielectric properties of membrane and cytoplasm, cell
membrane &ne,, and internal properties &, and cell (inner
radius R and membrane thickness d) given by:
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(2)

The Clausius—Mossotti factor fom characterises the
frequency-dependent effective dipole moment. Separating
the real and imaginary parts of the Clausius—Mossotti
factor gives a Debye relaxation of the form:
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where Re [ ] and Im [ ] are the real and imaginary parts,
respectively. In AC electrokinetics (Morgan and Green
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2003), the frequency dependence and direction of the 1y ( &) B
dielectrophoretic force are governed by the real part of the 71 = RCem g ) om (6a)
Clausius—Mossotti factor, whilst the electrorotation spec- 1 + RGpem [UL 4 (%) JL}
trum depends on the imaginary part of the Clausius—Moss- 1 !
otti factor. Figure 1b shows spectra of the real and imaginary 7 = & + 2ém (6b)
parts of the Clausius—Mossotti factor of a cell for different 0i +20m

suspending medium conductivities (see legends for details).

In Eq. 5, tmw is referred to as the Maxwell-Wagner
relaxation time constant. For single cells in suspension, the
suspending system has two intrinsic relaxation frequencies.
The first relaxation (time constant 7;) occurs at low fre-
quencies and is due to (Maxwell-Wagner) polarisation of
the cell membrane-suspending medium interface. The sec-
ond relaxation (time constant 1,) occurs at higher frequen-
cies, and is due to polarisation between the suspending
medium and the cell cytoplasm, when the cell membrane
capacitance is effectively short-circuited. Figure 1b shows
these two relaxations as the real and imaginary parts of the
Clausius—Mossotti factor. For a cell, the real part of Clau-
sius-Mossotti factor is negative at low frequencies, indi-
cating that cell experiences negative dielectrophoresis
(DEP) but at intermediate frequencies this varies with the
conductivity of the suspending medium. Note that there are
two electrorotational (ROT) peaks (imaginary part of
Clausius—Mossotti factor), corresponding to 7; and 7,.
Characterisation of the dielectric properties of single cells is
often performed by analysing the rotation spectra, in con-
junction with measurements of the DEP cross-over fre-
quency (Pohl 1978; Pethig 1979; Wang et al. 1993; Morgan
and Green 2003).

Pauly and Schwan (1959) published a set of equations
that describes the two characteristic relaxation time con-
stants in terms of cell properties, specifically the cell
membrane capacitance C,.,, and cell membrane conduc-
tance Gmem:

Their results are based on three approximations: (i)
The conductivity of the cell membrane is considered very
small compared with the cytoplasm and suspending
medium conductivity (Oyem < 0y, and ;). (ii)) The
membrane thickness is small compared with the cell
inner radius (d < R). (iii) The displacement current in the
suspending medium and the cytoplasm is negligible
compared with the conduction current (g, = ¢ = 0).
Taken together, these three approximations make 7
independent of the permittivity of the suspending
medium and cytoplasm, and 7, independent of the
permittivity and conductivity of the membrane. Recently
Laplace transform of Maxwell’s mixture equation (Egs. 1
and 2) was used to derive complete analytical expressions
for the two characteristic relaxation time constants (Sun
et al. 2007b).

Maxwell’s mixture theory is only valid for dilute sus-
pensions (volume fraction below 10%). For higher con-
centrations, interaction between the induced particles
(dipoles) should be taken into account. Mixture theory was
extended by Bruggeman (1935) and Hanai and colleagues
(Hanai 1960; Hanai et al. 1975, 1979; Hanai and Koizumi
1976), to high volume fractions:

Bix — Bp) ((Em )’
o (2)(E)
&m — &p Emix

The impedance of a system, e.g. cells in suspension, is
related to the complex permittivity through
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- 1 () Simplified cell components:
M j0EmiG 9DRCppem
JWemix Ut Crem = 0 Gt (9C)
where Gy is a geometric constant, which for an ideal par- 4
allel plate electrode system is simply the ratio of electrode 4 (24 + L)
area to gap A/g (m). This equation, together with Eq. 1, R, = % (9d)
f

allows the complex permittivity of a suspension of cells to
be determined from the frequency-dependent impedance
measurements. Normally, a cell suspension is measured
using planar or cylindrical electrode geometry where Gy
can be easily defined. However, for single-cell impedance
analysis, the cell is located in an electric field generated by
two micro-electrodes. In this case, the field is not uniform
and the effect of the divergent field (fringing field) must be
considered to correctly model the impedance. This involves
detailed analysis of the field geometry and a modification
to Gy—see later.

2.2 Equivalent circuit model

For simplified analysis of the system, an electrical circuit
analogue is often used and such an approach was developed
by Foster and Schwan (1989). The cell is approximated to a
resistor that describes the cytoplasm in series with a
capacitor for the membrane as shown in Fig. 2a. The cell
membrane resistance is generally much greater than the
reactance of the membrane and is ignored. Likewise, the
capacitance of the cell cytoplasm can be ignored when its
reactance is compared to the cell cytoplasm resistance. The
values of the electrical components in the circuit are as
follows:
Suspending medium:

1
Ry=—+"— 9
™ (1 — 30/2)G (%)
Cm = Soon (9b)
(@ U
/, Ri \\\
]
Rm> 0 el v ——Cn
' [
\ C;nem /
\
. -1 L7

Simplified Model

Fig. 2 a Foster and Schwan’s simplified circuit model for a single-
cell in suspension. The cell is modelled as a resistor R; (cytoplasm)
and a capacitor Cy,e;, (membrane) in series. b The complete circuit
model for a single-shelled particle in suspension. The particle is
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with specific membrane capacitance (per unit area)
Cinem,0 = €mem/d. The limiting high-frequency permittivity
of the suspension is related to the suspending medium
permittivity according to

Em — &
oo ™ Em {1 - 30 m} (9e)
Foster and Schwan’s simplified circuit model has been
used to interpret single-cell impedance measurements
(Gawad et al. 2001, 2004; Morgan et al. 2007; Sun et al.
2007c, d) providing good agreement with experiments.

