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Abstract Microscale bioparticle analysis has advanced

significantly providing advantages over bench-scale studies

such as the use of a reduced amount of sample and

reagents, higher sensitivity, faster response, and portability.

Insulator-based dielectrophoresis (iDEP) is a microscale

technique where particles are driven by polarization effects

under a non-uniform electrical field created by the inclu-

sion of insulators between two electrodes. iDEP possesses

attractive advantages over traditional electrode-based di-

electrophoresis since there is no electrode degradation and

manufacture of the device is simpler and economical. This

novel and powerful technique has been applied success-

fully in the manipulation of macromolecules and cells. In

this study, differences in dielectric properties (cell mem-

brane conductivity) of viable and non-viable microalgae,

Selenastrum capricornutum, were employed to concentrate

and separate a mixture of live and dead cells. A micro-

channel, manufactured in glass and containing an array of

cylindrical insulating posts, was employed to dielectroph-

oretically immobilize and concentrate the mixture of cells

employing direct current electric fields. Experiments

showed that live cells exhibited a stronger dielectrophoretic

response than dead cells, which allowed cell differentia-

tion. Separation and enrichment of viable and non-viable

microalgae was achieved in 35 s with a concentration yield

of 10.36 and 15.87 times the initial cell concentration,

respectively. These results demonstrate the use of iDEP as

a technique for rapid assessment of microalgae viability;

unveiling the potential of this powerful technique for

environmental applications on lab-on-a-chip platforms.

Keywords Microalgae � Viability � Dielectrophoresis �
Microfluidics � Selenastrum capricornutum

1 Introduction

In recent years, an increasing interest on microscale bio-

separation systems has been observed. Numerous fields of

knowledge including the environmental, clinical, and

pharmaceutical have beneficiated from advances in

microanalytical systems. Miniaturization has brought sig-

nificant advantages; since the use of small sample volumes

allows for faster analysis, reduced costs, greater sensitivity,

and portability (Whitesides 2006). As a result, the devel-

opment of bioparticles separation protocols coupled with

electrokinetic phenomena in microfluidic systems has

expanded significantly in the last decade.

Dielectrophoresis (DEP) is one of the most important

microanalytical techniques, since the manipulation, sepa-

ration, and concentration of macromolecules, such as virus,

cell organelles, bacteria, yeast, and parasites has been

successfully performed in a single step (Gascoyne et al.

2002; Lapizco-Encinas and Rito-Palomares 2007; Monca-

da-Hernández and Lapizco-Encinas 2010; Voldman 2006).
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J. I. Martı́nez-López � A. Pacheco
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DEP is a non-destructive, non-invasive, electrokinetic

transport mechanism with great potential for the separation

and manipulation of bioparticles in microfluidics devices.

DEP, first described in 1951 by Pohl (1951, 1978), is

defined as the movement of particles due to polarization

effects in a non-uniform electrical field. Particles having a

higher polarizability than their immersion medium exhibit

positive DEP: motion towards regions of greater field

intensity. In contrast, particles having a lower polarizability

than that of the immersion medium exhibit negative DEP:

motion away from regions of high electric field intensity.

DEP can occur in alternating current (AC) or direct current

(DC) electric fields. The most common approach to pro-

duce non-uniform electric fields is to apply AC electric

fields employing microelectrodes arrays (Li and Bashir

2002; Markx et al. 1994; Medoro et al. 2002; Pohl 1978;

Rousselet et al. 1998). However, electrode-based DEP has

some drawbacks when compared to iDEP microdevices,

such as high electrode cost, complex fabrication, and

functionality loss due to fouling effects; commonly

observed when handling biological samples (Li and Bashir

2002; Markx et al. 1994; Medoro et al. 2002; Rousselet

et al. 1998). Majority of the electrode-based systems are

two dimensional since electrodes are usually placed on the

bottom of the microchannel/chamber, that is, particle

flowing far away from the electrodes will not be affected

by the DEP force. In contrast, insulator-based devices

function as three dimensional systems allowing higher

throughput since deeper channels can be employed. On the

other hand, using DC electric fields, instead of AC, allows

fluid to be driven by electrokinetic forces (electroosmosis)

which eliminates the need of micropumps, thus, simplify-

ing the system and increasing portability. For miniaturi-

zation purposes, these features bring great advantages.

It has been demonstrated that DEP can be carried out

successfully employing arrays of insulating structures

(Cummings and Singh 2003; Washizu and Kurosawa

1990). Insulator-based DEP (iDEP) requires only two

electrodes that straddle an array of insulating structures.

