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Abstract: In this paper, various electrical characterization techniques available for biological cell have been
systematically reviewed. It covers both invasive and non-invasive approaches for population and single cell based
studies. Examples of invasive technique consist of probing and patch clamp that measures the ionic current.
However, depending on the applications, the non-invasive techniques are far more superior and popular. Some of
the technique such as dielectric spectroscopy, electrorotation and dielectrophoresis measures the cell conductivity
and dielectric constant. Furthermore, previous researchers proved that non-invasive technique may reduce the
harmful effect on the cell due to electrical exposure. The review compares in terms of working principles, sample
applications, advantages and limitations of each technique.
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1. Introduction

Electrical measurement with respect to cell properties can be performed either using population based or single
cell-based investigation. Population based studies has been conventionally used in clinical and research setting had
started since 1925 when the property of blood cells in a suspension can be determined by measuring the sample
capacitance [1, 2]. This shows the potential of applying electrical measurement to study the biological cell properties.
Few decades after, the growth on population measurement techniques have revolutionized automated devices
concerning biological material. However, population based measurement were inaccurate due to the heterogeneity of
the cells. Each cell with different shape and size for example possess different properties [3]. Furthermore, they also
react differently towards similar stimuli thus causing larger room of error during measurement.

Single cell measurement offers a more accurate approach while probing for each individual cell response when
exposed to certain stimuli [4, 5]. Researchers have developed various techniques to realize single cell measurement at
cheaper costs and more portable platform. In this review, the discussions will be limited to population techniques in
order to provide in depth understanding towards the fundamental concept and underlying theories. Nonetheless, an
introduction towards single cell electrical characterization will be introduced in section 3.0.

2. Biological Cells Electrical Properties Measurement Techniques Structure

Several methods have been used in measuring electrical properties of single cell i.e. dielectric spectroscopy,
electrorotation, dielectrophoresis, patch-clamp, and probing. Each of the techniques is measuring different single cell
electrical properties and can be categorized by invasive method and non-invasive. Table 1 summarized the technique
for single cell electrical properties measurement. Some of the techniques were measuring the same single cell electrical
properties, i.e. dielectric constant and conductivity.

Table 1 - Available electrical measurement techniques

Approach Technique Measured
Properties
Non-invasive  Dielectric Spectroscopy Dielectric
Electrorotation constant
Dielectrophoresis Conductivity
Invasive Patch-clamp lonic current
Probing Current

2.1 Dielectric Spectroscopy

Dielectric spectroscopy also known as impedance spectroscopy is a technique where an impedance response of a
biological suspension is being measured when applying an alternating current (AC) excitation signal. This technique
uses a measurement cell of either two, three or four electrodes where the biological suspension is held [6]. When a

small AC voltage, ] (fw) is applied between the electrodes, the electrical current response, I (jew) passing through

the suspension is measured which in a form of frequency function to give the electrical properties of the particle or cell.
The complex impedance of the response [6] can be described by equation (1) given as:

g Iija) 5 &
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where Z g is the real part or resistance and £ ;54 is the imaginary part or reactance of the complex impedance. For a
spherical particle in a dilute suspension at a low volume fraction, the Maxwell mixture equation (please refer [7] for
derivation) gives the steady state value of the equivalent complex permittivity mixture of suspending medium and
particle is described by equation (2) given as:
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where @ is the volume fraction or the ratio of the particle volume to the sensing area volume and ﬁ',w is the Claus-
Mossotti factor which can be described in equation (3) given as:
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where §?, and £,,, are the complex permittiviy of a particle and medium respectively. Complex permittivity is described
in equation (4) given as:

E=g—]

E g

)

where j =+/—1, £ is the permittivity and ¢ is the conductivity.

Complex impedance of the mixture of particle and suspending medium is then described by equation (5) given as:

Hmz'x = - (5)
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where ifm-x is the complex capacitance of the mixture. This technique is able to calculate single cell dielectric
properties i.e. dielectric constant and conductivity without damaging the cells (non-invasive). Fig. 1 shows the
dielectric spectroscopy technique.
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Fig. 1 - Overview of Dielectric Spectroscopy technique

Dielectric spectroscopy has been numerously used by previous researchers with additional improvement on the
techniques, for example simultaneous measurement on other properties, determination of mechanical properties [9-11],
for medical diagnosis such as cancer detection [12,13]. By realizing some limitations on the current measurement
technique, improvement was made in terms of precise positioning between particles of interest and placement of
electrodes. Fig. 2 shows the improved measurement technigue on dielectric spectroscopy. Even though the cells are
now being tested individually, the measurement differences between with and without cells is too small and
unobservable for a comparison [8].
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Fig. 2 - Single cell dielectric spectroscopy integrated with flow cytometry
2.2 Electrorotation