In certain cases, the cell membrane conductance and
cytoplasm capacitance cannot be ignored, for example
during electroporation (Tsong 1991) or cell lysis (Lu et al.
2005), where the resistance of the cell membrane and the
capacitance of the cytoplasm vary widely. In this case, a
complete equivalent circuit model is required. For a single-
shelled spherical particle, this will include the resistance of
the membrane and the capacitance of the cytoplasm (Sun
et al. 2009a). The complete circuit model is shown in
Fig. 2b, and the values of the electrical components are

Suspending medium:

1

R = e (10a)
C., = ¢ Gy (10b)
Complete cell components:
1 1 ky +k
R, — T+ T2 t172(k2 + k3) (11a)

™ Gel|Aer +Aey kot ks (Ae; + Aey)?

(b) -
- - S~a .
4
,, Ri \\
, \
/ ’ \ r’
R, 1 -C vl
m v Cell T [ Cm
] ’
\ ’ :: Cmeml’
\\ Rmem :E ’,
'R L
~ ~ - - s

Complete Model

modelled as a resistor R; and a capacitor C; in series (cytoplasm) in
combination with a resistor R and a capacitor C, . in parallel
(membrane)

m m
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’ Tlfz(k2+k3>
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where R, .. and C,.,, are the resistance and capacitance of
the cell membrane, respectively. R; and C, are the resis-
tance and capacitance of the inner core (cell cytoplasm),
respectively. Full details of these equations can be found in
the study of Sun et al. (2007b, 2009a).

3 Coulter counter

The first cytometer capable of measuring the electrical
properties of single particles was developed by Coulter
(1956). The device measures the DC resistance between
two electrically isolated fluid-filled chambers and the
change in this as particles pass through a small connecting
orifice (Fig. 3). Two large electrodes are positioned at
either side of an orifice. As a particle passes through the
orifice, it displaces the conductive fluid and alters the
resistance, this change is measured as a current pulse. Each
pulse corresponds to the movement of a single particle and
the magnitude is proportional to the amount of fluid dis-
placed, i.e. cell size. A simplified analysis of the Coulter
counter was given by Deblois and Bean (1970). The
resistance of a tube, diameter D,, length L, filled with
electrolyte of resistivity p,, (Fig. 3) is
R = 4pmLe

nD?

(12)

Fig. 3 Illustrating the working
principles of the Coulter
counter. A suspension of
particles or biological cells flow
through a sensing aperture

Deblois and Bean (1970) used Maxwell’s approximation
to evaluate the resistance of the tube containing a spherical
particle (diameter dp). Here, we show how Maxwell’s
approximation is a simplified form of Maxwell’s mixture
theory. Considering only the conductivity component in
Eq. 1, the conductivity of the mixture can be written as

1+ 2@(“?*"'" )

p+20m
Gmixzamﬁ
1- (D(ap+2(rm)
Op — O
= 0|l +30 P8 13
onl 1+ <1—<1>>ap+<z+<b>am} ()

For low volume fraction (® < 1), Eq. 13 can be
approximated to

oy, — O,

mix ~ om | 1430 L —T 14
7 ’ ( + op + ZGm) (14)
and written in terms of resistivity, Maxwell’s
approximation is

pp — Pm
Pmix = Pm 1 + 30
(2pp + pm) + 3(I)(pm - pp)

pp_pm
~p 1+3q>7> (15a)
“’( 2pp + P

14 30 n —90p,,
2 4pp + 2
For an insulating particle (i.e. a cell measured at low
frequencies) this becomes

30
Pmix = Pm 1 +7

= Pm

(15b)

through which current flows.
The current is modulated
(reduced) as a particle passes
through, so that individual cells
can be counted and sized

Electrodes
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The volume fraction of a particle in a tube is
3
©— 2d,
3DIL,

(16)

Combining Eqgs. 12, 15 and 16, the resistance of the
mixture is

dp . L, 4p. L a3
Rmix: Pmix t: Pm t<1+ p ) (17)

nD? nD? D2L,
as in Deblois and Bean (1970). The resistance change AR

due to the particle is given by

4p._d>
AR = Rupix — R, = ngﬁp

(18)

Equation 18 is based on the assumption that the particle
diameter is small compared with the tube (® < 1), but
ignores other issues such as access resistance to the tube.
Deblois and Bean (1970) gave a solution applicable over a
broader range:

4p. d3 &
AR(D[/Ll<<1) = (—ng4p> . F(D_l%’) (19)
t

where F (d) / D} ) is a correction term that accounts for the
non-uniformity of the current density within the tube.

According to Eq. 18, the sensitivity of the Coulter
counter depends on the fourth power of the orifice diameter.
A small orifice is used to detect small particles, but restricts
the overall range of particle sizes that can be measured. To
increase the sensitivity, the current flux through the orifice
must be increased. Usually a large orifice is used together
with a low conductivity sheath fluid (Spielman and Gorsen
1968; Shuler et al. 1972). A limitation of the Coulter counter
is that DC resistance measurements only provide size
information. Hoffman et al. (1979, 1981) developed a flow-
system, based on the Coulter counter design, where an AC
current flows through the orifice to measure the impedance
of cells at higher frequencies. This article was the first
demonstration of a device for high-speed single-cell
impedance analysis. The simplicity and sensitivity of the
Coulter technique contributed to its rapid development and
commercialisation (i.e. Beckman Coulter, Fullerton, CA,
USA) and is a classical example of resistive-pulse sensor
(Bayley and Martin 2000).

