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Abstract. The controllability of cell manipulation using image dielectrophoresis (DEP) was characterized
regarding DEP affinity test of cells, effective DEP radius, threshold voltage and parallel manipulation.
The reconfigurable electrodes for DEP were achieved using an optically addressable projection array of
800 by 600. Each optical pixels projected on the chips were measured to be 25 um by 25 um. Individual
pixels were controlled through a computer using a mouse cursor or pre-programmed flashes as projec-
tion patterns over a period of time. Based on the result of the DEP affinity test, effective DEP radius
and threshold voltages, the parallel manipulation of cells without interfering each other was demon-
strated.

Key words: cell manipulation, conductivity, controllability, image dielectrophoresis, non-contact

1. Introduction

In the last decade, there are extensive developments for cell manipulation
technologies that contribute toward biological research and disease diagnose.
These manipulation techniques for cell manipulation, separation, sorting
and guidance can be divided into two categories, including direct con-
tact and non-contact methods. The direct contact methods usually refer to
mechanical manipulations using micropipettes or microgrippers (Wu et al
1998; Edwin 2000). Microgrippers typically have small working distances
and use electric energy or thermal energy to drive actuation. One micro-
gripper is designed to be used for manipulation of one cell. Thus, such
direct contact approaches are not feasible for applications in manipulation
of a large amount of cells.

On the other hand, non-contact methods that utilize optical or electric
energies to guide cells include optical tweezers (Ashkin et al 1971, 1986,
2000), conventional dielectrophoresis (cDEP) (Pohl 1951, 1978; Wang et al.
1993, 1995; Yang et al 1999; Sachiko 2001; Li et al 2002; Das et al



1386 Y.S. LU ET AL.

2005) and optically induced dielectrophoresis (Chiou et al 2003; Lu et al.
2004a, b), etc. Optical tweezers use high gradient of optical pressure to
guide cells by focusing a laser beam through a high N.A. lens on the cells.
High optical intensity of about 10!°mW/cm? may cause damage on the
cells; thus, optical tweezers are not suitable for long-term manipulation of
cells (Neuman et al. 1998).

The DEP methods use the gradient of the electric energy applied to drive
cells. The non-uniform electric fields are generally produced by spatially
distributed electrodes. The electrodes are fabricated using microsystem fab-
rication technologies with masks to patterns physical geometry of the elec-
trodes. In addition to physically patterned electrodes, the non-uniform fields
can be also optically induced with photoconductive layers inserted between
parallel electrodes. The parallel electrodes form uniform electric fields in
between under bias applied. The electric fields become locally enhanced
when the photoconductive layers have higher conductivities under illumi-
nation. This optical method was first demonstrated using laser as a light
source to manipulate particle or cell (Chiou et al 2003).

Alternative optical method was later developed using image projectors
to simultaneously manipulate more cells over a wide range of areas (Ohta
et al. 2004). The images projected from projectors induced high electric
field gradients locally at illuminated spots. This method was demonstrated
to form virtual walls, guiding particles or cells flowing through pre-designed
paths using the negative dielectrophoresis (nDEP) forces (Lu er al. 2004a).
The positive dielectrophoresis (pDEP) forces were also generated to attract
and to trap yeast cells (Lu et al 2004b). This image dielectrophoresis
(iIDEP) method does not require masking fabrication process used in the
cDEP. The iDEP produces lower optical intensity by 1000 times compared
to optical tweezer, reducing damage on cells.

Still, the iDEP is premature to be practically used in cell manipulation.
The previous developments in the last two years mainly focus on moving
particles or cells toward location of desire. In this study, the controllability
of cell manipulation using the iDEP will be analyzed. The parameters of
the controllability to be characterized include the affinity of cells in differ-
ent conductivity solutions and the effective work region of image patterns.

The iDEP is a derivation of ¢cDEP except the electric field gradient
induced optically. The iDEP force can still be expressed using the cDEP
formula as in Equation (1).

Fpep=2ma’e,Re[K* (@)]V(E?), (1)
where a,¢,, E and K*(w) are cell radius, permittivity of surrounding

media, electric field and clausius-mositti factor. The K*(w) can be further
shown as
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where ¢* is complex permittivity (i.e. €*=¢ — j(o/w)); o is the conductivity;
w 1is the electric field frequency. The subscripts p and m denote particles
and the surrounding media, respectively. The cDEP utilizes ac voltage bias
between electric plates to induce non-uniform electric fields. In response to
the electric fields applied, the polarizable cells are guided to the places with
higher electric fields. This phenomenon (i.e. Re[K*(w)]> 0) is named as pos-
itive dielectrophoresis; on the contrary, nDEP is called for the condition of
Re[K*(w)] < 0.

