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The use of electric fields in tissue engineering

A review
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The use of electric fields for measuring cell and tissue properties
has a long history. However, the exploration of the use of electric
fields in tissue engineering is only very recent. A review is given of
the various methods by which electric fields may be used in tissue
engineering, concentrating on the assembly of artificial tissues from
its component cells using electrokinetics. A comparison is made of
electrokinetic techniques with other physical cell manipulation tech-
niques which can be used in the construction of artificial tissues.

Introduction

The investigation of the electrical properties of biological mate-
rials and their applications has a long history. Tissue engineering,
in contrast, is a relatively more recent field of investigation, and the
exploration of the use of electric fields for characterizing or actively
making artificial tissues has only just begun. However, as research in
this highly competitive field is expanding rapidly, a review of the use
of electric fields in tissue engineering appears very timely.

The main applications of electric fields in tissue engineering are in
the characterisation of artificial tissues and its component cells, and
the formation of artificial tissue-like materials, either by assisting in
the formation of the artificial extracellular matrix (e.g., the forma-
tion of scaffolds by electrospinning), or the micromanipulation of
the cells themselves using electric fields. Of further potential interest
in tissue engineering are also the biological effects of the electric
fields. In this review we will briefly discuss all these topics, concen-
trating on the manipulation of cells using electrokinetic techniques.

Characterization of Cells and Tissues Using Electrical
Techniques

The electrical properties of tissues are mainly determined by
their capacitance and conductance. Both are frequency-dependent,
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and the frequency range over which the electrical properties of
tissues can be measured ranges from subHz to the microwave range
(Giga-TeraHz). A large variety of techniques have been developed
for the measurement of the electrical properties of tissues, contact as
well as non-contact methods. Reviews of the electrical properties of
natural tissues have been given by various authors.! Measurements
on natural tissues can give information on for example the orienta-
tion of the cells in the tissue, tissue fat content, moisture content,
tissue damage through thermal or other effects, tissue freshness—or
time since death.4¢ Also, pronounced differences exist between the
electrical properties of some cancerous and non-cancerous tissues.’

An important potential application of dielectric measurements on
engineered tissues is the on-line and continuous measurement of the
cell concentration and its distribution within a tissue construct.®?
An example of the on-line measurement of cell concentration in a
tissue construct is shown in Figure 1.

Of interest in tissue engineering are also impedance measure-
ments on adherent cells growing as confluent cell layers over an
electrode surface.!® Because of the non-conductive nature of the cell
membrane the impedance across a confluent cell layer can be very
high, and small changes in cell properties can be picked up.

Electrospinning

Electrospinning typically involves the application of a high voltage
(usually several kV) to a polymer solution or polymer melt between a
conductive die (usually a capillary) and a counterelectrode. The high
electrical field generated between the capillary and the counterelec-
trode causes the formation of a fine fluid jet, from which nanofibers
are formed which can be used as scaffolds.!!

Cell Manipulation Using Electric Fields, and its Use in the
Construction of Artificial Cell Assemblies

DC electric fields. Under most circumstances cells have a net
negative charge, and when a DC electric field is applied to a cell
suspension the cells are readily moved by electrophoresis. By gener-
ating positive voltages at micropatterned electrodes electrophoresis
can be used to attract and pattern cells.'>"!3 The electric field that is
needed to electrophorese cells is quite large. This large external DC
electric field elicits very high electric fields across the cell membrane,
which can adversely affect cell viability. The other disadvantage of the
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use of DC electric fields for patterning cells is that other effects such
as electro-osmotic flow of the medium and heating effects give rise to
flows near the electrodes. This makes it difficult to control cell move-
ment, whilst excessive heating can also affect cell viability. Reducing
the medium conductivity by replacing (conductive) salts by (non-
conductive) sugars can alleviate these problems to some extent.