The earliest design of a micro-fabricated Coulter counter
consisted of an aperture fabricated in silicon with a glass
cover (Larsen et al. 1997). A four-point electrode
arrangement was integrated on the bottom of the channel,
however, no data were published. Koch et al. (1999) also
fabricated a micro-Coulter counter using an etched silicon
trench with metal electrodes. Again, no experimental
data were reported. Saleh and Sohn (2001) fabricated a
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micro-Coulter counter on a quartz substrate with pore
dimension of 5.1 x 1.5 x 1.0 um® (Fig. 4a). They mea-
sured colloids ranging from 190 to 640 nm in diameter and
obtained a resolution of +10 nm in diameter (Fig. 4b).
Satake et al. (2002) developed a silicon-based Coulter
counter and counted polystyrene beads and red blood cells
(RBCs). Experiments showed good linearity between the
number of recorded pulses and the concentration of parti-
cles. In 2003, Saleh and Sohn (2003a, b) further extended the
technology to measure nanoparticles. They fabricated a
polydimethylsiloxane (PDMS) channel with a 200 nm
constriction and detected single DNA molecules and anti-
body binding onto nano-beads. The concept of a micro-
Coulter counter for analysing nano-particles has evolved
into sophisticated nanopore devices capable of single mol-
ecule analysis and high-throughput sequencing single-
stranded genomic DNA or RNA (see Branton et al. 2008 for
an overview).

In recent years, several groups have endeavoured to
improve on the micro-Coulter counter, addressing issues
such as channel clogging, throughput, and sensitivity.
Nieuwenhuis et al. (2004) used a °‘liquid aperture’ to
overcome channel clogging. The aperture was defined
using a non-coaxial sheath of conductive sample fluid,

(@)ra

(b)

# of Events

Pulse Height (61/1, 10°3)

Fig. 4 a Scanning electron micrograph of a micro-Coulter counter.
b A histogram of pulse heights, demonstrating a resolution of
+10 nm in particle diameter (adapted with permission from Saleh and
Sohn 2001, copyright© 2001, American Institute of Physics)
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surrounded on three sides by a non-conductive sheath
liquid. As shown in Fig. 5a, the vertical dimensions of the
Coulter aperture are controlled by the relative flowrate
between the sample solution and sheath flow. The rela-
tively high sheath flowrate reduces the height of the aper-
ture. The horizontal dimensions of the Coulter aperture are
controlled by two control ports on the sides of the channel.
Since the physical dimensions of the channel are much
larger than the Coulter aperture, this use of hydrodynamic
focussing prevents channel blocking. In Fig. 5b, the sample
solution (red in online color version) demonstrates a stable
sheath flow and the Coulter aperture can be controlled over
a large range.

Throughput can be improved using multi-aperture
designs (Jagtiani et al. 2006a, b) or multiple-channels (Zhe
et al. 2007). Jagtiani et al. (2006a, b) designed a four-
aperture (Fig. 6a) Coulter counter to measure particles
flowing through four channels simultaneously. Each sub-
Coulter counter had its own interrogation electrodes and
electronics. Zhe et al. (2007) designed a four-channel

(a) Sheath Inlet

| Horizontal v
y Control
Port
|
S‘l’:l":t'e Outlet
Electrode L]
t

Fig. 5 a The Coulter aperture can be controlled in two dimensions by
varying the relative flow-rates at the sample inlet and control inlets.
b Experimental results using a dye (red in online color version) for
sample solution, demonstrating stable sheath flow in the channel, and
how the aperture size can be varied (adapted with permission from
Nieuwenhuis et al. 2004, copyright© 2004, Elsevier)

parallel micro-Coulter counter sharing a single sample
reservoir (Fig. 6b). The device has a common electrode
and four central electrodes for each channel. A constant
DC supply was connected to the common electrode at one
end and to a sampling resistor at the other end. The device
detects particles flowing through the four sensing channels
simultaneously and thus enables higher throughput.

Most Coulter designs measure particle properties at low
frequencies using non-polarisable electrodes like Ag/AgCl
but these electrodes are unsuitable for high frequency
measurements and they also have a limited lifetime. For
wide-band impedance measurements, metal electrodes are
used. Unfortunately the formation of an EDL at the inter-
face between the electrode and the suspending medium
(Schwan 1968; Bard and Faulkner 2000) causes other
problems. The EDL can be thought of as a capacitor which
is in series with the sample; at low frequencies the
impedance of the EDL capacitor dominates the system so
that only a small fraction of the voltage appears in the
sample. One solution to minimise this EDL effect is to
increase the surface area of the electrodes. Zheng et al.
(2008) fabricated a miniature Coulter device with electro-
plated platinum-black electrodes. The surface roughness of
electrodes increased from 6.75 to 238 nm after electro-
plating. The authors demonstrated an improvement in the
low-frequency performance and were able to size poly-
styrene beads and human RBCs at a frequency of 10 kHz.

