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Abstract: Microalgae biotechnology has a high potential for sustainable bioproduction of diverse
high-value biomolecules. Some of the main bottlenecks in cell-based bioproduction, and more
specifically in microalgae-based bioproduction, are due to insufficient methods for rapid and efficient
cell characterization, which contributes to having only a few industrially established microalgal
species in commercial use. Dielectrophoresis-based microfluidic devices have been long established as
promising tools for label-free handling, characterization, and separation of broad ranges of cells. The
technique is based on differences in dielectric properties and sizes, which results in different degrees
of cell movement under an applied inhomogeneous electrical field. The method has also earned
interest for separating microalgae based on their intrinsic properties, since their dielectric properties
may significantly change during bioproduction, in particular for lipid-producing species. Here, we
provide a comprehensive review of dielectrophoresis-based microfluidic devices that are used for
handling, characterization, and separation of microalgae. Additionally, we provide a perspective on
related areas of research in cell-based bioproduction that can benefit from dielectrophoresis-based
microdevices. This work provides key information that will be useful for microalgae researchers to
decide whether dielectrophoresis and which method is most suitable for their particular application.
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1. Recent Advances in Microalgae Research and Microalgae-Based Bioprocess Development

Microalgae are photosynthetic microorganisms that can utilize sunlight and CO; to produce
diverse ranges of bioproducts, including various high-value lipids and pigments to name a few [1-3].
Several applications, especially sustainable biofuel production from microalgae, are considered
essential in the United Nation’s (UN) Sustainable Development Goals and for the European Union’s
(EU) bioeconomy strategy [4,5]. While the current generation of microalgae-based biofuels is not
economically competitive yet, next-generation fuels coming from genetically modified microalgae
with much higher yields and much higher quality lipids, are emerging thanks to the advances made in
biotechnology and synthetic biology. An example is Nanochloropsis gaditana, which was recently shown
to double its production rate by simply decreasing the expression of a single regulator [6]. Besides
biofuel, microalgae are interesting cell factories in many other fields [7], such as the cosmetic industry,
as well as for pharmaceutical applications where microalgae are sources of large-scale production of
anti-inflammatory, anti-microbial, anti-viral, and anti-tumor molecules [8]. Additionally, the use of
microalgae as either animal feedstock or as a nutritional source for the growing global population is
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promising [9] (Figure 1). For example, microalgae are an important source of polyunsaturated fatty acid
(PUFA). Currently, docosahexaenoic acid (DHA) from microalgae is contained in baby food, but also
DHA-producing microalgae can be directly applied as fish feed in aquaculture if effective production
processes at a larger scale can be established [7,10,11]. Many commercialization efforts in this field are
also ongoing. For example, recently a joint venture of Evonik and DSM was established (Veramaris™),
aiming at the development of large-scale processes of DHA with the microalgae Schizochytrium
sp. to provide 15% of the global need of DHA. In parallel, discovering previously unknown or
unidentified microalgae from nature continues [12]. Ongoing recent bioprospecting efforts [13,14]
show that there us still a large number of unexplored microalgae that we are not significantly aware of,
leaving the possibility of further bioprospecting efforts to uncover microalgal strains with interesting
bioproduction capabilities.
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Figure 1. Research areas of publications associated with the term “microalgae”. Bubbles show the
number of results of combined searches “microalgae + indicated term” based on publications of the
past five years [Source: webofknowledge.com].

Despite these advances, many challenges still remain [15-17]. Identifying and developing
strains with higher productivity, improved understanding of their behaviors under diverse cultivation
conditions, and better insights into the heterogeneous population are all some of the key advances that
have to be made in the upstream process of microalgae biotechnology and bioprocessing [16,18-22].
Yet, these development processes are often time-consuming and labor-intensive, posing as a significant
bottleneck. Part of these challenges is due to the lack of rapid and efficient instruments and methods
that have been limiting rapid advancements in this field [12,23].

Development of various microfluidic devices has revolutionized the area of cell analysis, separation,
and cultivation in many fields of biotechnology in the past two decades due to the single-cell
resolution and high-throughput capabilities of such systems [24-26]. The application of these powerful
technologies has recently been missed in various microalgae biotechnology fields [27,28]. General
applications and impacts of microfluidic devices for microalgae have been presented [28]. In this review
paper, we will specifically focus on dielectrophoresis (DEP)-based characterization, manipulation, and
separation techniques in microalgae biotechnology applications.

2. DEP Technology for Cell Population Analysis

Flow cytometry, in general, is the current gold standard for many high-throughput single-cell
analysis applications [29]. Fluorescence-based methods such as fluorescence-activated cell sorting
(FACS) are widely utilized to determine the characteristics of cells based on fluorescent staining of
particular target molecules, such as intracellular lipids in microalgae [30,31]. Besides fluorescence, direct
imaging of cells to determine their phenotypes and/or characteristics is also becoming increasingly
popular thanks to the advances in imaging flow cytometry [32,33]. Although extremely powerful
and versatile, several limitations exist [18]. Most of these analyses rely on labeling cells with various
markers, which require sample preparation that is time-consuming and may change the natural
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characteristics of cells. Additionally, flow cytometry-based methods come with relatively expensive
instruments, which further limits their applications.

In DEP-based cell manipulation and sorting, the movement of polarizable particles, such as cells,
in an inhomogeneous electric field is dependent on their intrinsic dielectric properties in comparison
to the dielectric properties of the surrounding liquid. Thus, DEP is a noninvasive and label-free cell
manipulation method. In contrast to electrophoresis, where only charged particles can be manipulated,
DEP enables the interaction with uncharged particles through the induction of a dipole moment p
under an inhomogeneous electric field. The included dipole interacts with the electrical field gradient
VE [34,35], resulting in the dielectrophoretic force Fpgp that depends on the polarizability of the
particle (index p) within the medium (1), where the latter can be expressed by a function of their
complex dielectric constants ¢y, (w) and ¢;,(w). These functions depend on the real part of permittivity
¢’ and electrical conductivity o, and are, therefore, dependent on the frequency f or angular frequency
w = 27 f, respectively, by which the applied voltage is oscillating, since ¢* = ¢’ +io/w. Accordingly,
Fpep exerted upon a spherical particle in an AC field is given by:

)
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where d,, stands for the particle diameter and Re indicates the real part of the complex term inside the
parenthesis. From each of the three factors, a specific feature of Fprp can be derived:

1.  The particle diameter d is the single most important contributor to Fpgp.

2. Fppp depends on ¢ and o of both the particle and media (index p and m). Changes of
angular frequency w may either cause a positive or negative DEP force, depending on whether
Re(s;7 - s;) >0 or Re(s;, - sfn) < 0 holds.

3. Thelocal electrical field depends on the applied voltage V as well as the electrode design and
geometry. The layout of the flow channel and the electrodes thus offer various degrees of freedom
for optimizing the DEP force.

Equation (1) represents the simplest approach for modeling the DEP effect on a homogeneous
particle. A more advanced approach is utilizing a core-shell model (instead of considering the particle as
a homogeneous spherical object), which is valuable if analyzing individual cellular components such as
cellmembranes and various intracellular components. Other extensions of the basic formula given above
include the consideration of the asphericity of cells and their modeling cells as ellipsoids [36]. More
details regarding complex calculations on the interaction of elliptic particles within inhomogeneous
electric fields and simulation thereof are given in publications focused on DEP theory [37,38] (Figure 2).