AC electric fields. Although electro-osmotic and heating effects
also occur in AC electric fields, these effects significantly reduce with
increasing frequency, and at frequencies over 1 MHz they can often be
neglected. AC electric fields across the membrane also decrease with
increasing frequency, and thus AC electric fields are preferable for
cell manipulation over DC fields. Unlike DC electric fields, particle
movement in (radio frequency) AC electric fields is dominated by
dipole effects rather than the net surface charge. Different polariza-
tion effects dominate at different frequencies. In the MHz range cell
dipoles are dominantly formed by interfacial polarization effects at
the cell membrane. The cell membrane has a much lower dielectric
constant and is much less conductive than the suspending medium
and the cytoplasm, causing charge accumulation at the membrane
and the formation of a large dipole moment in an externally applied
electric field in this frequency range. The interaction between the
dipole induced by the electric field and the electric field itself can
lead to a variety of effects. These effects include electro-orientation,
electro-rotation, dielectrophoresis and electrostretching, 1416

Electro-orientation. Electro-orientation of a particle in an elec-
tric field occurs if the induced dipole moment along one axis of
the particle is stronger than that along the other axes. The dipole
moment of many particles, including many cells, has a different
frequency-dependency along different axes. This can cause cells
to change their orientation if the frequency is changed.'”!® An
example is shown in Figure 2, in which (fission) yeast cells are
shown to change their orientation from along the electric field
lines at 1 MHz to perpendicular to the electric field lines at around
50 MHz. Electro-orientation of animal cells is feasible; this clearly
has potential applications in tissue engineering as many tissues
contain oriented cells.!”

Electro-rotation. Electro-rotation refers to the rotation of particles
in electric fields. Although rotation of cells can be observed in static
electric fields, more reproducible electrorotation can be obtained
if the cell is subjected to a rotating electric field. Such rotating
electric fields can easily be generated by applying four signals that
are 90 degree phase-shifted relative to each other to four electrodes
surrounding a cell?*(see also Fig. 3). The rate and direction in which
a cell rotates is frequency-dependent; this can be used to obtain
information about the properties of a cell’s substructures such as the
permeability or wrinkliness of the cell membrane, or the conductivity
of the cytoplasm.?! The rate at which a particle rotates at a given
frequency is easily controlled by changing the voltage. Controlling
the orientation of cells by electrorotation could be useful in tissue
engineering for orienting polarized cells in specific directions.

Dielectrophoresis. The term “dielectrophoresis” refers to the
induced lateral movement of particles in non-uniform electric
fields. The principle of dielectrophoresis is shown in Figure 4.
Dielectrophoresis is readily observed when cells are suspended in low
conductivity buffers, and electric fields are applied to the cells using
microelectrodes of a size in the range of 20-200 um, and AC signals
with a frequency in the range 10 kHz-100 MHz and voltages of
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Figure 1. Capacitance measurement of cell concentrations in tissue con-
structs. (A) Capacitance at 0.4 MHz of fibroblasts cells at different concen-
trations in a fibrin gel, showing a linear relation between capacitance and
cell concentration. (B) Constantly monitoring the capacitance at 0.4 MHz
allows the cell concentration in the artificial tissue to be followed in time.
The gel was inoculated with 100.000 human fibroblast cells/ml in DMEM
growth medium with 10% fetal calf serum. Capacitance measurements were
performed with an Aber Instruments model 220 Biomass Monitor (Aber
Instruments, Aberystwyth, UK).

Figure 2. Electro-orientation of (fission) yeast cells. The electrodes used had
a spacing and width of 40 um; the applied voltage was 10 V peak-to-peak.
(A) Orientation along electric field lines at 1 MHz; (B) Orientation perpen-
dicular to electric field at 50 MHz.

2-20 V peak-to-peak. The magnitude and direction of the dielectro-
phoretic force is dependent on the frequency of the electric field. For
example, in low conductivity iso-osmotic buffers mammalian cells
show negative dielectrophoresis (away from high field regions) at low
frequencies around 10 kHz; positive dielectrophoresis (towards high
field regions) is shown at frequencies around 1 MHz.

The construction of tissue-like materials using dielectropho-
resis was first investigated in 1972 by Pohl,?>?3 who showed that
rod-shaped bacterial cells could be attracted to high field regions
around a cylindrical electrode by dielectrophoresis, forming a tissue-
like material. The orientation within the tissue could be controlled
by changing the frequency.?> Although it took a long time before
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Figure 3. Outline of the principle of an electro-rotation setup, with the phases
of the electric field signal applied to each electrode. The electro-rotation
method can be used for orienting polarized cells in any desired direction.