Several papers have demonstrated microfabricated
microfluidic sensors for single particle counting (Tang and
Gao 2005; Chun et al. 2005; Cho et al. 2006; Wu et al.
2008a, b; Kim et al. 2009) and a recent review on micro-
fluidic systems for counting particles using electrical and
optical methods has been published (Zhang et al. 2009).
One issue with Coulter counters is detecting small particles
in a large aperture. Wu et al. (2008a) used a two-stage
differential amplification scheme in a symmetric mirror-
channel structure to increase the signal-to-noise ratio
(SNR). Particles were detected at a volume fraction in the
sensing aperture of 0.0004%, equivalent to a particle size
of 520 nm in diameter in a sensing aperture of
50 x 16 x 20 pm’. Further designs had integrated fluo-
rescent detectors (Wu et al. 2008b) for simultaneous
electrical and optical detection of single particles. A ve-
locimetry chip (Chun et al. 2005) utilised a polyelectrolyte
salt bridge-based electrode (PSBE). The PSBEs were fab-
ricated using a photopolymerisation technique and as
shown in Fig. 7a, were connected to an impedance analyser
through isotonic NaCl solutions and Ag/AgCl electrodes,
respectively. Figure 7b shows the use of the device for
counting RBCs and white blood cells (WBCs) in human
blood. The size difference between RBCs and WBCs can
be clearly resolved. The throughput of the device is
claimed to be 1000 cells/s, which the authors attribute to
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Fig. 6 a A high-throughput (a)
resistive-pulse sensor consisting

of four peripheral reservoirs and

a main central reservoir AiAgCl

(adapted with permission from cloctrode

Jagtiani et al. 2006a, b,
copyright© 2006, IOP). b A
schematic diagram of a four-
channel Coulter counter
(adapted with permission from
Zhe et al. 2007, copyright©
2007, I0P)

Peripheral

reservoirs | \

the quick response of the analysis system which can only be
done with PSBEs, because metal electrodes have an EDL
and/or Faradaic reactions on the surfaces. The lifetime of the
non-polarisable Ag/AgCl electrodes is a limiting factor in
the design and a typical 1 h running time was reported by the
authors. Recently, a similar design (Kim et al. 2009) used
polyelectrolyte gel electrodes for counting RBCs.

4 Microfluidic impedance cytometry
4.1 Impedance analysis of flowing cells

Impedance micro-cytometry is an evolution of the micro-
Coulter counter, but instead of fabricating an aperture with
sensing electrodes either side, microelectrodes are inte-
grated into the walls of the microchannel. Ayliffe et al.
(1999) was the first to demonstrate single-cell impedance
measurements in a micro-device. They fabricated a mi-
crochannel (10 pm wide and 4.3 um high) from epoxy-
based photoresist on glass substrate with integrated gold
electrodes (8 pm wide and 4 pwm thick), as shown in
Fig. 8a. Impedance spectra over a frequency range from
100 kHz to 2 MHz were measured for human polymor-
phonuclear leukocytes (PMNs) and fish RBCs suspended in
different concentrations of phosphate buffered saline (see

Fig. 7 a A micro-Coulter
system where the DC resistance
is measured across the channel.
A bias of 0.4 V is applied
between two Ag/AgCl
electrodes, electrochemically
connected to two PSBE through
a NaCl solution. b Scatter plot
of the velocity and peak
amplitude for RBCs and WBCs
flowing through the velocimetry
chip (adapted with permission
from Chun et al. 2005,
copyright© 2005, ACS)
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Micro Chanacl

Mini-channel

Central
reservoir

(b)

Insulation layer

Microchannel 1

Microchannel 2
Microchannel 3

Microchannel 4

Common

Palymer membrane electrode

with micro-channel

Fig. 8b). This device shown was able to differentiate
between cells and demonstrated the potential of single-cell
impedance analysis.

Impedance measurements at multiple frequencies
(within a bandwidth of 10 MHz) were performed by Fuller
et al. (2000), who characterised human peripheral blood
granulocytes, and measured radius, membrane capacitance
and cytoplasm conductivity. The throughput of the device
was up to 100 particles/s. Sohn et al. (2000) developed
“capacitance cytometry” and claimed to measure the DNA
content of fixed eukaryotic cells. A PDMS microchannel
was fabricated over a pair of gold electrodes. Distinct
peaks, representing the electrical properties of individual
cells, were measured using a capacitance bridge at a fre-
quency of 1 kHz which measures cell size, like a Coulter
counter. Results showed a linear relationship between the
capacitance and the DNA content of a cell, probably
reflecting change in cell volume.

A significant advance in single-cell impedance tech-
nology was reported by Gawad et al. (2001), who dem-
onstrated clear differentiation of beads and also
erythrocytes and ghost cells. The principle of single-cell
impedance analysis using this approach is shown in
Fig. 9a. Two pairs of microelectrodes are fabricated on the
bottom of a microchannel. The electrodes are energised
with a voltage at one or more discrete frequencies,
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Fig. 8 a SEM of a
microchannel with integrated
gold electrodes that was used
for single-cell impedance
measurements. b Impedance
magnitude data for human
PMNs and fish RBCs at four
different frequencies showing
that the differences in cell types
could be identified (adapted
from Ayliffe et al. 1999,
copyright© 1999, IEEE)
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Fig. 9 a Schematic diagram showing a particle flowing over a three-
electrode micro-impedance chip, and a typical impedance signal for a
single particle. The image (right hand corner) shows the microelec-
trodes within the channel. b The electronic sub-components showing
the excitation, amplification and demodulation parts of the mixed-
frequency detection circuit. ¢ Impedance scatter plots for particles

generating a non-uniform electric field within the channel.
One pair is used for sensing the electric current fluctuation
caused by a cell, whereas the other measures the electric
current passing through the pure medium and acts as a
reference. To detect the impedance signal from a single
cell, microelectrodes are fabricated with sizes similar to a
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flowing through the device. Upper figure shows the in-phase
component of the impedance signal for 2,000 erythrocytes plotted
for two different frequencies. Lower image is data for ghost cells and
erythrocytes at a 1:4 ratio. From the impedance data the cell size is
estimated (adapted with permission from Gawad et al. 2001,
copyright© 2001, RSC)