Because of the possibility of manipulating cells based on their intrinsic dielectric properties and
the ease of integrating into microfluidics format, DEP has been widely applied as a label-free cell
manipulation and separation method. Thorough reviews on the current state and potential of DEP
are available [39-41] and progress in integrated microfluidic DEP devices for life science applications,
in general, have also been previously reviewed [42-44]. Other review articles consider the potential
of DEP for next-generation cell sorting [45]. A general overview of different microfluidic separation
techniques applicable to microorganisms is provided in [46], especially focusing on bacteria and yeast
cells. Here, we review DEP applications for microalgae research and development, including a critical
analysis of the advantages and disadvantages of the various DEP microfluidic configurations.
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Figure 2. Simulation of dielectrophoresis (DEP) cell separation in a microfluidic flow. (a) before and (b)
after microalgae Chlamydomonas reinhardtii have passed a deflector electrode configuration (top and
bottom electrode).

3. Overview of DEP Microfluidic Systems for Microalgae Research

Despite a significant amount of work in applying DEP for various microfluidic cell manipulation
and separation applications, especially for mammalian cells and bacterial cells, relatively little work
has been published in applying the technology for microalgae research [47]. Early works started by
Pohl et al. [48,49] involved not only describing the basic DEP formula that governs cell movement
under the DEP force but also towards attempting continuous separation of Chlorella vulgaris and
understanding the dependency of cell movement on media salinity. Some of the earlier works focused
on dielectric spectra analysis of cells [50-52], as well as basic system development and accompanying
electrode designs [53,54].

One of the most interesting and unique characteristics of microalgae compared to other cells that
makes them interesting for DEP-based cell manipulation, is that they can accumulate large amounts of
intracellular lipid (Figure 3) [55]. As lipid has rather different dielectric properties than typical cytosol,
the DEP force generated can be vastly different, making it ideal for applying DEP-based separation
and characterization techniques. Additionally, the size of microalgae can also be an indicator of their
characteristics or changes in physiology, which offers another excellent opportunity for DEP-based
separation. For this review, DEP microfluidic devices for microalgae applications will be critically
analyzed from two different aspects; first, based on the microfluidic structures being utilized, and
second, based on the applications of such DEP-based microfluidic devices.

Figure 3. Light microscopic images of the microalga Crypthecodinium cohnii.
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A summary of the analyzed publications is listed in Table 1. The table contains information about
the microalgae species utilized, device design, and application areas. Two sets of information are
provided in detail: the first one focuses on the device and DEP electrode configuration, important
aspects when developing DEP-based cell manipulation, separation, and characterization devices. The
second one provides details of experimental parameters such as flow velocity, voltages and frequencies
applied, cell parameters such as cell size and dielectric properties. Taken together, these two sets of
information can serve as a quick lookup table that will be useful in designing specific DEP devices for
desired applications of interest. Notation and units are given in Table 2.

From the information summarized in Table 1, several assessments of the current status of the
field can be made. First, most of the investigated microalgae belong to the group of green microalgae,
although there are some belonging to diatoms (Figure 4). Additionally, most published work has
focused on static experiments (V = 0), despite the advantages of continuous-flow operations, such
as higher throughput. This shows the challenge of successfully combining dielectrophoretic cell
manipulation and separation systems with continuous-flow microfluidic setups. Lastly, in most cases,
prior to dielectrophoretic cell analysis or cell manipulation, regular culture media are diluted or
exchanged. This can be done by pressure-driven membrane operations, which also show potential
in recovering functional molecules during downstream processing [74-76]. The decrease in media
conductivity results in higher contrast in polarizability ( &= €&y ) and thus a larger DEP force. This
shows the challenges and limitations of DEP-based cell handling, as in situ applications in normal
culture media may become challenging.
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Figure 4. Overview of microalgae DEP research based on 16 publications (Table 1). (a) Used species of
algae, (b) Application types of DEP in microalgae research.
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4. DEP Microfluidic Devices Categorized Based on Working Principles of Devices

There are broadly two different device categories in how DEP-based microalgal cell manipulations
are conducted. The first device category traps desired target cells onto the DEP electrodes from cells
flowing through a channel using a positive DEP force, essentially functioning as a filtration device
that targets specific cells based on their dielectric properties. The second category deflects the cells
flowing in a microfluidic channel through either a positive DEP force or a negative DEP force, where
the applied force causes the cell trajectories to change, resulting in separation of microalgae cells based
on their dielectric properties.

4.1. Trapping Designs Using pDEP Force

In these designs, electrodes positioned inside a microfluidic channel applies a pDEP force to cells
passing through and traps target cells onto the electrodes. Three different electrodes designs are most
commonly utilized.

4.2. Planar Parallel Surface Electrodes for Cell Trapping

The first device category is those that trap desired target cells onto the DEP electrodes from cells
flowing through a channel. Two DEP electrode structures most commonly used are the planar parallel
electrode structure (Figure 5a) and the planar interdigitated electrode structure (Figure 5b). The planar
electrode structure is configured to have a flow cell with two parallel electrodes at both sides of the
microfluidic channel. Here, the DEP force is applied between the electrodes, thus perpendicular to
the flow direction. Suscillon et al. utilized such a structure to trap Chlamydomonas reinhardtii cells to
the DEP electrodes at an electric field of 20 V mm™! and frequency of 1 kHz [60]. Here the electrode
material was gold, which is most commonly used due to its chemical inertness and stability in the
solution phase.

a) b) l—@— <) ‘—@_

Figure 5. Schematics of channel-electrode configurations used in DEP studies on microalgae. Electrode
configurations are (a) planar parallel, (b) planar interdigitated, (c) modified planar interdigitated,
(d) micro-post and (e) angled.

Siebman et al. utilized two pairs of wire electrodes positioned at a 180° angle to create a high
electric field zone in the middle, into which cells could be trapped [56,61,62]. Here, the electrode
was a pair of stainless-steel needles. In these studies, green microalga Chlamydomonas reinhardtii,
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cyanobacterium Synechocystis sp., and diatom Cyclotella meneghiniana were utilized, and frequencies
from 0.1 to 500 kHz were applied to characterize the cells and their movement. Although easy to
assemble as no microfabrication is involved (standard needles were used), it will be difficult to fabricate
such devices repeatedly due to difficulties in assembling these four wire electrodes in a reproducible
manner, especially when precise cell manipulation is required.

Bahi et al. utilized an interdigitated (IDT) electrode design, where arrays of finger-shaped electrode
structures facing each other were utilized [68]. Here the electrode material was platinum. This IDT
electrode design is one of the most classical DEP electrode designs used for trapping [77], as the many
interdigitated finger structure can generate arrays of high electric field regions, to which cells can
be attracted through a positive DEP force (Figure 5b). As a large area can be covered with such an
electrode structure, this is a very efficient way of trapping cells. In this application, marine microalga
Karenia brevis was utilized.

Wang et al. also operated with such an IDT structure [73] in a microfluidic flow cell to trap
Chlorella vulgaris cells at a voltage of 10 Vpp in a frequency range of 0.1 to 5 MHz. Here the electrode
material was gold.

Another planar electrode design shown by Kumar et al. had an array of parallel electrodes
(modified IDT design) placed on both sides of a flow channel [66], as shown in Figure 5c. Here, cells
flowing through the middle part could be attracted to both sides of the microfluidic channel under
the influence of dielectric force, trapping target cells to the side of the main flow stream. Since the
microfluidic channel widened to both sides of the flow channel, the flow is weak on both sides, thus
trapping the cells was easier than having a straight microchannel design. The electrode material was
gold. This design was used to investigate the trapping of green microalga Coscinodiscus wailesii cells at
a voltage range of 1 to 10 V and a frequency range of 1 kHz to 100 MHz.

The advantage of most of these designs is the extremely simple electrode structure and ease of
microfabrication since they often require only an electrode design and fabrication process on a printed
circuit board (PCB) or a single glass substrate. Additionally, compared to DEP-based cell separation
(to be described in the next section), these designs can accumulate and concentrate cells rather than
just separate cells, which is useful if concentrating cells from a solution is the main purpose.