When an electric field is applied across an insulating

structures array, these structures are responsible for creat-

ing regions of higher and lower field strength, i.e., dielec-

trophoretic traps are generated (Cummings and Singh

2003; Kang et al. 2008). iDEP systems do not lose their

functionality despite of fouling effects, which makes them

more suitable for biological applications. In addition, iDEP

systems can be fabricated from a variety of materials,

including plastics (Davalos et al. 2008; Sabounchi et al.

2008b; Simmons et al. 2006), leading to inexpensive and

simpler systems with increasing potential for high

throughput applications. Effective concentration and frac-

tionation using iDEP for biological particles in a non-

destructive manner has been reported (Barrett et al. 2005;

Chen et al. 2009; Cho et al. 2009; Davalos et al. 2008;

Kang et al. 2009; Kang et al. 2008; Lapizco-Encinas et al.

2005; Lapizco-Encinas et al. 2004a, 2004b; Moncada-

Hernández and Lapizco-Encinas 2010). Differences in cell

membrane state and conductivity have an effect on the

dielectrophoretic response of cells, allowing viability dis-

crimination; as most cells lose membrane stability as they

lose viability (Lapizco-Encinas et al. 2004a, 2004b; Li and

Bashir 2002; Pethig and Markx 1997; Urdaneta and Smela

2007). In general, when a cell losses viability its membrane

is compromised and becomes permeable allowing high

conductive particles from the cell cytoplasm to penetrate

this barrier, which leads to a significant increase of 3–4

orders of magnitude in membrane conductivity (Li and

Bashir 2002; Pethig and Markx 1997; Urdaneta and Smela

2007). Insulator-based DEP can exploit this dielectric dif-

ference to selectively trap and, therefore, achieve separa-

tion of viable and non-viable cells (Lapizco-Encinas et al.

2004a, 2004b).

Assessment of microalgae viability is of great signifi-

cance due to the ubiquity of these organisms in nature and

multiple industrial applications. For example, microalgae

are associated with the production of toxins in water

blooms, they are used as test organisms in ecotoxicology

assays, and they belong to the organisms responsible for

wastewater treatment (Capasso et al. 2003; Graham and

Wilcox 2000; Li and Song 2007; Markelova et al. 2000;

Pouneva 1997; Raja et al. 2008; Sato et al. 2004; USEPA

1996). Therefore, to accurately determine the presence and

viability of microalgae cells is of great importance after an

algaecide application or to establish toxic chemical con-

centrations or as an indicator of efficient water reclamation.

Nowadays, microalgae are receiving great attention

because of their potential as a source of biofuels or CO2

mitigation system (Wu et al. 2005). However, to explore,

develop, and implement these systems at the laboratory-

and field-scale depends on methods that could rapidly

discern cell viability in the system.

Classical methods to determine physiological state or

viability of microalgae have been inferred from parameters

associated with photosynthesis (ATP formation, carbon

uptake, and oxygen evolution), cell morphology (motility,

and membrane integrity), and cell or colony counts in

culture media. At present, efforts are being made to define

a more reliable and rapid method utilizing colorimetric

assays and fluorescent microscopic methods based on

membrane permeability, chlorophyll auto-fluorescence,

and enzymatic activity of viable cells (USEPA 1996).

Membrane integrity is an indicator of cell death; cells that

exclude a ‘‘dead cell dye’’ are considered viable, and

therefore fluorescent dye analysis is commonly used to

assess cell viability (Bradford and Buller 2010). Other

examples of fluorescent dyes employed for determining

1306 Microfluid Nanofluid (2011) 10:1305–1315

123



cell viability have been reported in the literature (Li and

Bashir 2002; Mukhopadhyay et al. 2009; Pouneva 1997;

Sato et al. 2004). This procedure (cell dyeing to assess

viability) is a common microbiology assay. The study of

the cell’s dielectric properties as a function of its physio-

logical state and membrane conductivity could serve as the

basis for protocols that can rapidly determine the viability

of a microorganism (Sato et al. 2004; USEPA 1996), thus,

eliminating the need for time-consuming procedures,

expensive equipment, and reagents. It is suggested that

DEP response of cells could be used as a direct mean to

separate and assess viability of microalgae accordingly to

changes in the cell membrane.