cell, in the range 10-30 pm. The electrical current from
two sensing volumes is converted into voltage signals using
trans-impedance amplifiers. Then, a differential amplifier
subtracts the difference between the two signals. Lock-in
amplifiers are used to demodulate the in-phase and out-
phase impedance signals at the stimulating frequency,
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whilst rejecting noise at other frequencies (Fig. 9b). The
differential variation in impedance is measured as a pair of
peaks. This differential impedance sensing scheme pro-
vides several advantages (Gawad et al. 2001): (i) the
properties of the cell is measured directly against the sus-
pending medium; (ii) any uneven drift in the properties of
the electrodes is cancelled; (iii) the velocity of the flowing
cells is determined from the transit time between the peaks.
Figure 9c shows impedance data (scatter plot) for eryth-
rocytes and a mixture of erythrocytes and ghost cells. This
article was the first demonstration of quantitative analysis
demonstrating discrimination of two cell populations.

The coplanar electrodes design (Fig. 9a) proposed by
Gawad et al. (2001) was adapted for single particle/cell
impedance sensing and counting by many authors (Nie-
uwenhuis et al. 2004; Wood et al. 2005, 2007a, b; Morgan
et al. 2006; Benazzi et al. 2007; Kiittel et al. 2007; Iliescu
et al. 2007; Rodriguez-Trujillo et al. 2007, 2008; Murali
et al. 2009). High-speed measurements were demonstrated
by Wood et al. (2005) who used a radio frequency reso-
nance detection technique with coplanar electrodes to
eliminate stray capacitance effect at high frequencies and
particles could be counted at a throughput of 25000/s.

(a) Measurement
Channel

0. Induced
Polarisation

@ Field
o Flow

©  Low frequency FEM
25% | —— Low frequency Mixture equations
# High frequency FEM

g

— — -High frequency Mixture equation

Impedance variation
2 £

£

Cell volume in um?®

Fig. 10 a A cell between two microelectrodes in a microfluidic
channel and the electric field. b Plots comparing finite-element
modelling (dots) and Maxwell’s mixture equation (/ines), of the
impedance change for different cell sizes. ¢ The change in impedance
(at two different frequencies) for a 4-um diameter cell moving along a
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However, the amplitude of the detected peaks, which is a
measure of particle size, varies widely, so that accurate
sizing is not possible at such a high flowrate.

The non-homogeneous electric field distribution caused
by planar microelectrodes has a major influence on the
variation in the impedance signal amplitude. This is
because nominally identical particles flowing at different
positions in the channel experience different electric field
strength and generate a different impedance signal. Accu-
rate mapping of the electric field distribution within the
microchannel is required to model the impedance spectrum
of a single cell. Gawad et al. (2004) performed 3D finite-
element modelling of a pair of parallel facing electrodes
(Fig. 10a) to calculate the electric field and compared
numerical solutions with Maxwell’s mixture equation
(Fig. 10b). Linderholm et al. (2005, 2006) and Sun et al.
(2007c) used conformal mapping method to analytically
solve the electric field distribution for both a coplanar and
parallel facing electrode design. It was demonstrated that
the control of particle position is more significant for the
coplanar design than for the parallel electrode configura-
tion because the electric field distribution in the latter
design is least divergent (Sun et al. 2007c).
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trajectory 7 um below the centre line of the channel. The opacity
calculation demonstrates much lower sensitivity to position that the
low or high frequency impedance (adapted with permission from
Gawad et al. 2004, copyright© 2004, RSC)
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The geometric Gy constant in Eq. 8 relates the measured
impedance to the system complex permittivity. To account
for the non-homogeneity of the electric field distribution in
the cytometer, values of Gy have been published (Gawad
et al. 2004). This geometric factor depends on the length of
the electrode, width and height of the channel and full
derivations of this geometric factor for both coplanar and
parallel facing electrodes designs have been derived in Sun
et al. (2007¢).

Plotting the ratio of the high-to-low-frequency imped-
ance data, termed ‘opacity’, normalises the cell properties
for size and also for position in the channel (Gawad et al.
2004). This effect is illustrated in Fig. 10c, where the
magnitude of the impedance (calculated numerically) for
high and low frequencies is plotted as a function of the
position of a cell along the electrodes. It can be seen that
although the impedance signal changes, the opacity is
much less influenced by position.

Cheung et al. (2005) used a chip with parallel facing
electrodes to measure the dielectric properties of RBCs.
They compared the difference between ghosts and RBCs
where the membrane proteins had been fixed using glu-
taraldehyde. They showed that the opacity of RBCs with
fixed cell membranes was significantly different from
normal RBCs. A similar system was used by Kampmann
et al. (2008) to discriminate various cell types.