Electrorotation (ROT) is a technique that measure single cell electrical properties based on rotational speed of a
particle when subjected to a rotating electric field. This electric field is produced by four electrodes which position in a
square arrangement and each of the electrodes is connected to an AC signal generator which has a phase difference of
90°. Fig. 3 shows the overview of the electrorotation techniques. A suspended particle or cell will experience torque
when exposed to a rotating electric field as a result of Maxwell-Wagner polarization. Fig. 4 shows how a particle is
being polarized.
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Fig. 3 - Overview of electrorotation technique
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Fig. 4 - Polarization effect on a particle

The torque can be described by equation (6) given as:
Im(feu] |12 (6)

where E is the electric field and Im [fﬂ,_—M] is the imaginary part of the Claus-Mossotti factor. Proportionality between

torque and the imaginary part of the Claus-Mossotti factor can be used to calculate dielectric properties of a cell. The
torque is measured indirectly by analysing the rotation rate of the particle described by equation (7) given as:

Rpor(w) = — emtmlfol 7| K

-
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where 17 is the viscosity of the suspending medium and K is the scaling factor. The rotation rate of the particle is
measured using a microscope and a stopwatch. The measured value is fitted to a mathematical expression of physical
cell models for specific single cell dielectric properties [14].

Electrorotation is able to measure cell membrane permittivity and cytoplasm conductivity [15]. However, there
are several drawbacks with the technique. This technique relies on mathematical models for single cell. Many models
have been proposed to calculate the electrorotational torque acting on a cell in a rotating electric field which then used
to relate with cell membrane permittivity and cytoplasm conductivity [16-21]. Furthermore, ROT requires skilled
operator for the measurement to be successfully performed. Positioning a micro scale particle in the middle of a
rotating electric field is time consuming and labour intensive process. Hence, low throughput data are obtained.
Alignment of particles is important due to the fact of irregular shape of biological samples. Spherical and non-spherical
object will cause the induced dipole moment to be different due to the alignment with uniform electric field. This
torque is always in parallel with one of the axes generated by the object shape.

Generally, the longest axis that is parallel to the field is stable. However, it is a good point to note that alignment
and stability both are frequency dependent aspect. Hence, the generalization of longest axis exhibits the most stable
field can no longer be applied. Rotational rate measurement is based on optical observation which has the potential of
human error. In an effort to improve the technique, ROT technique has been integrated with computer imaging system
and microchip for better observation and particle positioning as shown by Fig. 5 [22].
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Fig. 5 - Improvement on electrorotation (ROT) technique [22]

2.3 Dielectrophoresis

Similar with electrorotation, dielectrophoresis (DEP) utilize an AC electric field but the field is nonuniform and the
particles move in a translational motion. Fig. 6 shows how a polarized particle reacts to nonuniform electric field
intensity. Due to the electric field the particle moves according its polarization intensity. In short, particle with high
polarization will move toward the high intensity electric field and vice versa.
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Fig. 6 - Dielectrophoresis technique

In DEP , force acting on a particle can be approximated using equation (8) given as:
(Fpgp) = ﬂEmTERE[ch]?|E|2 (8)

Where £, is the permittivity of the medium, r is the radius, Re[ﬁm] is the real part of Claus-Mossotti fraction.
Claus-Mossoti fraction equation which can be used determine particle movement direction.

Eositive dielectrophoresis (pDEP) is defined for a particle that is more polarizable than the medium,
( RE[fﬂ-M] = () and attracted to the high intensity electric field regions. On the contrary, negative dielectrophoresis

(nDEP) is defined for a particle that is less polarisable than the medium, (RE[ﬂ-,w]<0) and attracted to the low

intensity electric field regions. In practical, particle movement in a suspension is influenced by Brownian motion and it
is difficult to measure DEP force directly [23]. However, the problem can be solved by measuring DEP crossover
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frequency. DEP cross over frequency is a transient frequency where pDEP change to nDEP. This frequency is can be
written in term of the conductance and membrane capacitance of the cell by using the simplified shell model for a
biological cell which can be described in equation (9) given as:

L

- c_mim‘-.-'ll{‘l'ﬂm — TGO :]: —9r? Grlr';em (9)

fl.'?’li\?.? =
where f.,qz is the crossover frequency, @, is the medium electrical conductivity, r is the radius, Cpyem and Goem
are the capacitance and conductance of the membrane, respectively. Basically, drawbacks for DEP is similar with ROT
i.e. labour intensive, time consuming process, and require a complete representation model of a which involve complex
mathematical calculation. Combination of electrorotation spectrum and dielectrophoresis force can provide a unique
and significant measurement on the single cell dielectrophoresis [24]. Beside characterizing single cell electrical
properties, DEP has been used widely in single particle manipulation (sort, isolate, and trap) [25-27] and separation
[28].

2.4 Patch-clamp

Patch-clamp is a technique where the cellular ion channel is being characterized. lon channel plays a major role in
the cell signaling, i.e. propagation and modulation of muscle and nerve cells. Fig. 7 shows the overview of the patch-
clamp technique. In the conventional method, a cell membrane patch is being sucked into a micropipette to form a high
electrical resistance. Then, the ionic current flow through ion channel is being measured.