Considering the need for a technique or method that could

rapidly evaluate the physiological state of algal cultures, this

study presents the application of iDEP to fractionate and

concentrate viable and non-viable Selenastrum capricornu-

tum cells, a unicellular eukaryote green alga commonly used

in ecotoxicology tests (USEPA 1996). S. capricornutum

(UTEX 1648) liquid cultures showed unicellular crescent-

shaped cells with an average cell dimension of 10 lm long

and 2 lm wide. However, it has been reported that cells can

occur in clusters, not entangled, as a transient form after

reproduction (Garrett 2004). S. capricornutum cell wall is

composed of a single smooth layer, and the cytoplasmic

space is occupied by a large chloroplast (Garrett 2004). As

reported in the literature, several approaches have been made

to develop small-scale toxicity tests that could simulta-

neously quantify active growing cells (Sato et al. 2004;

USEPA 1996; Voldman 2006). Conventional methods to

determine viability are recommended for homogeneous

population of cells where no differences in membrane

properties are expected. These methods quantify DNA

fluorescence after exposure of the cells to DNA-intercalating

dyes such as SYTOX�, not taking into consideration cells

that have lost their DNA to the action of degradative enzymes

(Pohl 1951). A viability test for S. capricornutum using DEP

was introduced by Hübner et al. (2003), where AC electric

fields were used to separate live from dead cells to detect the

presence of CuSO4 in water samples. Other uses of DEP on

algae include the continuous separation of different species,

distinguishing autotrophic and heterotrophic organisms, and

the differentiation of algae from yeast (Pohl and Kaler 1979;

Wu et al. 2005). This study has the potential to be a first step

toward the development of this type of device. Cell differ-

ences are determined on membrane properties, and dyes are

no longer required once the technique has been tested and

adapted to the sample.

In this study, a portable system consisting of a glass

microchannel with cylindrical insulating posts was

employed to dielectrophoretically immobilize and con-

centrate microalga cells employing DC electric fields.

Experiments were carried out using live and dead

microalga cells, by varying the electric field to observe

differences in their dielectrophoretic responses. Results

from this study showed that both live and dead microalga

cells exhibited negative dielectrophoretic behavior when

exposed to DC electric fields; however, live cells exhibited

a stronger dielectrophoretic response than dead cells. In

addition, simultaneous enrichment and separation of live

and dead cells was obtained, achieving concentration

enrichments of 10.36 and 15.86 times the inlet concentra-

tion, respectively. Successful immobilization and concen-

tration of microalga cells exhibiting viability differences

were achieved, demonstrating the great potential of iDEP

as a technique for rapid microalgae viability assessment

carried out in a miniaturized and portable system. In this

study, portable equipment (power supply and microscope)

was employed facilitating carrying out analysis on site,

which is critical for many environmental applications.

Microscope and fluorescent labeling were needed for proof

of concept of the employed technique, but once the system

is characterized nor the microscope or the fluorescent dyes

will be required. Regarding the power supply, there are

important efforts by different research groups in the

development of miniaturized power sources (Cheng 2000;

Hoagland 1999). Previous studies with similar iDEP sys-

tems have been reported for the discrimination of live and

dead bacteria (Lapizco-Encinas et al. 2004a, 2004b; Pysher

and Hayes 2007). However, dielectrophoretic differentia-

tion was achieved only within the microchannel, which is

useful for proof of concept applications, without resulting

in a real separation, since cells were not selectively con-

centrated and eluted. To the best knowledge of the authors,

this is the first report on microalgae viability assessment

using iDEP, considering that microalgae posses more

complex structures than bacteria. Moreover, simultaneous

concentration and separation were carried out by selec-

tively eluting one cell type at a time as a concentrated plug

of cells, achieving concentration enrichments employing a

dielectropherogram. Feasibility of the technique was

demonstrated unveiling the potential for future coupling in

lab-on-a-chip platforms.

2 Theory of dielectrophoresis

The dielectrophoretic force acting on an isolated spherical

particle can be represented as:

FDEP ¼ 2pemr3
p Re fCMð ÞrE2 ð1Þ

where em is the permittivity of the suspending medium, rp

is the radius of the particle, E the local electric field and Re

(fCM) it is the real part of the Clausius–Mossotti (CM)

factor or polarizability factor. When low frequency electric

fields are used (frequency B 100 kHz), the CM factor
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can be approximated in terms of real conductivities as

(Cummings and Singh 2003; Simmons et al. 2006;