Figure 11a shows a photograph of the type of chip used
for these experiments, with channel dimensions in the
range 20-30 pm. Figure 11b shows a simulated plot
showing the variation in magnitude and phase of the
impedance with frequency for a “typical” cell, based on
the equivalent circuit model (Eq. 9) through PSpice. It
shows that the low-frequency behaviour is dominated by
the EDL, and that at around 500 kHz cells can be accu-
rately sized. At intermediate frequencies, the membrane
capacitance dominates behaviour, whereas at high fre-
quencies, the cell cytoplasm becomes important. An
example of the use of high frequency measurements for
cell analysis was reported by Kiittel et al. (2007), who
detected infection of RBCs with the parasite Babesia bovis

Fig. 11 a An example of
microfluidic cytometry for
single-cell impedance analysis.
b Plot of the magnitude and
phase of the impedance spectra
from PSpice circuit simulation

using a signal at 8.7 MHz and low conductivity suspending
media. The reduction in conductivity reduces the charac-
teristic membrane charging frequency—Eq. 6a and reduces
the frequency required to probe intracellular properties.
Theses authors demonstrated differentiation of parasitised
RBCs from uninfected RBCs and ghost RBCs due to the
changes in the electrical properties of the cell cytoplasm.
Extending the frequency range of impedance measure-
ments will further aid in interrogating intracellular prop-
erties. Very recently, Ferrier et al. (2009) reported a
microwave interferometric system, made from a resonant
transmission line for detecting capacitance changes from a
single cell at a frequency of 1.6 GHz. Preliminary experi-
mental results showed time-dependent capacitance changes
as yeast cells flowed over the interdigitated electrode array.
Single-cell impedance analysis in micro-cytometry is
performed at high speed, usually with two excitation sig-
nals as shown in Fig. 9b. Measurement of the frequency
spectrum for a single-cell population can be performed by
sweeping a stimulation signal over a range of frequencies
whilst cells flow through the device (Gawad et al. 2001,
2004; Cheung et al. 2005; Morgan et al. 2006, Holmes
et al. 2009). The disadvantage of this approach is that
although single cells are measured, the data represent the
average for the population and are not a true measurement
of an individual cell. A high-speed multi-frequency anal-
ysis system to characterise single particles was developed
by Fuller et al. (2000), using multiple fixed frequencies
demodulated with lock-in systems. However, the system is
complicated and requires a large amount of mixed-signal
hardware. Sun et al. (2007d, ¢) and Gawad et al. (2007)
developed a broadband impedance spectroscopy technique
for single-cell analysis in a time window as short as 1 ms.
The technique uses a pseudorandom white noise (maxi-
mum length sequence, MLS) as a stimulating signal instead
of single frequency sinusoidal signals, as shown in
Fig. 12a. The MLS single-cell impedance measurement
system is shown in Fig. 12b, where the signal generators
and lock-in amplifiers of a conventional system (Fig. 9b)
are replaced with the MLS signal. Software is used to
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Fig. 12 a The principle of MLS single-cell impedance analysis
where the electrodes are energised with a pseudo random noise signal
which contains all frequencies. b The structure and data flow path of
the MLS single-cell impedance measurement system (adapted with
permission from Gawad et al. 2007, copyright© 2007, AIP).
¢ Variations of the real part of the transfer-function signal as a

transform the sampled output response into the impulse
response of the system using the Fast M-sequence Trans-
form (FMT). The transfer-function of the system is
obtained from Fast Fourier Transform (FFT), finally giving
the impedance spectrum. Figure 12c¢ shows variations of
the real part of the transfer-function of the system due to
the passage of two sizes of beads, plotted for four discrete
frequencies (out of 512 separate frequencies measured).
The figure demonstrates how MLS measures the imped-
ance of every bead at many different frequencies at the
same time. Figure 12d shows the MLS data, the single
frequency data and the PSpice simulation results for
5.49 pm diameter beads. MLS measurement provides 512
discrete frequencies in approximately 1 ms. The AC single
frequency measurement data for ten different frequencies
was measured over several minutes and is the average
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function of time, for two different beads, at four selected frequencies.
d Real and imaginary parts of the impedance spectrum for the
5.49 pm bead obtained from PSpice simulation, MLS measurements
and AC single frequency measurements, showing good agreement
(adapted with permission from Sun et al. 2007a, copyright© 2007,
RSC)

signal for 200 beads at every frequency. The figure shows
good agreement for all three methods, indicating that the
MLS system correctly measures the impedance spectrum
for a single particle. The upper frequency is limited by the
sampling rate of the A/D data acquisition card. However, a
limitation of MLS technology is degradation of the SNR of
the system, since MLS is extremely vulnerable to slight
time variances, for example changes in the flow of cells in
the microchannel. Sun et al. (2009b) applied adaptive fil-
tering technique in an adaptive line enhancer mode to
reduce the noise.

Taking advantage of laminar flow in microfluidics,
hydrodynamic focusing techniques have been used to
increase the sensitivity of the system. Rodriguez-Trujillo
et al. (2007, 2008) used a sheath flow with a lower con-
ductivity than the sample flow to concentrate the electric
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Fig. 13 a A micro-device with 2-D hydrodynamic focusing that
improves the sensitivity of impedance detection. b Confocal images
of a cross section of the of the sample solution measurement channel

field lines into the impedance sensing region. As shown in
Fig. 13a (Rodriguez-Trujillo et al. 2008), two-dimensional
focusing was achieved using an additional orifice drilled in
the central inlet channel. The sample is focused into the
central stream (in the y-direction) and at the same time
pushed towards the electrodes (in the z-direction), where
the electric field strength is high so that the sensitivity is
maximised. Since D.I. water (2.1 x 1074 S/m) is much
less conductive than the sample medium (0.15 S/m), the
electric field lines are confined within the sample solution,
which can be much narrower than the physical geometry of
the channel. Figure 13b shows confocal microscopy ima-
ges of a section transversal to the direction of the fluid in
the outlet channel for four different focussing conditions.
The sample flux is focused in both lateral and vertical
directions to the desired size by adjusting the flowrates of
the sheath flows. This technique allows a broad range of
particle sizes to be analysed within a single channel. A 2D
hydrodynamic focussing scheme was proposed by Scott
et al. (2008), in which a stepped outlet channel was fab-
ricated to create a narrow sample stream on the floor of the
channel for close interaction with the impedance sensing
electrodes. Very recently, a similar focussing strategy to
that of Rodriguez-Trujillo et al. (2008) was used by Wat-
kins et al. (2009) to ensure that cells flow in single-file
consistently close to the sensing electrodes.