However, the major disadvantages are that due to the relatively large distance between the
electrodes, the trapping force is relatively weak, limiting the flow rate that can be utilized. IDT electrode
design overcomes some of this limitation. However, the electric field and also the dielectrophoretic
force, decreases with distance from the electrode. Since in all of these designs the electrodes are on
the bottom surface of the microfluidic channel, only cells flowing close to the bottom of a channel can
be trapped easily. Cells that are flowing close to the channel ceiling experience a much lower DEP
force. Therefore, a relatively shallow microfluidic channel must be used for high trapping efficiency,
along with a relatively slow flow rate, thus significantly limiting the overall throughput that can be
achieved. A shallow microfluidic channel can also be easily clogged by clumps of cells, posing another
practical challenge.

4.3. Micropost Electrode for Cell Trapping

Gallo-Villanjueva et al. described a DEP trapping design based on arrays of micro-post-electrodes
that can create an asymmetric electric field [69], hence creating zones of high electric field gradients
which cells can be attracted to (Figure 5d). Here, the arrays of 20 um tall posts are made of glass by
etching a glass substrate through standard wet etching (20 um channel depth). The electric field is
applied along the flow direction of the microfluidic channel. Thus, the array of insulating posts creates
an asymmetric electric field, consequently creating DEP force. This design was utilized to trap the cells
of Selenastrum capricornutum at an electric field of 250 V mm~! DC potential. A relatively high voltage
had to be applied as it is introduced via the in- and outlet of the flow channel.
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4.4. Sharp-Tip Electrode Design for Cell Trapping

This design, where a sharp electrode is used to create a high electric field at the tip of the electrode
is one of the oldest designs and methods to create an asymmetric electric field for DEP experiments [78].
Here, a simple needle-like sharp electrode can be inserted into a solution, and when an electric field is
applied, cells can be attracted to this electrode. This can be transferred easily into a microfabricated
version, as has been shown by Michael et al. (2014). In this study, the planar sharp-tip electrode made
of gold was utilized to trap Chlamydomonas reinhardtii cells using high-frequency DEP (>20 MHz). Due
to the simplicity, this design is ideal for quickly characterizing the DEP responses of cells, but beyond
that, it cannot really be applied for any cell trapping or cell separation applications due to its low
throughput nature.

4.5. Flow-Through Deflection Structures for Cell Separation

In these designs, electrodes integrated into a microfluidic channel either apply a pDEP or nDEP
force depending on frequency. In the overwhelming majority of studies, the microfluidic flow exhibit
low Reynold’s numbers that can safely be characterized as laminar. The electrodes then deflect the
target cells to one or the other side of the microfluidic channel, resulting in a lateral shift in cell positions
inside the flow, thus separating target cells from the initial flow path.

4.6. Sharp-Tip Electrode for Cell Separation

As discussed in the previous section, a sharp-tip electrode is one of the earliest forms of electrodes
that have been used to excite the inhomogeneous electric field needed to generate the DEP force.
Song et al. designed a microfluidic channel structure that has a region where the exterior channel
shape resembles a needle [57]. Since the voltage was applied through the channel, this created a large
inhomogeneous electric field around the channel tip region. This is similar to having a sharp-tip
electrode near the flow channel, without the need to having to create such an electrode. This design
was used to deflect Chlorella vulgaris, Pseudokircheriella subcapitata, and Dunaliella salina cells at an
applied DC voltage of several hundred volts.

The work from Wang et al. (2018) showed a microfluidic channel where on one side was an
array of sharp electrodes and on the other side, a flat planar electrode was positioned. By applying a
voltage between the electrodes, this design created an array of inhomogeneous electric field regions
on one side of the microfluidic channel. The microfluidic device was composed of a multi-layer
polydimethylsiloxane (PDMS) channel with gold electrodes patterned on the glass slide. The electrodes
were insulated from the substrate via an underlying silicon nitride layer. Cells that experience a pDEP
force (in this case wild type Chlorella vulgaris) remained attracted towards the bottom electrode and
came out of the lower outlet channel. However, cells that experience a nDEP force (in this case Chlorella
vulgaris with higher Sr biomineral competence cells) were repelled away from the electrode and exited
the upper outlet channel. Based on these two different characteristics, this system was successfully
utilized to separate microalgae that show higher radionuclide bio-decontamination activity [79].

4.7. Angled Electrodes for Cell Separation

The second category of designs are those where the electrodes are inclined at an angle to the flow
direction. Deng et al. (2014) used a device where a pair of top-bottom electrodes were positioned at
an angle to the flow direction, where three such electrode pairs were positioned in a zig-zag position
along the microchannel. The electrodes were made from gold, and the top/bottom substrates were
aligned and bonded together to form the top-bottom electrode structure. The first two pairs were
utilized to first align all cells along the electrodes by applying a voltage at 5 MHz to apply strong
nDEP to all cells. The third electrode was then utilized to separate cells based on their intracellular
lipid content by increasing the frequency to 10 MHz. Here, microalgae with 24% lipid content passed
through the electrodes, while those with 35% lipid content were repelled by the nDEP force. Thus, in
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this device, the frequency-dependent response of cells to experience either a pDEP force or nDEP force
was utilized for selective cell manipulation [80].

The most basic device design for the separation of microalgae would encompass a microfluidic
channel at the walls of which electrodes are integrated (Figure 5e). The latter would be subjected
to oscillating electrical fields to act on particles as carried by the streaming fluid. Figure 2 displays
the scheme of a 50 pm high channel with so-called deflector electrodes on the top and at the bottom
that was used in a finite-element model to simulate the DEP effect. The DEP force was calculated for
Chlamydomonas reinhardtii [63] with geometrical and electrical parameters given in the literature [64].
For a flow velocity of v < 1.9 ul/min, a frequency of f = 1.85 MHz and a voltage of 12 V;,;, a separation
effect could be shown causing the high-lipid fraction (blue) to enter the upper channel and the low-lipid
fraction (red) to enter the lower channel.

Hadady et al. (2016) also utilized arrays of angled electrodes to separate microalgal cells based
on their properties. Here, arrays of interdigitated angled gold electrodes (45° angle, 50 pm width,
50 um gap) positioned at the bottom of the flow channel created a sideway DEP force. Consequently,
Chlamydomonas reinhardtii cells with high lipid content were minimally influenced by the DEP force
and went straight out through the lower outlet channel. However, Chlamydomonas reinhardtii cells with
low lipid content were influenced by the DEP force the most, and, therefore, moved laterally to the
upper side of the microfluidic channel, and thus went out through the upper outlet channel. Here,
a fairly high frequency of 40 MHz and 60 MHz were utilized. A flow rate of 3 uL/min was utilized
throughout this experiment [59].

Overall, the angled DEP electrodes that attract or deflect cells based on their intrinsic properties,
especially depending on their intracellular lipid content, provides not only high accuracy in such
separation but also significantly higher throughput compared to static capture-type DEP designs.
Therefore, these deflector-type devices are probably the most promising DEP microfluidic device
design for microalgae manipulation and separation.

5. DEP Microfluidic Devices Categorized Based on Their Applications

The various DEP-based microfluidic designs and devices were utilized for the identification of
microalgal species, analysis of various properties and responses of microalgae, separation based on
their size and intracellular lipid content, as well as for screening applications.