Washizu and Kurosawa 1990):

fCM ¼
rp � rm

rp þ 2rm

� �
ð2Þ

From Eqs. 1 and 2, it is possible to observe that the

dielectrophoretic force exerted on a particle can be positive

or negative depending on the sign of the CM factor. In

addition, the dielectrophoretic force depends on the inten-

sity of the applied electric field, the particle size and

dielectric properties of the particle, and suspending med-

ium (Gascoyne and Vykoukal 2002). In the case of a

mixture of live and dead alga cells of the same species

culture, it is expected that size differences are negligible,

and that differences in membrane conductivity are high

enough to achieve dielectrophoretic differentiation. Fur-

thermore, operating conditions can be varied to manipulate

the dielectrophoretic force to achieve separation and con-

centration of similar particles. The dielectrophoretic force

is of second order with respect to the applied electric fields

(Eq. 1); at low applied electric fields, low electric fields

gradients are produced, leading to negligible dielectroph-

oretic force. Therefore, the applied electric field has to be

high enough for DEP to become significant and immobilize

particles.

When iDEP is applied employing DC electric fields,

other electrokinetic transport mechanisms are present:

electrophoresis (EP) and electroosmotic flow (EOF)

(Cummings and Singh 2003). Electrokinetics (EK) is the

superposition of EP and electroosmosis. According to that,

there are two regimes of iDEP: streaming and trapping

DEP. Streaming DEP occurs when the dielectrophoretic

force overcomes diffusion but does not overcome the EK

flow. Trapping DEP is the reversible immobilization of

particles in dielectrophoretic traps and it occurs when the

DEP force overcomes diffusion and EK flow (as well as

pressure-driven flow if present) (Cummings 2003; Cum-

mings and Singh 2003).

It has been reported that the majority of cells exhibit

negative dielectrophoretic behavior when exposed to DC

electric fields (Kang et al. 2008; Lapizco-Encinas et al.

2004a, 2004b; Moncada-Hernández and Lapizco-Encinas

2010; Pysher and Hayes 2007). Under DC electric fields,

the dielectrophoretic response of the cells is dominated by

the properties of their cell membrane (Suehiro et al. 2003a,

2003b; Urdaneta and Smela 2007; Wanichapichart et al.

2002). Cell membranes conductivities are usually very

low, in the range of nS/cm (Suehiro et al. 2003a, 2003b;

Urdaneta and Smela 2007; Wanichapichart et al. 2002),

while suspending medium conductivities are in the range of

lS/cm, even when plain bidistilled water is employed, thus,

leading to negative magnitudes for the CM factor.

Figure 1a shows a representation of the forces involved

in the system, EK and DEP. Since the surface of the

microdevice employed has a negative net charge, EK will

be driven toward the outlet reservoir. As conductivity of

viable and non-viable algae is lower than that of the

Fig. 1 Schematic representation of the experimental design. a Rep-

resentation of the forces involved in the system, iDEP shown as a

repulsion force from areas of high field intensity and EK force is

always toward the negative electrode; b non-uniformity of the electric

field with the inclusion of insulating posts with the following

dimensions: A—diameter of 440 or 470 lm, B—center-to-center

distance of 520 or 510 lm, and depth of 20 lm; c microdevice

employed for iDEP experiments, the voltage is applied between the

inlet and outlet reservoirs. The first column of posts at both ends of

the array has a ‘‘dove-tailed’’ geometry to prevent particles from

colliding against the first row of posts and plugging the system
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suspending medium used in these experiments, DEP

experience will be negative and the particles will experi-

ence repulsion from the regions of higher electric field

intensity (narrow regions between posts). As mentioned in

section 2, EK is of first order to the electric field applied

while DEP is of second order. Therefore, for low electric

fields, EK will dominate the system and particles will flow

freely from the inlet to the outlet reservoir (streaming DEP)

(Cummings 2003); nevertheless, when the electric field is

significantly increased DEP will overcome EK and the

particles will be immobilized (trapping DEP) (Cummings

2003). The magnitude of the electric field required to pass

from the streaming regime to the trapping regime will be

different for live and dead microalgae, due to their differ-

ences in cell membrane conductivity that directly affects

the CM factor.

3 Experimental

3.1 Microalgae sample preparation

Selenastrum capricornutum (UTEX 1648) was cultured in

50 ml Falcon tubes in Modified Bold 3 N medium, pH 6.2

(Andersen 2005). Culture conditions were 24�C, continu-

ous illumination with a fluorescent lamp (100 lmol

m-2 s-1) and an air atmosphere. A sample, on the mid

logarithmic growth phase, was divided into two equal parts

to obtain viable and non-viable algae from the same cul-

ture. After centrifugation at 3000 rpm for 3 min, both

pellets were resuspended in 500 ll of bidistilled water to

reach a concentration of 1.79 9 107 cell/ml. The non-via-

ble sample was obtained by heating the cell solution at

70�C for 30 min. Then, cells were stained for 15 min with

0.5 lM final concentration of SYTOX� Green dye (Invit-

rogen, Carlsbad, CA, USA), ex/em 504/523 nm, which can

only penetrate cells with damaged membranes and inter-

calates with its DNA. Viable cells were not dyed since the

autofluorescence of chlorophyll a (ex/em 430/663 nm) was

used to visually differentiate these cells from the heat-

treated sample. This dual-fluorescence viability method can

be used to discriminate live from dead cells since SYTOX�

and chlorophyll a emission spectra do not overlap (Sato

et al. 2004), as seen in the 4 section of this article.