The sensitivity of impedance analysis can be increased
further using an insulating sheath flow consisting of an oil
phase, focusing a sample into the central stream as shown
in Fig. 14a (Bernabini et al. 2010). This figure shows a
wide microfluidic channel (250 pm) with pairs of opposing
electrodes. The oil sheath ensures that the current density is
concentrated only in the conducting liquid. Using this

Mow Ve Mow

: focusing Mow

transverse to the direction of flow (adapted with permission from
Rodriguez-Trujillo et al. 2008, copyright© 2008, Elsevier)

technique, it is possible to detect differences between
micron-sized particles in a very wide channel. For exam-
ple, Fig. 14b and ¢ shows impedance scatter plots for
mixtures of beads and Escherichia coli. The impedance
data are plotted as phase against the magnitude of the low-
frequency signal (503 kHz). The data are triggered on the
low-frequency in-phase impedance signal and, in both
cases, clear discrimination between the two different pop-
ulations is observed. The volume fraction of the 1 pm
diameter particles in this measurement were 0.0036%.

4.2 Impedance analysis of trapped cells

In contrast to continuous flow systems, there is often need
to monitor single cells in culture for long periods of time.
Microfluidic devices are ideally suited to this, and one
example of a multiplexed single-cell assay technology is
the hydrodynamic cell trapping arrays, which are used to
capture large numbers of individual cells for kinetic anal-
ysis within a microfluidic device (Di Carlo et al. 2006a, b).
These arrays can be integrated with impedance sensing
electrodes, for example, Jang and Wang (2007) fabricated a
three-pillar microstructure to capture single-HeLa cells in a
microchannel and perform electrical impedance analysis of
single cells. Hua and Pennell (2009) fabricated a chevron-
like structure of electrodes in a microfluidic channel to
capture single cells and measure volume changes using
impedance. Malleo et al. (2009) demonstrated continuous
differential impedance analysis of single cells held by
hydrodynamic cell traps. Figure 15a shows the way in
which individually addressable electrodes together with
micron-sized traps are integrated in a microfluidic plat-
form. Measurements are performed on cells that are
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Fig. 14 a A hydrodynamic focusing scheme using oil for the sheath
flow. b Scatter plot of phase against magnitude of the low-frequency
impedance for a mixture of 1 and 2 pm diameter polystyrene beads.
The plots are colour-coded based on the fluorescence measured from

hydrodynamically trapped by normalising the spectrum of
a trap containing a single cell to a neighbouring counterpart
empty trap. Long-term studies are therefore not influenced
by local changes in temperature, pH or conductivity. The
system was tested by assaying the transient response of
HeLa cells to the lysing effects of the surfactant Tween
(Fig. 15b) and the kinetics of the pore-forming toxin
streptolysin-O (Fig. 15¢c) was measured. Perfusion of the
toxin elicited exponential decays in the differential
impedance response with time constants inversely propor-
tional to toxin concentration. The combination of single
hydrodynamic cell trapping with single-cell impedance
analysis provides a scalable label-free cell analysis system.
The throughput of cell capturing-type devices is limited
unless a large numbers of traps can be fabricated in the
channel (Di Carlo et al. 20064, b; Skelley et al. 2009). The
integration of electrodes together with multiplexed
impedance measurements increases the complexity of the
system compared with flow-through systems and for large
arrays of traps complex active matrix methods will be
needed to measure the signals from multiple electrodes.

4.3 Applications for clinics and diagnostics
Single-cell impedance analysis methods have recently been
developed for biomedical, clinical and point-of-care diag-

nostic applications. Mishra et al. (2005) used protein-
coated microelectrodes to capture the CD4% cells and
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each bead. ¢ Scatter plot of phase against low-frequency impedance
magnitude for a mixture of E. coli and 2-pum diameter polystyrene
beads. Plots are colour-coded based on fluorescence

showed a linear relationship between the measured
impedance and the number of the captured CD4" cells,
although single-cell sensitivity was not demonstrated. The
device is aimed at a low cost method for counting CD4™"
cells and therefore diagnosing and managing patients with
HIV/AIDS. Cheng et al. (2007) used various designs of
electrode patterns to count cells by measuring impedance
changes in the suspending systems. The detection sensi-
tivity was 20 cells/pl. Single-cell sensitivity was demon-
strated by Wang et al. (2008) who integrated a metal oxide
semiconductor field effect transistor (MOSFET) into a
microfluidic chip, and together with optical detection was
able to count purified lymphocytes. The device has the
potential to reduce the cost of HIV diagnosis and treatment.

A significant development in the application of single-
cell impedance systems was recently demonstrated by
Holmes et al. (2009), who showed how a complete (or dif-
ferential) WBC count could be performed with a few mi-
crolitres of human blood. Lymphocytes, monocytes and
neutrophils could be separately identified and counted.
Figure 16a shows the measured frequency-dependent
properties of these three main leukocyte sub-populations,
together with PSpice circuit simulations. The data show that
the impedance varies with cell size and membrane capaci-
tance across the frequency spectrum. Figure 16b shows an
impedance scatter plot for human whole blood (depleted of
RBCs), demonstrating that the three common leukocytes can
be clearly identified. The microfluidic cytometer was tested
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Fig. 15 a The experimental system of the cell trap array. The
microfluidic device is mounted on a PCB board, which makes
electrical connections to the chip and interfaces to a computer and the
impedance analyser. b Impedance magnitude traces for three
individual HeLa cells showing typical changes when a single cell is
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perfused with Tween 20 causing membrane damage and cell lysis.
¢ Data showing the effect of addition of SLO toxin on the impedance
spectrum for a single cell. The data were sampled at a frequency of
300 kHz. The exponential curves are the responses for different toxin
concentrations, 10, 1 kU/ml, 100 U/ml
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Fig. 16 a Frequency spectra of the impedance data for purified sub-
populations of T-lymphocytes, monocytes, neutrophils. Each data
point comprises approximately 1,500 events and shows the mean and
standard deviation of the data. The (solid) dashed lines show the best
fit to the data based on PSPICE circuit simulation of the cell. b Scatter
plot of opacity versus low-frequency impedance magnitude for