5.1. Cell Trapping and Concentration

Suscillon et al. and Siebman et al. from the same group simply demonstrated that microalgal
cells can be trapped using DEP [56,60]. In the first study [60], Chlamydomonas reinhardtii was trapped
between two electrodes under diverse media conditions, voltages, and frequencies, and showed
“chaining” behavior. In the second paper [56], this study was expanded to two other microalgal species,
Synechocystis sp. and Cyclotella meneghiniana. However, beyond the observation of this phenomenon,
no further specifics were discussed on any specific technical applications where such phenomena may
be utilized.

Bahi et al. showed a DEP device to trap marine microalga Karenia brevis for lysis and downstream
RNA extraction and amplification purposes [68]. The main benefit of the DEP-based microfluidic
device was the capability of creating a high concentration of cells, which allowed RNA extraction and
purification much easier compared to using low concentration cell samples.

Siebman et al. studied how Chlamydomonas reinhardtii cells are impacted by environmental
contaminants [61,62]. When cells were exposed to contaminants such as mercury, methylmercury,
copper, copper oxide nanoparticles, and the herbicide diuron, reactive oxygen species production
and oxidative stress increased in Chlamydomonas, which were measured by detecting the changes in
chlorophyll autofluorescence. In this application, the DEP trapping structures were utilized to hold
onto cells while the cells are exposed to the environmental contaminants and while taking fluorescent
images, allowing easy microscopy.
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5.2. Cell Separation Based on Intracellular Lipid Content

Since lipid production by microalgal cells is one of the major reasons why microalgal research is
of high interest, several publications have described the use of DEP to separate microalgal cells based
on their intracellular lipid content.

Deng et al. presented two such studies [58,80]. In the first work, Chlorella vulgaris cells with
different lipid content were successfully separated using a DEP device having arrays of parallel
electrodes. Here, the DEP microfluidic system demonstrated that Chlorella with 11 wt% and 45 wt%
lipid content showed very different dielectric properties that could be successfully separated. This
DEP separation was performed at a relatively high frequency of 20 MHz. In the group’s second paper,
Chlorella cells with lipid content of 13% and 21% were separated, and cells with lipid content of 24%
and 30-35% were successfully separated. In this work, slightly lower frequencies of 7 MHz and 10 MHz
were utilized for cell separation.

In another work, Michael et al. used a relatively high frequency (over 20 MHz) to show that
the upper crossover frequency of microalgal cells is reduced with increasing intracellular lipid [81].
This phenomenon was successfully measured on Chlamydomonas reinhardtii cells using a sharp-tip
electrode device. Later, the same group utilized this phenomenon and applied it to a flow-through
DEP device [59], where 74% of the high-lipid population and 75% of the low-lipid population could
be successfully separated. In this particular device, again a relatively high frequency of 50 MHz was
utilized at a voltage of 30 V.

5.3. Cell Separation Based on Their Sizes or From Other Particles

Song et al. presented a device that they used to separate marine microalgal species known
to have different volumes from 5 um diameter polystyrene (PS) particles [57]. The justification for
this work was for analyzing bioparticles for water quality monitoring. These were Chlorella vulgaris,
Pseudokircheriella subcapitata, and Dunaliella salina. P. subcapitata and D. Salina had a similar size to the
5 um diameter PS particles, while C. vulgaris was in the range of 2-4 um in diameter. Here, C. vulgaris
and P. subcapitata were successfully separated into two streams using their DEP microfluidic device.
Additionally, the DEP separation of P. subcapitata from 5 um diameter PS beads and the DEP separation
of D. Salina from 5 um PS beads were also demonstrated. These separations were all based on size
differences between the cells and the PS beads.

Wang et al. also demonstrated the separation of Platymonas and Closterium from microplastic [73].
Here, the application was to select microalgae from ballast water in a ship, as biological contamination
of ballast water is a global problem as well as highly regulated, where ballast water must be inactivated
for any biological materials before docking into a port. Thus, rapid detection of ballast water for any
microalgae is needed and has the potential to overcome the challenges of using filtration systems and
fluorescence measurement. Here, the group demonstrated that both Platymonas and Closterium can
be successfully separated from Polystyrene particles (size not mentioned in the manuscript), using
a voltage range of 5-15 V at a frequency of several tens of MHz. The system was also tested under
various flow rates, with the maximum being 0.03 mL/min. Overall, separation efficiencies of around
90% were achieved.

5.4. Microalgae Analysis

Kumar et al. utilized a DEP device to measure the dielectric properties of a green alga Coscinodiscus
wailesii [66]. Here, the lateral displacement, dielectrophoretic force, and translational dielectrophoretic
velocity were measured. The authors concluded that thoroughly measuring the dielectric properties of
a given cell provides the future capability in label-free manipulation of diatoms and for rapid screening
for environmental effects on the dielectric properties of algal cells (but not yet conducted in their paper).

Gallo-Villanueva et al. utilized a DEP device to measure the viability of Selenastrum
capricornutum [69]. The experimental result showed that live cells exhibit a stronger DEP response
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compared to dead cells. This allowed rapid label-free sensing of the viability of the microalgal cells.
The authors presented that within a relatively short period of time (35 s), enrichment of about 10 times
could be achieved for each cell population.

5.5. Strain Selection Through Screening

Selecting microalgal strains with specific phenotypes is of high interest in many microalgae
screening applications. = Many such applications have been on selecting and obtaining
high-lipid-producing strains, as microalgae-based lipid production is an important area towards
renewable bioenergy applications [19,65]. However, there are other examples of high-throughput
screening than just lipid production.

An example of such an application is identifying strains that show high efficiency in
decontaminating hazardous waste, such as radionuclide. Wang et al. used a microfluidic device to first
test the capability of DEP for their capability in separating Chlorella vulgaris KMMCCY, a strain known
for its high capacity of removing strontium (Sr), from Chlorella vulgaris KCTC AG10002 strain that has
only a weak capacity of removing strontium. This separation was successfully conducted using the
developed DEP device [79]. Following this success, sub-populations of Chlorella vulgaris KMMCC9
strains with higher Sr biomineral competence were successfully separated, and the selected strain’s
capability confirmed in large-scale cultivation experiments.

6. Discussion

From the analysis of DEP-based microfluidic platforms for microalgae research, it can be concluded
that DEP in microalgae research is promising but still not a mainstream technology. The latter fact is
caused by several reasons. First, the manufacturing complexity of microfluidic DEP devices is still
not standard technology, especially to non-experts in microfabrication. Several works feature the
need for highly specialized microfabrication equipment or non-standardized/non-comparable setups.
Some of these reasons can be contributed to the fact that microfluidics devices have no standardized
guidance, which has been a fundamental limitation for microfluidic systems in general. This, in
general, has hindered many excellent microfluidic systems from being adopted by the broader life
science community. The functional part of a microfluidic DEP setup, in general, has in most cases not
exceeded technology readiness level 4, which stands for a principle demonstration in a laboratory
setup. Despite these limitations, microfluidic systems have been proliferating thanks to their powerful
and unique capabilities, as well as better availability of such devices through commercial vendors that
provide not only certain pre-designed microfluidic chips, but also custom microfluidic chips designed
by researchers and fabricated through foundry services.

Second, and closely related to the first reason, is the rather high operational complexity of
microfluidic systems. In addition to the external instruments required to drive the microfluidic chips
that may not be readily available in many life science laboratories, methods and protocols are developed
within individual research groups and rarely adapted or proven by others. However, this is also
becoming less of a bottleneck as many external instruments that drive microfluidic devices (e.g., syringe
pumps) are becoming significantly less expensive, more standard operation procedures are becoming
available through the large number of microfluidics-based papers that are being published, as well as
detailed protocol-type papers being published (e.g., through the Journal of Visualized Experiments),
and the large number of microfluidics-based papers being published that are specifically focused on
simple device structures or ease of operation for non-microfluidic experts in mind.