3.2 Microdevice description

Experiments were carried out using microdevices fabri-

cated from two D263 borosilicate glass substrates (e = 6.7

at 1 MHz), where the top substrate contains reservoirs and

the bottom substrate holds the channels and insulating

cylindrical posts. Microdevices were 10.16 mm long, 2 mm

wide, and 20 lm deep, contained an inlet and outlet

reservoir, and comprised an array of 32 cylindrical posts

arranged in eight columns and four rows. The insulating

posts were etched on the glass wafer employing standard

wet etching techniques. DC electric fields were applied

via a pair of remote electrodes consisting of two pieces of

platinum wire located one at the inlet and one at the

outlet of the microchannel. Two microdevices were used

with slightly different posts dimensions: (i) 470 lm

diameter arranged 510 lm center-to-center, and (ii) 440

lm diameter arranged 520 lm center-to-center; all posts

are 20 lm tall, i.e., they transverse the entire depth of the

microchannel creating a true 3-dimensional system

(Fig. 1b and c). The first column of posts at both ends of

the array has a ‘‘dove-tailed’’ geometry to prevent parti-

cles from colliding against the first row of posts and

plugging the system.

3.3 Equipment

Dielectrophoretic behavior of microalga was visualized

employing an inverted microscope model Axiovert 200

(Carl Zeiss, Göttingen, Germany), with an integrated

camera to record pictures and videos utilizing the software

AxioVision LE (Carl Zeiss, Göttingen, Germany). A 109

microscope objective was used for dielectrophoretic

experiments, and a 59 objective was used for concentra-

tion enrichment experiments. The microscope is equipped

with a UV lamp that was used for simultaneous excitation

of both fluorescent tags in the sample (SYTOX Green and

chlorophyll a), allowing discrimination of viable (red) and

non-viable (green) cells. Cell morphology was determined

with a digital microscope Motic� DM-B1 (Speed Fair Co,

Ltd, Causeway Bay, Hong Kong).

Direct current electric fields were applied by employing

a 3000 V high voltage sequencer, model HVS448 (Lab-

smith, Livermore, CA, USA), using 0.3048 mm diameter

platinum-wire electrodes (Omega, Stamford, CT, USA) at

the inlet and outlet reservoirs (Fig. 1a). Both microscopes

and the high voltage sequencer required the use of a per-

sonal computer.

3.4 Dielectrophoresis experiments

Before each iDEP experiment, the microdevice was

cleaned and filled with either bidistilled water with a

conductivity of 2.25 lS/cm and pH 5.8, or a 1 mM

KH2PO4 in bidistilled water with a conductivity of 187

lS/cm and pH 9. The pH and conductivity were measured

with a multiparameter bench meter HI 255 (Hanna

Instruments, Woonsocket, RI, USA). Each experiment

consisted of a 50 ll microalgae sample, at a concentration

of 1.7 9 107 cells/ml, which was introduced at the inlet
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reservoir of the microdevice. Pressure-driven flow was

eliminated after electrodes were introduced into the

reservoirs. Then, DC electric fields were applied, and

the dielectrophoretic behavior was observed and

recorded employing the previously described microscope

configuration.

3.5 Cell enrichment and separation experiments

To measure cell concentration and separation of viable

and non-viable microalgae cells, experiments were con-

ducted in four stages by varying the magnitude of the

applied DC electric field and measuring cell fluorescence

at each stage. First stage, after the microchannel was

filled with the suspending medium, a sample of live and

dead microalgae cells were added, EOF was generated for

5 s by applying a field of 100 V/cm. This low applied

potential was enough to generate flow inside the micro-

channel without dielectrophoretic concentration/trapping

of the cells. Second stage, after the initial period of 5 s,

the applied DC potential was increased to 2500 V/cm for

a time period of 10 s, to dielectrophoretically trap and

concentrate microalgae cells within the array of insulating

structures; fluorescence was recorded to quantify any cells

that escaped the post array. Third stage, the electric field

was decreased to 800 V/cm for 10 s to release the dead

cells that were concentrated at the dielectrophoretic traps

and push them out of the post array employing EOF while

live cells continued dielectrophoretically immobilized; the

fluorescence of the exiting dead cells was measured,

generating a ‘‘peak’’ signal. Fourth stage, the electric field

was again decreased to 100 V for 10 s to release the live

microalgae cells, which were pushed out from the di-

electrophoretic traps by the EOF, the fluorescence of the

live cells was also measured and generated a second

‘‘peak’’ signal.