using blood taken from volunteers and benchmarked against
a commercial blood analysis system. The lymphocyte,
monocyte and granulocyte counts were determined from a
2D Gaussian probability profiles. Figure 16c shows the
correlation (95%) between the impedance cytometer and the
standard haematology analysis.

saponin/formic acid treated whole human blood, mixed with 7.18 um
beads as a reference sample. ¢ Concordance data showing correlation
between WBCs counts taken from the micro-impedance cytometer
compared those obtained with a commercial blood analyser (adapted
with permission from Holmes et al. 2009, copyright© 2009, RSC)

5 Conclusions and outlook

The measurement of the passive electrical properties of cell
suspensions has a long history. Recent technological
developments have now enabled high-speed accurate
measurement and characterisation of the electrical
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properties of single cells. Many research groups are
developing variants of the Coulter technology, which
provides limited but nevertheless useful information on
cell numbers and size. A wide range of different
approaches have been used to the measurement of single
cell and a summary of the papers and technologies is
listed in Table 1. The earliest reports in 1997 and 1999
demonstrated the principle of a micro-fabricated Coulter
counter, although no electrical data on particles were
presented.

The Coulter approach still dominates the field, primarily
because these devices are relatively easy to fabricate.
Detection techniques vary from simple low-frequency AC
bridge circuits, commercial impedance analysers or RF
resonance methods capable of very high-speed single par-
ticle counting. The throughput of the devices is up to 100 s
of cells per second, still much lower than optical flow
cytometry. However, improvement in technology and
electronics will allow single-cell impedance cytometry to
compete with conventional flow cytometry and achieve
high throughputs. Multi-frequency impedance analysis
provides much more information, including data on the
characteristics of the cell membrane and cytoplasm. As
discussed in this review, details of the cell membrane
capacitance (together with cell size) can be used to dis-
criminate between different blood leukocytes. High-fre-
quency measurements of the cytoplasm can provide
information about the internal composition of cells and for
example whether cells are invaded by parasites.

The technology should find applications in a number of
diagnostic and research areas for example cell cycle anal-
ysis, measurement of apoptosis and toxicity/viability
assays. For example, experiments have shown differences
in the electrical properties of lymphocytes and other cells
exposed to various stimuli such as bacterial or viral prod-
ucts or mitogens, e.g. lipopolysaccharides. In general, the
measured changes in membrane capacitance are accounted
for differences in cell membrane structure caused by fea-
tures such as micro-villi, folds and blebs account Huang
et al. (1999) showed that mitogenic stimulation of human
T-lymphocytes, using phytohemagglutinin (PHA) and
interleukin-2 (IL-2), caused changes in the membrane
dielectric properties that correlated with phase of the cell
cycle. They showed that the membrane capacitance of cells
increased by 30%, 48 h after stimulation. Wang et al.
(2002) showed changes in the dielectric properties of HL-
60 and Jurkat cells during apoptosis. In the HL-60 cells, the
membrane capacitance fell by nearly 50% 4 h after treat-
ment. There were significant changes in the membrane
capacitance as early as 1 h after treatment. A range of other
single-cell processes could also be probed by impedance
spectroscopy, such as the effect of toxicants (Ratanachoo
et al. 2002) and virus (Archer et al. 1999).

@ Springer

Although impedance measurements are label-free and
can provide information on cell phenotype, they can never
match the sensitivity and specificity afforded by the fluo-
rescent antibody labelling techniques used in commercial
flow cytometry. The wide spectral bandwidth available
using optical techniques means that many different cell sub-
types can be simultaneously analysed and identified. Elec-
trical impedance cannot detect different antigen expressing
cell sub-types with similar morphology. However, a method
analogous to fluorescent antibody labelling has recently
been demonstrated which allows the discrimination of
antigenically specific WBCs (Holmes and Morgan 2010).
This has been demonstrated through the impedance identi-
fication of lymphocyte sub-set, expressing the CD4 surface
protein. A suspension of WBCs was complexed with
micron-sized polymer beads that had been coated in an
antibody that specifically recognises the CD4 antigen. The
beads bind to the CD4 expressing cells (and to a lesser
extent the monocytes; the populations can be easily dis-
criminated from due to their larger size of the later) and in
doing so change the impedance properties of these cells.
This experiment demonstrates that it is possible to use
“electrical labels” to selectively alter the impedance
properties of certain cell sub-populations, and provides a
route to the use of labels for further discrimination of cells.
Although this is a promising method for identifying cells
expressing one unique antigen marker, impedance mea-
surements cannot provide the wide spectrum offered by
optical fluorescent labels. High-throughput microfluidic
single-cell impedance metrology is an important area that
will continue to develop. This will be facilitated by tech-
nologies that enable faster sampling and extension of the
frequency window, both at the low and high ends. Further
innovations are required; including novel methods that
enable further differentiation of subtle changes in cell
morphology that could lead to further non-invasive analysis
of cell parameters, including cell cycle and apoptotic
events.
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