2. System

Figure 1 shows the setup of a typical iDEP system, including a program-
mable light source, a sample chip and a monitoring system. The program-
mable light source used was a 1200Im commercial TFT-LCD projector to
produce flash images that were generated and controlled by a computer.
Different image patterns were edited using Flash MX®. Users can move
the designed images, such as square patterns and cursors, through PC mo-
uses. A CCD camera connected to the computer was installed to capture
cells’ behaviors and projected image patterns. The sample chip was com-
prised of two ITO (Indium-Tin-Oxide) glass chips with a 50 um spacer in
between. Cells and liquid solutions were confined in the sample chip. The
bottom ITO glass was deposited with amorphous silicon («-Si) on top as a
photoconductor layer. When ac voltages were applied across the two ITO
glasses, uniform electric fields were formed and no DEP forces were pro-
duced on cells. The gradients of the electric fields become higher at illumi-
nated regions because photovoltaic effects on the amorphous silicon layer
due to illumination enhance electrical conductivities locally. Each optical
pixels projected on the chips were measured to be 25um by 25um. The
overall usable areas of each projected images was characterized to be about
20mm by 15mm.

3. Experimental results and discussion

The cell species tested in the study were viable yeast. The DEP affinity and
the effective DEP radius (Rer) were investigated to analyze the manipula-
tion controllability of the iDEP method. The viability of cell was tested
using dying method after iDEP manipulation. The viability of cell indicates
the biocompatibility of the iDEP technology.
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Fig. 1. System schematic of image dielectrophoretic technique.

3.1. CELL DEP AFFINITY

To characterize the cell DEP affinity, liquid conductivities and ac frequen-
cies were adjusted. The solutions mixed of NaCl and DI water had the
conductivities varying from 4 uS/cm to 600 uS/cm. The ac frequencies were
adjusted from 10Hz to 10 MHz. The yeast cells were first immersed in the
pre-mixed solutions and were then injected into sample chips. The DEP
affinities of the yeast cells with respect to ac frequencies of 10V, and to
solution conductivities were listed in Table 1. The DEP affinities were qual-
itatively distinguished either as pDEP or as nDEP based on the motion
direction of the cells under non-uniform electric fields.

Table 1 shows that the yeast cells have detectable DEP affinity under the
ac frequencies below 100 kHz and solution conductivities below 450 uS/cm.

Table 1. The affinity test of the yeast cells in different conductivity of solutions

Conductivity (US/cm) Frequency (Hz)
10 100 1K 10K 100K M 10M

4 - + + + + X X
150 0 + + + + X X
300 0 X X + + X X
450 0 0 X + + X X
600 0 0 0 X X X X

+: Positive DEP force; —: Negative DEP force; x: No response; 0: Electrolysis.
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As the liquid conductivity increases from 4 pS/cm to 600 uS/cm, the DEP
behaviors vanish. This phenomenon can be obtained from Equations (1)
and (2) given negligible conductivity of the cells. The real part of the clau-
sius-mositti factor can be expressed as

Re[K* (w)] 812, + spgm—Ze,i —2(om/w)>. 3)

The real part of the clausius-mositti factor approaches zero when the lig-
uid becomes more conductive in the test.

3.2. EFFECTIVE DEP RADIUS

In addition to the DEP affinities of the yeast cells, the effective DEP
radius was also measured to analyze the range within that the DEP forces
have detectable influence on the cells (see Fig. 2). The cells’ motions were
characterized when the square images of four pixels were projected onto
the chips. The effective DEP radius is defined as the farthest boundary
where cell velocities exceed 25 um/min (i.e. over one pixel per minute in this
study).

The effective DEP radius was measured with respect to ac voltages and
frequencies. Table 1 indicates that the yeast cells have pDEP affinity at
the ac frequencies of interest (e.g. 1kHz and 10kHz). The pDEP force
attracted the yeast cells toward illuminated areas. According to recorded
one-minute video clips, the effective radius was determined from the center

Sqguare image

Fig. 2. The effective DEP radius (Refr) of the iDEP manipulation.
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of the square image to the distance where the cells move by no more
than 25um (i.e. one pixel of the images). Figure 3 reveals the experimen-
tal results of the effective DEP radius for the yeast cells in 4 uS/cm solu-
tions. The effective DEP radius increased as ac voltages became larger. At
10 V,p, the effective DEP radius exceeded 475 pm and 425 um for 1kHz and
10KHz, respectively. This result agreed with the implication of Equation
(1). The DEP force increases proportionally to voltage applied; thus, the
effective DEP radius become larger.

The effective DEP radius, on the other hand, can be reckoned as the dis-
tance from the center of the images projected where the DEP force equals
to the drag force on the cells. The minimum detectable velocity of the cells
was defined as 25 um/min for determination of cell immobility; the veloc-
ity was constrained by the detection capability of the system. The drag
force in laminar flows can be expressed as in Equation (4) from Stoke’s
law.