Concentration enrichment of microalgae cells was

determined by fluorescence measurements employing a

software built-in house, taken from an interrogation win-

dow just at the end of the post array in the microdevice.

Concentration enrichment was calculated as follows:

CE ¼
FMAX

F0

¼ CMAX

C0

ð3Þ

where CE is the concentration enrichment, FMAX is the

maximum fluorescence signal obtained when the plug of

concentrated cells is released, i.e., ‘‘peak’’ maxima. F0 is

the fluorescence signal of ‘‘non-concentrated’’ cells that are

flowing under EOF during the first stage of the experiment.

CMAX and C0 are cell concentration maxima and cell inlet

concentration, respectively. Concentration estimations

are obtained by direct correlation of fluorescence

measurements.

4 Results and discussion

As previously mentioned in the 2 section, viable microal-

gae cells posses integrity in their cell membrane which will

be reflected in lower conductivities, leading to higher

magnitudes for the CM factor, and, hence, higher DEP

force. Figure 2 presents a comparison between the results

obtained at three different electric fields when live and

dead cells were treated separately. Figure 2a shows viable

cells (red) weakly trapped at 500 V/cm which experienced

stronger immobilization when the field was increased to

800 and 1200 V/cm, Fig. 2b and c, respectively. On the

other hand, for non-viable cells (green), an electric field of

500 V/cm (Fig. 2d) was not high enough to produce any

trapping, though when increased to 800 V/cm (Fig. 2e)

stronger trapping was clearly achieved, which was

improved at 1000 V/cm (Fig. 2f). Experiments were per-

formed with a suspending medium of bidistilled water with

conductivity of 2.25 lS/cm and pH of 5.8, and using the

microdevice with insulating posts of 470 lm in diameter.

To discard differences in cell size as a determinant factor

for distinct dielectrophoretic response between viable and

non-viable algae, 30 heat-treated and 30 non-treated cells

were measured using a digital microscope. An ANOVA

test using the Data Analysis Tools from Microsoft Excel�

(Microsoft Corporation, Redmond, WA) showed no sta-

tistically significant evidence to conclude that the treatment

affects the size of the algae (p-value of 0.3423 with a

significance of 0.05).

Similar results were obtained when a mixture of non-

treated and heat-treated algae were introduced simulta-

neously in the inlet reservoir using a suspending medium

with a conductivity of 187 lS/cm and pH of 9 (Fig. 3). At

an applied electric field of 600 V/cm, non-viable algae

were dominated by EK force, and cells were flowing

towards the outlet reservoir (shown as green lines), while

some viable algae were immobilized by DEP (Fig. 3a).

When the field was increased to 1000 V/cm viable cells

exhibited strong negative dielectrophoretic trapping while

non-viable cells continue to be dominated by EK (Fig. 3b).

By increasing the field to 1300 V/cm, it was possible to

weakly immobilize non-viable algae, while viable algae

were strongly immobilized also by negative DEP (Fig. 3c).

Finally, at the highest field of 1700 V/cm, both cell types

were strongly trapped but in different regions of the flow

since the DEP force was not equally exerted on both cell

types; repulsion from the region with higher field gradient

(narrow part between posts) was stronger for live algae

and, therefore, cells were trapped farther away (Fig. 3d).

Posts in Fig. 3 show a thick border due to a slight conical

shape resulting from the wet etching process employed for

the fabrication of the microdevice. These experiments were

performed in the microdevice with insulator posts of
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440 lm in diameter and spaced 520 lm center-to-center to

improve efficiency of the device performance for handling

higher cell concentrations. Characterization of DEP trap-

ping of non-viable cells showed a trend to agglomerate

when subjected to the system conditions, specially for

higher cell concentration, resulting in clogging of the

channel. By moving to a device with a wider aperture

between posts, though higher electric fields were required,

a significant reduction for plugging of the microchannel

was achieved. Results shown in Fig. 3 were obtained from

the video ‘‘DEP_separation_of_viable_and_non-via-

ble_algae.wmv’’ where voltage changes are described and

the response of the algae to the non-uniform electric field is

shown. This video is attached as Supplementary Material.