Figure 4. Principle of dielectrophoresis. The dashed lines represent electric
field lines. A dipole is induced by the electric field in the particle, and a force
is exerted on the induced charges on both sides of the particle. Because the
electric field strength is stronger near the smaller electrode on the right than
near the larger electrode on the left the particle will experience a net force,
pulling the particle fowards the smaller electrode. If the charges on the elec-
trodes are reversed the distribution of charges in the dipole will also reverse;
dielectrophoresis will therefore occur in both AC and DC electric fields. If
the surrounding medium is more polarisable than the particle the net force
will be in the opposite direction (negative dielectrophoresis rather than the
positive dielectrophoresis depicted in Figure 4).

this work was taken up again, in recent years research in this area has
gained momentum, with work being done on the construction of
tissue-like materials from a variety of cell types.2>?° Dielectrophoretic
spectra of very different cell types are very similar,® and the method
can be employed with essentially any cell type—microbial, animal
or plant—or in fact non-cellular material.>!3> Both negative and
positive dielectrophoresis can be used,?>33
is possible,34-38
hundreds of microns.2339-43 Because microelectrode arrays can be
made in which different electrodes are addressed at different times
using signals of different voltages and frequencies, and different

single cell manipulation
and aggregate sizes can range from single cells to

cell types can be introduced at different times, complex two- and
three-dimensional patterns of different cell types can be created
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using dielectrophoresis. This makes it a useful method for the
creation of defined cell assemblies in which the same or different cell
types interact.* Examples of such assemblies to date have included
artificial neural networks, 4548 49,50 and
artificial embryonic and haematopoietic stem cells micro-
environments.>”42 An example of the latter is shown in Figure 5,
in which a multcellular three-dimensional aggregate is shown
consisting of three different cell types, which together form an
artificial microniche for a haematopoietic stem cell.

artificial liver constructs,

Although the research in this area is increasingly concentrating on
mammalian tissues, work on the creation of artificial cell microen-
vironments using dielectrophoresis has also included microbial
systems. This has included studies of quorum sensing (community
effects) and metabolite exchange in bacterial aggregates.52’54

If positive DEP is used to attract cells to high field regions
between the electrodes, then—even though the attractive electric
forces decline as a function of height—the dielectrophoretic forces
are strong enough to put down several layers of cells, at heights
over 150 um.?>42 At the high cell concentrations used in a typical
experiment with dielectrophoresis the interaction between the
dipole formed by the individual cells is strong. This often result
in the attraction of the dipoles (cells) to each other in the electric
field, which then form what are called “pearlchains.” Aggregates of
cells at the high field regions (in the case of positive DEP) are often
dominated by pearlchain formation rather than the movement of
individual cells by DEP4® When the cells are assembled together
by the positive DEP force the cells are in direct contact with each
other; this will enable direct cell-cell communication to occur within
the assembled aggregates. Also, when assembled the cells have a
tendency to adhere to each other. If the cells have been forced into
direct contact with each other for some time the adherent forces
between the cells are often strong enough for the electric field to
be removed without the aggregate immediately falling apart into
its component cells. This effect is only temporary, but significantly
simplifies any subsequent steps such as the introduction of a gel for
further cell immobilisation. 42

Once the cells have been guided to their final position with
dielectrophoresis a further immobilization step is needed to keep
the cells in place. For two-dimensional aggregates, in which the cells
are in direct contact with the (electrode) surface, surface modifica-
tion with agents such as fibronectin is often used to promote surface
attachment. A variety of gels have also been used, both for 2- and
3-D aggregates; these have included photopolymerisible gels,26:43-44
agarose®® and fibrin gels. Other approaches include the use of
crosslinking agents.29’53’54