Firag =61 pav, 4)

where p is the viscosity of liquid solutions. The viscosity of the DI water
is 1 x 1073 Nxs/m? at 20°C (Young et al. 2001). The drag force is linearly
proportional to the viscosity, the radius of cells and the velocity of cells.
Given the minimum detectable cell velocity of 25 pm/min and the yeast cells
of about 5um in diameter, the DEP force induced was estimated to be
20 fN.
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Fig. 3. The relationship between the effective DEP radius and applied voltage.
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Fig. 4. The measured cell velocity versus ac voltage applied.

3.3. THRESHOLD VOLTAGE

Cells’ velocities nearby the illuminated spots were also measured for differ-
ent voltage biases applied at 100 Hz shown in Fig. 4.

The velocities were found to be in a good agreement with (5), implying
velocities proportional to square of the voltage applied minus a threshold
voltage. Equation (5) was derived from (1) based on the conservation of
momentum and Ex V.

F(V(V*)At =mAv. (5)

The best-fit relation of velocity to voltage could be expressed as in Equa-
tion (6).

v=0.05x V2. (6)

The threshold voltage was measured to be 3V for the cells to initiate
their motions at the minimum detectable cell velocity of 25 um/min. The
corresponding static friction to overcome was estimated to be 20fN from
Equation (4). When voltages applied were lager than threshold voltage, the
cells” velocities increase proportionally to the voltage squared and finally
reached 5um/s at 10V.

3.4. PARALLEL MANIPULATION

To achieve parallel manipulation, it is of users’ desire to move cells at the
fastest velocities as well as to have minimum influence on the cells of no
interest. There exists trade off between the cell velocities and the effec-
tive DEP radius. When ac voltage bias decreases, the effective DEP radius
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shrinks and the cell velocity nearby illuminated spots also slows down.
Combination of Equations (1) and (4) yields (7).

V(E*(spot)) _ v(spot)
V(E*(Rerr))  v(Retr)’

()

where V(E?%(spot)) and V(E?(Reyr)) denote the gradient of the electric field
at the edges of the illuminated spots and at the boundaries of the effective
DEP radius, respectively. v(spot) and v(Rey) represent the velocities at the
spot edges and at the effective DEP boundaries, respectively. The left-hand
side of Equation (7) depends on the geometric patterns of the projected
images. Assign v(Rer) equal to the minimum detectable velocity, implicitly
yielding Rr/v(spot) =constant. To obtain faster cell motions also results in
larger effective DEP radius. It is desired to conduct efficient parallel manip-
ulation under appropriate ac signals that must satisfy the requirements of
larger than the threshold voltage and the effective DEP radius equal to the
range of desire.

An experimental result of sequential parallel manipulation was shown in
Fig. 5. Four square patterns of 100 um by 100 um were projected onto the
chip. The initial spacing between two adjacent squares was measured to be
about 125 pum. The ac signals applied to the chips was 10V, at 10kHz in
the experiment. In Fig. 5, the upper right spot moved toward the right at
1.6 um/s. The cells were confined within the spot and moved along with it.
Furthermore, the cells confined in the other three light spots remained intact.

3.5. CELL VIABILITY

After the experiment of the parallel manipulation, dying reagent, 0.4% Try-
pan blue, was used for testing the viability of yeast cells. The viable cells
were dyed blue only at cell membranes by the reagent and still transparent in
the center. If cells were non-viable, the reagent would immerse into cells and
make the whole cells blue. According to a colorimeter, two plunged peaks of
red and green primary colors showed at boundary of the cell as shown in Fig.
6(a). This is evidence that cells still kept their viability, after iDEP manipu-
lation. A control experiment (see Fig. 6(b)) was done by burning yeast cells
under hot water at 100°C for 10min. Figure 6(b) shows only one plunged
peak at the center of cells because of the immersed blue reagent.

4. Conclusion

Compared to mechanical manipulators and optical tweezers, the iDEP
has advantages of non-contact cell manipulation and 1000X lower optical
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50um

Fig. 5. Influence study of four independent illuminated spots on cells’ motions. A sequence of six images
(a)—(f) shows one illuminated spot moved toward right and the rest stayed stationary. The yeast cells
were included in the top-right spot and moved along with the spot.

power intensity, intended for negligible damage to cells. Influences of
images patterns were characterized at various ac frequencies and liquid
conductivities. DEP affinities of cells, effective DEP radius and thresh-
old voltages were determined for the controllability of the iDEP. Parallel
manipulation was, thus, demonstrated based on the analyzed DEP informa-
tion. The parallel manipulation of the cells permits users to simultaneously
control many cells independently and still keeps cells viability. In addition,
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Fig. 6(a). The measurement results of cell viability by a colorimeter. (a) Viable cells show two plunged
peaks at cell membranes. (b) Non-viable cells only got one plunged peak at the center because of the
immersed blue reagent.
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this study can be further applied to produce cell reservoirs to temporarily
store cells by projecting desired image patterns on the chips.
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