Differences on the streaming and trapping voltages for

these experiments using the two microdevices can be

explained by the size of the insulating structures embedded

in the microchannel, since the diameter of the circular posts

is different so will be the gradient of the electric field. As

seen in Eq. 1, the DEP force is directly proportional to the

square of this value. Using the software COMSOL Mul-

thiphyisics� the difference between the two microdevices

was evaluated. The software solves the Laplace equation

using the Lagrange element on a triangular mesh to obtain

values for the parameter such as the gradient of the electric

field. The results showed that by applying a potential of

500 V, maximum values reached for rE2 were 2.27 9 108

and 5.25 9 108 V2/cm3 when employing circular posts of

440 and 470 lm in diameter, respectively. This is reflected

on a higher magnitude of the negative DEP force on the

former microdevice, and, therefore, a lower electric field

was needed to achieve a trapping voltage for both types of

cells (Fig. 2).

Figure 4 represents the dielectropherogram obtained by

plotting fluorescence versus time of the dielectrophoreti-

cally concentrated cells leaving the array, where green

(non-viable) and red (viable) fluorescence signals are

shown simultaneously as acquired by the video. Non-viable

algae are released first while viable cells are still trapped,

as shown by an increase in the green signal detected by the

software. It was noticed that non-viable cells of S. capri-

cornutum tend to agglomerate under these conditions, and

release as ‘‘chunks’’ of agglomerated cells. This was

demonstrated by obtaining several peaks for the dead cells.

Afterward, the viable algae were released giving a well-

defined high-resolution peak with a concentration enrich-

ment value higher than the one obtained for non-viable

cells; since live cells were confined a longer time inside the

device. The dielectropherogram allows observing how it

was possible to selectively elute dead cells while retaining

live cells, allowing for separation and differentiation

between viable and non-viable algae.

Cell enrichment was determined by measuring fluores-

cence of the cells when they passed the post array. By

applying an electric field of 2500 V/cm for 10 s, to trap the

cell mixture, and then decreasing the field to 800 V/cm for

10 s, to release the non-viable algae, an increase of 10.36

times the initial concentration of heat-treated algae was

achieved (Fig. 4). Then, the electric field was decreased to

100 V/cm to release the viable algae with a cell enrichment

value of 15.86 times the original concentration. Enrichment

values were calculated by employing Eq. 3. It has been

Fig. 2 Dielectrophoretic response of viable (red) and non-viable

(green) Selenastrum capricornutum cells suspended in bidistilled

water with conductivity of 2.25 lS/cm and pH of 5.8. Viable algae

show weak dielectrophoretic trapping at 500 V/cm (a) and strong

trapping at 800 V/cm (b) and 1200 V/cm (c); non-viable algae show

negligible dielectrophoretic trapping at 500 V/cm (d), but strong

trapping at 800 V/cm (e) and 1000 V/cm (f). Experiments were

conducted in a microdevice with circular insulating posts of 470 lm

in diameter spaced 510 lm center-to-center. (Color figure online)
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reported that fluorescence has a non-linear dependence

with cell concentration; therefore, major changes in cell

concentration are required to show a slight increase in

fluorescence (Du et al. 2008). Consequently, viable and

non-viable microalgae enrichments values obtained in this

study might be higher than reported. Separation efficiency

in terms of the resolution of the peaks in Fig. 4 is good but

it can be further improved. As observed in Fig. 4, there is a

small peak of green signal (dead cells) overlapping with the

red peak (live cells); this could be eliminated or reduced by

modifying operating conditions.

Due to the high electric field applied in iDEP experi-

mentation, Joule Heating is present. However, it is

expected that cell viability is not affected by this condition.

As reported by Sabounchi et al. (2008a), for a flow rate of

40 ll/min in a very similar system, temperature rose to

about 55�C for an applied field of 1250 V/cm. It is possible

to consider that in the present system, with a current flow

rate of 41 ll/min and 2500 V/cm, temperature might have

increased to around 60–65�C in the device and since the

experiment duration was only 35 s it might not have been

enough time to kill the cells. As described in the 3 section,

a temperature of 70�C applied for 30 min was required to

kill this algae species. In order to experimentally determine

whether or not the electric current applied to the sample

was a factor by itself that induced death of cells; a control

experiment was performed using only viable microalgae.