Stronger forces can be exerted on the cells with positive
dielectrophoresis than with negative dielectrophoresis. However,
manipulation of cells with positive DEP necessarily involves the
use of low-conductivity iso-osmotic buffers which may negatively
influence cell viability. Higher conductivities can be used when
employing negative dielectrophoresis, but the force is much smaller.
An interesting approach to overcome this problem is the use of
beads of conductive hydrogels containing cells;>® the gels allow the
conductivity of the medium to be lowered to levels where positive
dielectrophoresis occurs, whilst the cells are still in a highly conduc-
tive environment formed by the gel.
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The microelectrode arrays used for the AC
electrokinetic construction of tissue-like mate-
rials are often made using photolithography.
Typically, these arrays have covered an area of
a few square cm. However, a method developed
by Abidin et al.,’> shown in Figure 6, in which
textiles containing parallel metal wires are used
to attract cells by dielectrophoresis, could make
it possible to create tissue-like materials over
large surface areas or volumes.

Electrostretching of cells. When a cell forms
a dipole the charge accumulation occurs at

opposite ends of the cell (see also Fig. 4).

The electrical forces will therefore be strongest
where these charges have accumulated, and at
very high electric field strength this can lead to
stretching of the cells.56 Mechanical forces are
well-known to affect cell behavior in tissues, and
electrostretching may be a method by which
mechanical forces are indirectly exerted on cells.
However, before electrostretching could be an effective method
for exerting mechanical forces on cells in tissues many technical
problems would still have to be overcome. In particular, it is difficult
to generate sufficiently high electric field strength across tissues,
especially at high medium conductivities, whilst maintaining cell

viability.
Biological Response of Cells to Electric Fields

In the previous section the response of the cells to the electric
fields was essentially passive; whether a cell moved or not was
determined by the physical properties of the cell such as its surface
charge or the presence of an insulating membrane surrounding
a highly conducting cytoplasm. However, cells can also actively
respond to electric fields. We will explore some examples of active
responses by cells to electric field exposure, and how this may be used
in tissue engineering.

DC electric fields. An excellent review of DC electric fields
and their role in biological systems has been given by McCaig
et al.>” DC electric fields are well known very important in biology;
for example in membrane potentals, ion flow through protein
channels, action potentials in the nervous system. However, lesser
known is that steady, long-lasting DC currents that occur on a
multicellular scale are also of importance. Such steady, long-lasting
DC currents have been shown to be generated by a large variety of
biological systems, and are of importance during, amongst others,
embryo formation and wound healing. It is therefore no surprise
that externally applied DC currents have been found to have many
biological effects, and that many cells respond to steady DC elec-
tric fields.’”>8 Such responses include galvanotaxis,®”->® which
involves cells actively moving to either the cathode or the anode, and

57,60

electrotropism, which involves the orientation of cells in electric

fields.

Galvanotaxis and electrotropism could be used in tissue engi-
neering, to guide cells to predefined positions, or orient cells in
particular directions (e.g., neurons). Steady DC electric fields are
also involved in the maintenance of cell polarity in natural tissues,
in particular epithelial cells. There clearly is an opportunity to

14 Organogenesis

Figure 5. Artificial haematopoietic stem cell microniches created using dielectrophoresis. (A) Top
view; (B) side view; (C) actual aggregate. The aggregate shown is made from successive layers
of osteoblast (bottom), stromal (middle) and Jurkat (top) cells, aftracted between interdigitated
oppositely castellated electrodes. The aggregates, which are approximately 500 um across, mimic
the osteoblast haematopoietic stem cell niche in bone marrow. Vascular haematopoietic stem cell
niches, which include endothelial cells, can be created using a similar approach.>!

Figure 6. Textiles can be created which can be used for constructing cellular
arrays using dielectrophoresis on large scale.33

control cell polarity in artificial tissues using externally applied DC
electric fields.

AC electric fields. Investigation of the response of cells to AC
electromagnetic fields has concentrated on effects related to exposure
to low-frequency (e.g., power lines) or high-frequency electromag-
netic fields (e.g., microwave cookers, mobile phones). At the low
powers involved it is often very difficult to ascertain whether the
exposure to electromagnetic fields has an effect or not, and the very
limited effects observed to date have certainly not been sufficient to
seek a role for low power/low strength AC electric fields in tissue
engineering.