Third, more specifically to DEP microfluidic devices for microalgae applications, various physical
limitation needs to be considered. The local electric field gradient is crucial for the DEP force. However,
high voltage results in the heating of cells that can negatively impact the cells or bubble generation on
electrodes that make the DEP microfluidic device not function properly. Additionally, since the DEP
force relies on differences in dielectric properties of target cells versus that of the surrounding media,
most applications so far have utilized low-conductivity media to increase the DEP force. This makes
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it difficult to apply DEP microfluidic systems for various applications where in situ measurements
are desired or even required. As electrical field responses of biological cells are dependent on the
applied frequency, the capability of accurately measuring DEP responses over large frequency ranges
are gaining importance for applying DEP microfluidic to recent microalgae research.

Fourth, biological parameters also need consideration. Unlike many mammalian cells, where DEP
microfluidic devices have been extensively developed and utilized, many microorganisms, including
types of microalgae, have non-spherical shapes. This adds complexity to not only their DEP responses
but also difficulties in accurately predicting and simulating the movement of such cells under the
influence of the DEP force. Various sub-cellular structures, such as intracellular lipid droplets within
these microalgae or external flagella, can also pose significant challenges. Cells that move actively due
to flagella could especially pose challenges for DEP-based cell manipulation and separation.

Finally, another category of biological parameters to consider is the fact that microalgal cell sizes
can vary severely depending on their physiological state. As can be seen in Equation (1), both the
cell size, as well as the dielectric properties of the cell, influence the degree of the DEP force. Some
microalgae, such as Chlamydomonas reinhardtii, show a rather constant cell size regardless of their
physiological state e.g., exponential growth phase vs. stationary phase, lipid induction state vs. growth
phase. However, some microalgae cells such as Crypthecodinium cohnii can exhibit significantly different
cell sizes depending on their growth phase or levels of intracellular lipid content. Thus, having
to decouple cell size-dependent DEP effect from other phenotypes of interest such as intracellular
lipid-dependent DEP effect becomes important. As most cells have heterogeneous subpopulations,
such heterogeneity further adds to the challenges.

Despite these challenges, the unique capability of DEP-based microfluidic systems in enabling
label-free manipulation of cells depending on their intrinsic properties remains an extremely attractive
method for microalgal research. Thus, we expect to see significantly more development in DEP
microfluidic systems specifically targeting microalgae in the near future.

7. Conclusions

Microalgae-based bioproduction of high-value biomolecules, including those for transportation
fuel, is a promising avenue towards achieving a higher degree of bioeconomy, however, it is currently
struggling with profitability and, therefore, commercialization. Conventional methods utilized
throughout the microalgae-based bioproduct development pipeline have failed so far to deliver
economically viable products in most cases [82]. To achieve the necessary yields and efficiencies, new
or improved microalgal strains are needed. Many published works on DEP-based microfluidic devices
applied to microalgae have shown high potentials for applications in the fields of strain development,
process analysis, and characterization. Here, we have provided a comprehensive review and analysis
of DEP-based microfluidic devices utilized for microalgae research, with an in-depth analysis of the
various device categories and application areas of such works. We have also provided a critical analysis
of the advantages and disadvantages of each method, with a concluding remark on the perspective
and future of DEP-based microfluidic devices for microalgae research.

Author Contributions: Conceptualization, V.A., M.B.; methodology and formal analysis, M.B., PN., A.H,;
investigation, F.G., A.H.; resources, PN.; writing—original draft preparation, V.A.; writing—review and editing,
V.A., A H., M.B,; visualization, V.A., M.B.; supervision, M.B.; project administration, M.B.; funding acquisition,
M.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the German Federal Ministry for Education and Research (BMBF) within
the program “Neue Produkte fiir die Biookonomie” as part of the “National research strategy bio-economy 2030”
administrated by pt] Projekttrager Jiilich, funding number 031B0381.

Acknowledgments: The authors thank Laura Niehaus for providing the microalgae picture used in Figure 3.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the result.



Microorganisms 2020, 8, 540 16 of 19

References

1.  Georgianna, D.R.; Mayfield, S.P. Exploiting diversity and synthetic biology for the production of algal
biofuels. Nature 2012, 488, 329-335. [CrossRef] [PubMed]

2. Larkum, AW.D.; Ross, I.L.; Kruse, O.; Hankamer, B. Selection, breeding and engineering of microalgae for
bioenergy and biofuel production. Trends Biotechnol. 2012, 30, 198-204. [CrossRef]

3. Lee, S.K.; Chou, H.; Ham, T.S.; Lee, T.S; Keasling, J.D. Metabolic engineering of microorganisms for biofuels
production: From bugs to synthetic biology to fuels. Curr. Opin. Biotechnol. 2008, 19, 556-563. [CrossRef]

4. United Nations. Transforming Our World: The 2030 Agenda for Sustainable Development; General Assembley 70
Session: New York, NY, USA, 2015.

5. European Comission. A Sustainable Bioeconomy for Europe: Strengthening the Connection between Economy,
Society and the Environment; Updated Bioeconomy Strategy; European Comission: Brussels, Belgium, 2018.

6. Ajjawi, I; Verruto, J.; Aqui, M.; Soriaga, L.B.; Coppersmith, J.; Kwok, K.; Peach, L.; Orchard, E.; Kalb, R.;
Xu, W,; et al. Lipid production in Nannochloropsis gaditana is doubled by decreasing expression of a single
transcriptional regulator. Nat. Biotechnol. 2017, 35, 647-652. [CrossRef] [PubMed]

7.  Bajhaiya, AK.; Moreira, ].Z.; Pittman, J.K. Transcriptional Engineering of Microalgae: Prospects for
High-Value Chemicals. Trends Biotechnol. 2017, 35, 95-99. [CrossRef] [PubMed]

8. Guedes, A.C.; Amaro, H.M.; Malcata, E.X. Microalgae as sources of high added-value compounds-a brief
review of recent work. Biotechnol. Prog. 2011, 27, 597-613. [CrossRef]

9.  Saha, SK.; McHugh, E.; Murray, P.; Walsh, D.]. Microalgae As a Source of Nutraceuticals. In Phycotoxins:
Chemistry and Biochemistry, 2nd ed.; Botana, L.M., Alfonso, A., Eds.; John Wiley & Sons, Ltd.: Hoboken, NJ,
USA, 2015; Volume 25, pp. 255-291.

10. Hillig, F.; Annemiiller, S.; Chmielewska, M.; Pilarek, M.; Junne, S.; Neubauer, P. Bioprocess development in
single-use systems for heterotrophic marine microalgae. Chem. Ing. Tech. 2013, 85, 153-161. [CrossRef]

11. Hillig, F; Porscha, N.; Junne, S.; Neubauer, P. Growth and docosahexaenoic acid production performance of
the heterotrophic marine microalgae Crypthecodinium cohnii in the wave-mixed single-use reactor CELL-tainer.
Eng. Life Sci. 2014, 14, 254-263. [CrossRef]

12.  Arenas, E.G,; Rodriguez Palacio, M.C.; Juantorena, A.U.; Fernando, S.E.L.; Sebastian, P.J. Microalgae as a
potential source for biodiesel production: Techniques, methods, and other challenges. Int. |. Energy Res.
2017, 41, 761-789. [CrossRef]

13. Duong, V.T.; Thomas-Hall, S.R.; Schenk, PM. Growth and lipid accumulation of microalgae from fluctuating
brackish and sea water locations in South East Queensland—Australia. Front. Plant Sci. 2015, 6. [CrossRef]

14. Doan, T.T.Y;; Sivaloganathan, B.; Obbard, ].P. Screening of marine microalgae for biodiesel feedstock. Biomass
Bioenergy 2011, 35, 2534-2544. [CrossRef]

15. National Research Council. Sustainable Development of Algal Biofuels in the United States; The National
Academies Press: Washington, DC, USA, 2012.