Fig. 3 Dielectrophoretic response of a mixture of viable (red) and

non-viable (green) Selenastrum capricornutum cells suspended in

bidistilled water with conductivity of 187 lS/cm and a pH of 9.0.

a Viable algae show weak negative dielectrophoretic trapping at

600 V/cm while non-viable algae are dominated by electroosmotic

flow; b dielectrophoretic response of viable algae increases and cells

are strongly trapped at 1000 V/cm while non-viable cells continue to

be dominated by electroosmotic flow; c at 1300 V/cm, viable cells are

strongly trapped by dielectrophoresis, and non-viable cells show weak

dielectrophoretic trapping; d both algae, viable and non-viable, are

trapped but at different regions with an electric field of 1700 V/cm

since viable algae show stronger repulsion from the regions of high

field intensity (negative DEP) and separation is achieved. Experi-

ments were conducted in a microdevice with circular insulating posts

of 440 lm in diameter spaced 520 lm center-to-center. (Color figure

online)

Fig. 4 Dielectropherogram showing simultaneous green (non-viable

algae) and red (viable algae) fluorescence measurements in real time and

representation of the electric field applied versus time. Values of

concentration enrichment (CE) of non-viable and viable algae are

presented and were calculated utilizing Eq. 3. Total process time was

35 s in a suspending medium of 1 mM KH2PO4, conductivity of 187 lS/cm,

and pH of 9.0, using a microdevice with circular insulating posts of 440 lm

in diameter spaced 520 lm center-to-center. (Color figure online)
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A sample of 1 ml of an active growing culture was divided

into two equal parts. One part was stained with SYTOX�

Green dye to ascertain initial viability of the cells. The

other half was subjected to an electric field of 2500 V/cm

for 35 s under the same experimental conditions as

described in the more aggressive iDEP experiment (Fig. 3).

Cells were recovered from the microdevice and stained

with SYTOX� Green dye. Live and dead cells were

assessed using a Neubauer counting chamber in both

samples. The proportion of green cells to the total cells was

compared between the treated and non-treated samples.

Proportions were 0.0134 and 0.0097 for the former and the

latter, respectively. A Bernoulli statistical analysis was

carried out to determine if the two proportions were equal

employing the following test statistic z (Schork and Rem-

ington 2000):

z ¼ p̂1 � p̂2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p̂1 1�p̂1ð Þ

n1
þ p̂2 1�p̂2ð Þ

n2

q ð4Þ

where p̂1 and p̂2 are the estimated proportions for the two

populations calculated as:

p̂1 ¼ x1=n1
ð5Þ

p̂2 ¼ x2=n2
ð6Þ

where x1 and x2 are the non-viable cells, while n1 and n2 are

the total cells counted for the two samples. The test statistic

was calculated in 0.712 and it was determined that no

statistically significant evidence was obtained to conclude

that the iDEP treatment affected cell viability when com-

pared to the non-treated sample (p-value of 0.4765 with a

significance of 0.05).

5 Conclusions

Differentiation between viable and non-viable microalgae

cells was determined employing a simple iDEP microde-

vice. Live and dead microalgae cells experience different

dielectrophoretic responses under same system settings.

Differences in cell surface conductivity produce dissimilar

CM magnitudes, and, therefore, separation of viable cells

can be achieved. In this study, simultaneous separation and

concentration between viable and non-viable heat-treated

S. capricornutum cells was demonstrated.

Negative DEP was observed during this study, since

conductivity of algae is lower than that of the buffer used

as suspending medium. It was demonstrated that the

magnitude of the applied electric field can be manipulated

to selectively trap or release only viable algae or viable and

non-viable cells simultaneously. The degree of the negative

DEP trapping can be also controlled with the electric field.

In order to test the efficiency of the technique, enrich-

ment of the different types of cells was calculated with

fluorescence measurements of the samples before and

after iDEP concentration. After 35 s of processing time,

enrichment values of 10.36 and 15.87 times the original

concentration was achieved for viable and non-viable

algae, respectively. It was possible to selectively elute one

cell type at a time, analogous to a chromatographic sepa-

ration, obtaining peaks of concentrated cells. Dead cells

had a weaker response and were eluted before live cells.

Although fluorescence was used in this article, the tech-

nique can be used as a label-free method once implemented

since concentration of cells can be determined by a spec-

trophotometer or any other common analytical tool.

Miniaturization of the power source and the detection

techniques can be also available.

Although DC-iDEP is still a nascent method for particle

manipulation, there is a great potential for this powerful

technique for environmental and biotechnological appli-

cations where rapid viability assessment is crucial.
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