High strength AC electric fields, in contrast, are well-known to
have various effects on cells. These effects range from heating to
membrane disruption and death. Exposure of cells to high strength
AC electric fields is in fact an effective method for the sterilization of
materials.®! Exposure of cells to electric field pulses of low duration
can temporarily induce small holes in the membrane, which close
rapidly without affecting cell viability to a large extend; this effect
has been used in electroporation and electrofusion.®>%3 During
tissue assembly with dielectrophoresis or related AC electrokinetic
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Table 1

Comparison of different physical force field-based techniques for cell manipulation

Physical force Typical equipment Spatial resolution

Effect of field

Manipulation directly Number of cells Typical volume

field needed achievable on cell viability in growth medium? that can be manipulated handled
simultaneously
Optical Microscope with Very high, Some heating Yes Small (typically single cells; plL
NIR laser and nanometers 100’s is possible)
motorized stage

Electrical Microelectrodes; Good; typically Heating; breakdown Difficult Single cells as well as ul-mL

frequency generator microns of membrane integrity large numbers (millions)

at high fields
Magnetic Magnet Similar to electrical Cells have to be Yes Single cells as well as ul-mL
techniques made magnetisable; large numbers (millions)
otherwise negligible

Ultrasound Resonance chamber Typically low, Small Yes Typically large mlL

with piezo-electric tens of microns
transducer with resonance
frequency in range

1 MHz-10 MHz

numbers (millions)

techniques the cellular membranes are often exposed to electric
fields close to a value of 30—40 kV/m. This can kill the cells.4>64
However, investigations of the long-term exposure of cells to
sublethal electric fields of below this magnitude in growth medium

65,66 when cells are

have found no or very minor electric field effects;
exposed to sublethal electric fields in low conductivity iso-osmotic
buffers it is difficult to separate the effects of the buffer from the
effects of the electric field; again, any effects by the electric fields

itself are likely to be minor.

Comparison of the Use of Electrical Fields in Tissve
Engineering with Other Physical Force Field-Based
Techniques

No review of the use of electric field in tissue engineering
would be complete if no reference was made to other physical cell
micromanipulation techniques. In recent years a whole raft of tech-
niques have been developed which can be used to micro-engineer
artificial tissues from its components.”%3 Although techniques
such as inkjet technology and related free-flow techniques, micro-
fluidic approaches and surface patterning techniques (topological or
chemical) are also of interest, to keep the review short a comparison
will be made of cell manipulation techniques based on physical
force fields only.

2409 optical,’%73 ultra-
are currently also under

Apart from the electrical techniques,

sound’475 76,77

and magnetic techniques
development for their use in assembling artificial tissues. A compar-
ison of the techniques is given in Table 1. Electric-field based
techniques often need to be employed in low conductivity buffers to
be fully effective; this is not the case with the other techniques, which
can work directly in growth medium. The procedures used for assem-
bling tissues with electric fields are also often harsher compared with
the other techniques, although in practice to date we have fortunately
always found that conditions can be found which are acceptable
for the cells. Electric-field based approaches do not have the spatial
resolution of laser tweezers-based approaches, but the number of
cells that can be manipulated at the same time using electric fields
is only limited by the size of the electrode array, whilst with laser
tweezer approaches the number of cells that can be manipulated is
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very limited. Ultrasound based approaches do not have good spatial
resolution. A strong disadvantage of magnetic approaches is that cells
are not normally magnetisable, and that to be able to manipulate
cells using magnetic fields they have to be made magnetisable by
forcing the cells to take up para-magnetic materials. Such an altera-
tion of the cells is not needed by the other methods.

Conclusions

Electrical fields are and will be increasingly used in tissue engi-
neering. This is due not only to the fact that electrical fields are
useful in the characterization and constructing of artificial tissue,
both also because electricity plays important roles in living systems.
One area in which electrical fields may increasingly find a role
is in the construction of artificial tissues from their component
cells. Electrical cell manipulation techniques, however, will have to
compete with other physical cell manipulation techniques. Each
physical cell manipulation method has its advantages and disadvan-
tages. Electrical techniques are, however, particularly useful. With
electrical techniques it is possible to do experiments with relatively
simple equipment. In addition, control is straightforward, good
spatial resolution can be achieved, and many cells can be handled
simultaneously without their prior modification.
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