16. Acheampong, M.; Ertem, F.C.; Kappler, B.; Neubauer, P. In pursuit of Sustainable Development Goal (SDG)
number 7: Will biofuels be reliable? Renew. Sustain. Energy Rev. 2017, 75, 927-937. [CrossRef]

17.  Chisti, Y. Constraints to commercialization of algal fuels. J. Biotechnol. 2013, 167, 201-214. [CrossRef]

18. Hyka, P; Lickova, S; Pfibyl, P.; Melzoch, K.; Kovar, K. Flow cytometry for the development of biotechnological
processes with microalgae. Biotechnol. Adv. 2013, 31, 2-16. [CrossRef] [PubMed]

19. Kim, H.S,; Hsu, S.-C.; Han, S.-I,; Thapa, H.R.; Guzman, A.R.; Browne, D.R.; Mehmet Tatli, M.; Devarenne, T.P.;
Stern, D.B.; Han, A. High-throughput droplet microfluidics screening platform for selecting fast-growing and
high lipid-producing microalgae from a mutant library. Plant Direct 2017, 1, €00011. [CrossRef] [PubMed]

20. Bippes, M.; Brauer, T, Briick, T.; Buchholz, R.; Cotta, F; Friedl, T, Griehl, C.; Griesbeck, C.;
Kistenmacher, H.; Heckenberger, U.; et al. Mikroalgen-Biotechnologie-Gegenwiirtiger Stand, Herausforderungen,
Ziele; Theodor-Heuss-Allee: Frankfurt, Germany, 2016.

21. DOE (U.S. Department of Energy). National Algal Biofuels Technology Review; U.S. Department of Energy:
Washington, DC, USA, 2016.

22. Pierobon, S.C.; Cheng, X.; Graham, PJ.; Nguyen, B.; Karakolis, E.G.; Sinton, D. Emerging microalgae
technology: A review. Sustain. Energy Fuels 2017, 1-26. [CrossRef]

23.  Miao, X.; Wu, Q. Biodiesel production from heterotrophic microalgal oil. Bioresour. Technol. 2006, 97, 841-846.

[CrossRef]


http://dx.doi.org/10.1038/nature11479
http://www.ncbi.nlm.nih.gov/pubmed/22895338
http://dx.doi.org/10.1016/j.tibtech.2011.11.003
http://dx.doi.org/10.1016/j.copbio.2008.10.014
http://dx.doi.org/10.1038/nbt.3865
http://www.ncbi.nlm.nih.gov/pubmed/28628130
http://dx.doi.org/10.1016/j.tibtech.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27387061
http://dx.doi.org/10.1002/btpr.575
http://dx.doi.org/10.1002/cite.201200143
http://dx.doi.org/10.1002/elsc.201400010
http://dx.doi.org/10.1002/er.3663
http://dx.doi.org/10.3389/fpls.2015.00359
http://dx.doi.org/10.1016/j.biombioe.2011.02.021
http://dx.doi.org/10.1016/j.rser.2016.11.074
http://dx.doi.org/10.1016/j.jbiotec.2013.07.020
http://dx.doi.org/10.1016/j.biotechadv.2012.04.007
http://www.ncbi.nlm.nih.gov/pubmed/22561949
http://dx.doi.org/10.1002/pld3.11
http://www.ncbi.nlm.nih.gov/pubmed/31245660
http://dx.doi.org/10.1039/C7SE00236J
http://dx.doi.org/10.1016/j.biortech.2005.04.008

Microorganisms 2020, 8, 540 17 of 19

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Lu, Y,; Yang, L.; Wei, W.; Shi, Q. Microchip-based single-cell functional proteomics for biomedical applications.
Lab Chip 2017, 17, 1250-1263. [CrossRef]

Hiimmer, D.; Kurth, F.; Naredi-Rainer, N.; Dittrich, P.S. Single cells in confined volumes: Microchambers and
microdroplets. Lab Chip 2016, 16, 447-458. [CrossRef]

Avesar, |.; Ben Arye, T.B.; Levenberg, S. Frontier microfluidic techniques for short and long-term single cell
analysis. Lab Chip 2014, 14, 2161-2167. [CrossRef]

Han, A.; Hou, H,; Li, L.; Kim, H.S; de Figueiredo, P. Microfabricated devices in microbial bioenergy sciences.
Trends Biotechnol. 2013, 31, 225-232. [CrossRef]

Kim, H.S.; Devarenne, T.P,; Han, A. Microfluidic systems for microalgal biotechnology: A review. Algal Res.
2018, 30, 149-161. [CrossRef]

Marba-Ardebol, A.M.; Turon, X.; Neubauer, P; Junne, S. Application of flow cytometry analysis to elucidate the
impact of scale-down conditions in Escherichia coli cultivations P. Gil Salvador 2013 Award in Bioengineering
category. (November 22, 2013 in the Annual General Assembly of the AIQS). Afinidad 2016, 73, 7-15.

De La Jara, A.; Mendoza, H.; Martel, A.; Molina, C.; Nordstron, L.; De La Rosa, V.; Diaz, R. Flow cytometric
determination of lipid content in a marine dinoflagellate, Crypthecodinium cohnii. Environ. Boil. Fishes 2003,
15, 433-438.

Montero, M.F.; Aristizabal, M.; Garcia Reina, G. Isolation of high-lipid content strains of the marine microalga
Tetraselmis suecica for biodiesel production by flow cytometry and single-cell sorting. J. Appl. Phycol. 2011,
23,1053-1057. [CrossRef]

Neofotis, P.; Huang, A.; Sury, K.; Chang, W.; Joseph, E; Gabr, A.; Twary, S.; Qiu, W.; Holguin, O.; Polle, ] E.W.
Characterization and classification of highly productive microalgae strains discovered for biofuel and
bioproduct generation. Algal Res. 2016, 15, 164-178. [CrossRef]

Neofotis, P.; Huang, A.; Chang, W.; Joseph, E; Polle, ].E.W. Microalgae Strain Isolation, Screening, and
Identification for biofuels and High-Value Products. In Microalgal Production for Biomass and High-Value
Products; CRC Press: Boca Raton, FL, USA, 2016; pp. 63-89.

Pohl, H.A. Dielectrophoresis; 579 Volumes; Cambridge University Press: Cambridge, UK, 1978.

Birkholz, M. Crystal-field induced dipole moments in heteropolar crystals—I: Concept. Zeitschrift fiir Physik
B 1995, 96, 325-332. [CrossRef]

Gagnon, Z.R. Cellular dielectrophoresis: Applications to the characterization, manipulation, separation and
patterning of cells. Electrophoresis 2011, 32, 2466-2487. [CrossRef]

Cetin, B.; Li, D. Dielectrophoresis in microfluidics technology. Electrophoresis 2011, 32, 2410-2427. [CrossRef]
Lee, H.-B; Jeong, M.; Chung, J.-H. Dielectrophoretic sensitivity analysis of cell characterization. Int. J. Precis.
Eng. Manuf. 2017, 18, 747-754. [CrossRef]

Pethig, R. Review—Where is Dielectrophoresis (DEP) Going? J. Electrochem. Soc. 2017, 164, B3049-B3055.
[CrossRef]

Hughes, M.P. Fifty years of dielectrophoretic cell separation technology. Biomicrofluidics 2016, 10, 1-9.
[CrossRef]

Li, M.; Anand, R.K. Cellular dielectrophoresis coupled with single-cell analysis. Anal. Bioanal. Chem. 2018,
410, 2499-2515. [CrossRef] [PubMed]