Patch Clamp

Amplifier
Glass O O m
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Ground

Bath Electrode

Solution

Petri dish

Fig. 7 - Conventional Patch-clamp technique

This technique requires high precision which is a laborious task and low throughput rate. Skilled operator is
required to move the tip of the micropipette over the single cell using micromanipulator and sucking the cell membrane
without damaging the whole cell. This delicate process was done under an optical microscope. However, an
improvement on the patch-clamp technique has been made by integrating with chip-based devices [29-39]. Fg. 8 shows
an example of the improved version of the patch - clamp technique. The technique has been integrated with Micro-
Electrical-Mechanical system for better cell immobilization and reduces labour works.

Reference
electrode | ‘vr Amp

Recording
electrode

Fig. 8 - Patch-clamp in a Micro-Electrical-Mechanical system (MEMS) chip

Even though the technique has reduced labour requirement but it creates a new problem related to current leakage.
The so called ‘Gigaseal’ is difficult to achieve when the chip is intended for higher throughput rate measurement. This
problem interferes with the measurement stability when the current does not flow through the ion channel but through
suspending medium instead. The main drawback for patch-clamp technique is the invasive approach where cell
membrane is intentionally disrupted, and thus the same cell cannot be used for multiple types of measurements or long-
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term study. Practically, this technique has been mostly used in the study of electrophysiological cell properties, i.e. the
characterization of the kinetics and steady-state effects of toxins.

3. Single Cell Electrical Characterization using Probing Technique

Probing is a new novel technique for single cell electrical measurement proposed by M. R. Ahmad et al. in 2009
[40]. Basically, this technique measure current flow passing through the single cell intracellular region, i.e. cytoplasm
when a series of single pulse direct current (DC) voltage is applied through a pair of nanoprobe or also known as dual
nanoprobe. Fig. 9 shows the overview of probing technique.

Extracellular — Nanoprobe

100 % humidi
N ceu -

Fig. 9 - Single cell electrical measurements using dual nanoprobe

Single cell intracellular electrical measurement is performed by penetrating the cell wall and membrane layer of
the cell to reach the cytoplasm part without cell bursting or exploding. This is achieved thanks to the size of the probe
which is relatively smaller than the tested cells and a skilled operator for navigating the probe. The measurement is
conducted inside an Environmental-Scanning Electron Microscopy (E-SEM). E-SEM is built for high resolution
observation and capable to preserve the cell native state even when the cell is moving out of its buffer. Fig. 10 shows
the manual Nano Manipulator under E-SEM system.

Unit3
{Cooling Stage)

Fig. 10 - Manual Nano Manipulator under E-SEM(Environmental Scanning Microscopy)

Dual nanoprobe probing-based technique has been tested on W303 wild yeast cell. Interestingly, even though the
approach is invasive the cell is able to recover from small wounds. Hence, the same cell can be used for a long term or
multiple measurement study. The technique does not use complex single cell electrical model because only cytoplasm
electrical properties is being measured. However, there are several drawbacks with the technique.

Probing using dual nanoprobe is a laborious, time consuming, and low throughput rate measurement. Highly
skilled operator is needed to navigate dual nanoprobe to a suitable single cell sample on a substrate using nano
resolution manipulator. Then, the operator need to carefully penetrate the cell wall using the dual nanoprobe without
bursting the cell. The whole process takes a lot of time for a successful single cell electrical measurement and is not
suitable for the cell type that has a short life span. Therefore, only a small number of single cell measurement data can
be collected in a period of time. The labour works can be reduced by integrating with a microfluidic chip. However, the
research on the technique improvement is still at an early stage of the research [41,42].
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One of the applications for this technique is single cell viability detection which aims to tackle the disadvantages
of conventional fluorescent-dye based method, i.e. qualitative and slow result processing. The dual nanoprobe
technique is able to achieve instantaneous and quantitative results without using any chemical reagent. Since this
technique is at an early stage of development, the application is limited. However, it has the potential to be improved
for single cell electrical properties characterization, i.e. cytoplasm conductivity.

4, Summary

The available methods for biological cell electrical characterization have been thoroughly presented. The results
obtained from this investigation may lead to various correlations especially in disease diagnosis and disease progression
[4]. All techniques have two common drawbacks which are slow throughput rate and labour intensive. In effort to
overcome the mentioned problems, single cell electrical characterization has been introduced. This technique offer
more accurate properties determination and can be conducted at much lower costs. Meanwhile, techniques based on
electrokinetics, i.e. electorotation and dieletrophoresis, are commonly used in single cell manipulation [15]. The
concept of the induced force on a particle when entering electric field without any physical contact makes it the
preferred approach for single cell manipulation in preserving the cell physiology and viability. However, the technique
suffers from limitations due to proper positioning and unwanted noise interference caused by the movement of tri-axial
units towards the specimen placed on the cooling stage. In this regard, the integration of electrical characterization
technique on a microfluidic platform may offer an excellent solution. Upon deployment of microfluidic technology, a
more automated single cell electrical characterization procedures can be developed, hence better result can be obtained.
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