Chen, L.; Zheng, X.-L.; Hu, N.; Yang, J.; Luo, H.-Y,; Jiang, F.; Liao, Y.-J. Research Progress on Microfluidic
Chip of Cell Separation Based on Dielectrophoresis. Chin. J. Anal. Chem. 2015, 43, 300-309. [CrossRef]
Birkholz, M.; Mai, A.; Wenger, C.; Meliani, C.; Scholz, R. Technology modules from micro-and nano-electronics
for the life sciences. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2016, 8, 355-377. [CrossRef] [PubMed]
Viefthues, M.; Eichhorn, R. DNA dielectrophoresis: Theory and applications a review. Electrophoresis 2017, 38,
1483-1506. [CrossRef]

Lee, N.; Hwang, B.; Kim, B. The potential of a dielectrophoresis activated cell sorter (DACS) as a next
generation cell sorter. Micro Nano Syst. Lett. 2016, 4, 92. [CrossRef]

Paez, C.; Juanola-Feliu, E.; Punter-Villagrasa, J.; Zamora, B.D.M.; Corbera, A.H.; Colomer-Farrarons, J.;
Miribel-Catala, P.L.; Marti, ].S. Combined Dielectrophoresis and Impedance Systems for Bacteria Analysis in
Microfluidic On-Chip Platforms. Sensors 2016, 16, 1514. [CrossRef]

Pethig, R. Dielectrophoresis: Theory, Methodology and Biological Applications; Wiley: Hoboken, NJ, USA, 2017.
Pohl, H.A ; Kaler, K. Continuous dielectrophoretic separation of cell mixtures. Cell Biophys. 1979, 1, 15-28.
[CrossRef]


http://dx.doi.org/10.1039/C7LC00037E
http://dx.doi.org/10.1039/C5LC01314C
http://dx.doi.org/10.1039/C4LC00013G
http://dx.doi.org/10.1016/j.tibtech.2012.12.002
http://dx.doi.org/10.1016/j.algal.2017.11.020
http://dx.doi.org/10.1007/s10811-010-9623-6
http://dx.doi.org/10.1016/j.algal.2016.01.007
http://dx.doi.org/10.1007/BF01313054
http://dx.doi.org/10.1002/elps.201100060
http://dx.doi.org/10.1002/elps.201100167
http://dx.doi.org/10.1007/s12541-017-0089-1
http://dx.doi.org/10.1149/2.0071705jes
http://dx.doi.org/10.1063/1.4954841
http://dx.doi.org/10.1007/s00216-018-0896-y
http://www.ncbi.nlm.nih.gov/pubmed/29476232
http://dx.doi.org/10.1016/S1872-2040(15)60808-8
http://dx.doi.org/10.1002/wnan.1367
http://www.ncbi.nlm.nih.gov/pubmed/26391194
http://dx.doi.org/10.1002/elps.201600482
http://dx.doi.org/10.1186/s40486-016-0028-4
http://dx.doi.org/10.3390/s16091514
http://dx.doi.org/10.1007/BF02785053

Microorganisms 2020, 8, 540 18 of 19

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Pohl, H.A ; Kaler, K.; Pollock, K. The continuous positive and negative dielectrophoresis of microorganisms.
Bliss 1981, 9, 67-86. [CrossRef]

Miiller, T.; Schnelle, T.; Fuhr, G. Dielectric single cell spectra in snow algae. Polar Biol. 1998, 20, 303-310.
[CrossRef]

Hiibner, Y.; Hoettges, K.F.; Hughes, M.P. Water quality test based on dielectrophoretic measurements of fresh
water algae Selenastrum capricornutum. J. Environ. Monit. JEM 2003, 5, 861-864. [CrossRef]

Wang, J.; Sukhorukov, V.L.; Djuzenova, C.S.; Zimmermann, U.; Miiller, T.; Fuhr, G. Electrorotational spectra
of protoplasts generated from the giant marine algaValonia utricularis. Protoplasma 1997, 196, 123-134.
[CrossRef]

Wu, Y,; Huang, C.; Wang, L.; Miao, X.; Xing, W.; Cheng, J. Electrokinetic system to determine differences
of electrorotation and traveling-wave electrophoresis between autotrophic and heterotrophic algal cells.
Colloids Surf. A Phys. Eng. Asp. 2005, 262, 57-64. [CrossRef]

Ogata, S.; Yasukawa, T.; Matsue, T. Dielectrophoretic manipulation of a single chlorella cell with
dual-microdisk electrode. Bioelectrochemistry 2001, 54, 33-37. [CrossRef]

Marba-Ardébol, A.M.; Emmerich, J.; Neubauer, P.; Junne, S. Single-cell-based monitoring of fatty acid
accumulation in Crypthecodinium cohnii with three-dimensional holographic and in situ microscopy. Process.
Biochem. 2017, 52, 223-232. [CrossRef]

Siebman, C.; Velev, O.D,; Slaveykova, V.I. Alternating current-dielectrophoresis collection and chaining of
phytoplankton on chip: Comparison of individual species and artificial communities. Biosensors 2017, 7,
10004. [CrossRef]

Song, Y.; Yang, J.; Shi, X.; Jiang, H.; Wu, Y.; Peng, R.; Wang, Q.; Gong, N.; Pan, X,; Sun, Y,; et al. DC
dielectrophoresis separation of marine algae and particles in a microfluidic chip. Sci. China Ser. B Chem.
2012, 55, 524-530. [CrossRef]

Deng, Y.L.; Chang, ].S.; Juang, Y.J. Separation of microalgae with different lipid contents by dielectrophoresis.
Bioresour. Technol. 2012, 135, 137-141. [CrossRef]

Hadady, H.; Redelman, D.; Hiibel, S.R.; Geiger, E.J. Continuous-flow sorting of microalgae cells based on
lipid content by high frequency dielectrophoresis. AIMS Biophys. 2016, 3, 398-414. [CrossRef]

Suscillon, C.; Velev, O.D.; Slaveykova, V.I. Alternating current-dielectrophoresis driven on-chip collection
and chaining of green microalgae in freshwaters. Biomicrofluidics 2013, 7. [CrossRef] [PubMed]

Siebman, C.; Velev, O.D.; Slaveykova, V.I. Two-dimensional algal collection and assembly by combining
AC-dielectrophoresis with fluorescence detection for contaminant-induced oxidative stress sensing. Biosensors
2015, 5, 319-336. [CrossRef] [PubMed]

Siebman, C.; Velev, O.; Slaveykova, V. Probing Contaminant-Induced Alterations in Chlorophyll Fluorescence
by AC-Dielectrophoresis-Based 2D-Algal Array. Biosensors 2018, 8, 15. [CrossRef] [PubMed]

Gringel, F; Abt, V,; Neubauer, P,; Birkholz, M. Numerical Analysis of Dielectrophoresis for Separation of
Microalgae. In Proceedings of the Frithjahrstagung der DPG, Berlin, Germany, 26 February-2 March 2018.
Bono, M.S.; Ahner, B.A.; Kirby, B.J. Detection of algal lipid accumulation due to nitrogen limitation via
dielectric spectroscopy of Chlamydomonas reinhardtii suspensions in a coaxial transmission line sample cell.
Bioresour. Technol. 2013, 143, 623-631. [CrossRef]

Kim, H.S.; Guzman, A.R.; Thapa, H.R.; Devarenne, T.P; Han, A. A droplet microfluidics platform for rapid
microalgal growth and oil production analysis: Droplet Microfluidics Algal Growth and Oil Analysis.
Biotechnol. Bioeng. 2016, 113, 1691-1701. [CrossRef]

Kumar, R.T.K.; Kanchustambham, P.; Kinnamon, D.; Prasad, S. 2D dielectrophoretic signature of Coscinodiscus
wailesii algae in non-uniform electric fields. Algal Res. 2017, 27, 109-114. [CrossRef]

Graham, D.M.; Messerli, M.A.; Pethig, R. Spatial manipulation of cells and organelles using single electrode
dielectrophoresis. BioTechniques 2012, 52, 39—-43. [CrossRef]

Bahi, M.M.; Tsaloglou, M.-N.; Mowlem, M.; Morgan, H. Electroporation and lysis of marine microalga
Karenia brevis for RNA extraction and amplification. . R. Soc. Interface 2011, 8, 601-608. [CrossRef]
Gallo-Villanueva, R.C.; Jestus-Pérez, N.M.; Martinez-Lopez, J.I; Pacheco, A.; Lapizco-Encinas, B.H.
Assessment of microalgae viability employing insulator-based dielectrophoresis. Microfluid. Nanofluidics
2011, 10, 1305-1315. [CrossRef]


http://dx.doi.org/10.1007/BF01987284
http://dx.doi.org/10.1007/s003000050307
http://dx.doi.org/10.1039/B309131G
http://dx.doi.org/10.1007/BF01279561
http://dx.doi.org/10.1016/j.colsurfa.2005.04.008
http://dx.doi.org/10.1016/S1567-5394(01)00112-8
http://dx.doi.org/10.1016/j.procbio.2016.11.003
http://dx.doi.org/10.3390/bios7010004
http://dx.doi.org/10.1007/s11426-012-4533-x
http://dx.doi.org/10.1016/j.biortech.2012.11.046
http://dx.doi.org/10.3934/biophy.2016.3.398
http://dx.doi.org/10.1063/1.4801870
http://www.ncbi.nlm.nih.gov/pubmed/24404014
http://dx.doi.org/10.3390/bios5020319
http://www.ncbi.nlm.nih.gov/pubmed/26083806
http://dx.doi.org/10.3390/bios8010015
http://www.ncbi.nlm.nih.gov/pubmed/29439453
http://dx.doi.org/10.1016/j.biortech.2013.06.040
http://dx.doi.org/10.1002/bit.25930
http://dx.doi.org/10.1016/j.algal.2017.08.031
http://dx.doi.org/10.2144/000113802
http://dx.doi.org/10.1098/rsif.2010.0445
http://dx.doi.org/10.1007/s10404-010-0764-3

Microorganisms 2020, 8, 540 19 of 19

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Bunthawin, S.; Kongklaew, J.; Tuantranont, A.; Jaruwongrangsri, K.; Maturos, T. Microchip Electrode
Development for Traveling wave Dielectrophoresis of Non-Spherical Cell Suspensions. Engineering 2012, 4,
88-93. [CrossRef]

Bunthawin, S.; Ritchie, R.J.; Wanichapichart, P. Dielectrophoresis of Tetraselmis sp., a unicellular green alga,
in travelling electric fields analyzed using the RC model for a spheroid. Songklanakarin |. Sci. Technol. 2011,
33, 585-597.

Miled, A.; Sawan, M. Reconfigurable Lab-on-Chip Platform for Algae Cell Manipulation. In Proceedings of
the IEEE International Symposium on Circuits and Systems, Melbourne, Australia, 1-5 June 2014; pp. 646-649.
[CrossRef]

Wang, Y.; Wang, J.; Wu, X,; Jiang, Z.; Wang, W. Dielectrophoretic separation of microalgae cells in ballast
water in a microfluidic chip. Electrophoresis 2018, 1-10. [CrossRef] [PubMed]

Castro-Mufioz, R.; Yafiez-Fernandez, J.; Fila, V. Phenolic compounds recovered from agro-food by-products
using membrane technologies: An overview. Food Chem. 2016, 213, 753-762. [CrossRef] [PubMed]
Diaz-Montes, E.; Castro-Mufioz, R. Metabolites recovery from fermentation broths via pressure-driven
membrane processes. Asia Pac. . Chem. Eng. 2019, 14, e2332. [CrossRef]

Castro-Mufioz, R.; Boczkaj, G.; Gontarek, E.; Cassano, A.; Fila, V. Membrane technologies assisting plant-based
and agro-food by-products processing: A comprehensive review. Trends Food Sci. Technol. 2020, 95, 219-232.
[CrossRef]

Li, M,; Li, W.H.; Zhang, ].; Alici, G.; Wen, W. A review of microfabrication techniques and dielectrophoretic
microdevices for particle manipulation and separation. J. Phys. D Appl. Phys. 2014, 47. [CrossRef]

Pohl, H.A; Hawk, I. Separation of Living and Dead Cells by Dielectrophoresis. Science 1966, 152, 647-649.
[CrossRef]

Wang, C.; Lee, K.A,; Choi, E.; Lee, K.-Y,; Lee, S.-Y,; Park, J.; Jung, K.-H. Enhancement of radionuclide
bio-decontamination by screening highly efficient microalgae for Sr biomineralization. Lab Chip 2018, 18,
2270-2278. [CrossRef]

Deng, Y.L.; Kuo, M.Y,; Juang, Y.J. Development of flow through dielectrophoresis microfluidic chips for
biofuel production: Sorting and detection of microalgae with different lipid contents. Biomicrofluidics 2014, 8,
1-10. [CrossRef]

Michael, K.A.; Hiibel, S.R.; Geiger, E.J. Dependence of the dielectrophoretic upper crossover frequency on
the lipid content of microalgal cells. Algal Res. 2014, 6, 17-21. [CrossRef]

Hackett, ].; Anderson, D.; Erdner, D.; Bhattacharya, D. Dinoflagellates: A remarkable evolutionary experiment.
Am. ]. Bot. 2004, 91, 1523-1534. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.4236/eng.2012.410B023
http://dx.doi.org/10.1109/ISCAS.2014.6865218
http://dx.doi.org/10.1002/elps.201800302
http://www.ncbi.nlm.nih.gov/pubmed/30221789
http://dx.doi.org/10.1016/j.foodchem.2016.07.030
http://www.ncbi.nlm.nih.gov/pubmed/27451244
http://dx.doi.org/10.1002/apj.2332
http://dx.doi.org/10.1016/j.tifs.2019.12.003
http://dx.doi.org/10.1088/0022-3727/47/6/063001
http://dx.doi.org/10.1126/science.152.3722.647-a
http://dx.doi.org/10.1039/C8LC00227D
http://dx.doi.org/10.1063/1.4903942
http://dx.doi.org/10.1016/j.algal.2014.08.004
http://dx.doi.org/10.3732/ajb.91.10.1523
http://www.ncbi.nlm.nih.gov/pubmed/21652307
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Recent Advances in Microalgae Research and Microalgae-Based Bioprocess Development 
	DEP Technology for Cell Population Analysis 
	Overview of DEP Microfluidic Systems for Microalgae Research 
	DEP Microfluidic Devices Categorized Based on Working Principles of Devices 
	Trapping Designs Using pDEP Force 
	Planar Parallel Surface Electrodes for Cell Trapping 
	Micropost Electrode for Cell Trapping 
	Sharp-Tip Electrode Design for Cell Trapping 
	Flow-Through Deflection Structures for Cell Separation 
	Sharp-Tip Electrode for Cell Separation 
	Angled Electrodes for Cell Separation 

	DEP Microfluidic Devices Categorized Based on Their Applications 
	Cell Trapping and Concentration 
	Cell Separation Based on Intracellular Lipid Content 
	Cell Separation Based on Their Sizes or From Other Particles 
	Microalgae Analysis 
	Strain Selection Through Screening 

	Discussion 
	Conclusions 
	References

