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nDEP microwells for single-cell patterning in physiological mediaf
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We present a novel technique to accurately position single cells on a substrate using negative
dielectrophoresis and cell-substrate adhesion. The cells are suspended in physiological media
throughout the patterning process. We also verify the biocompatibility of this method by
demonstrating that the patterned cells proliferate and show normal morphology. We calculate the
temperatures and transmembrane potential that cells in the device experience and compare them

to physiologically acceptable levels described in previous studies.

Introduction

The ability to place cells at specific locations on a substrate is a
useful tool for studying and engineering interactions between
cells,'™ performing image-based cell selection,®’ and creating
cell-based biosensors.®® The ability to pattern with single-cell
resolution is necessary in order to perform studies of single-cell
physiology in which these cells are interacting with other
cells. For example, such technology would enable the precise
construction and study of neuronal networks,'® and in vitro
studies of interactions between stem cells and surrounding
niche cells that control their division.!" For example, in the
Drosophila germarium, germline stem cells are found in direct
contact with cap cells.

Several techniques have been used for creating patterns of
mostly single cells: (i) patterning the substrate with materials
that support and/or resist cell adhesion,'*!® sometimes with
the additional use of electrophoretic forces,” ” (ii) loading cells
into microwells'® or trapping structures,'® (iii) using positive
dielectrophoretic (pDEP) forces>”'7?° to pull cells onto
patterned electrodes, (iv) negative dielectrophoretic (nDEP)
forces®>' 2 to push cells (for a review see Voldman®*), (v) cell
stamping,®® and (vi) laser printing.”® Among these techniques,
electrical approaches to patterning have the beneficial feature
that they do not restrict subsequent cell proliferation or
motility (Fig. 1). Another advantage of electrical methods is
that they enable electrical addressing of sites where cells are
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held,” allowing for the easy integration of electrical detection
of cell products and/or electrical stimulation of particular cells.
While pDEP-based cell patterning has become increasingly
popular over the last few years,>”'7° there have been fewer
studies that used nDEP to pattern cells.*!>* This is pre-
dominantly because nDEP traps are weaker and harder to
design, since, unlike pDEP, particles are trapped at electric
field minima. However, in contrast to pDEP, which must be
performed in media with low conductivity to guarantee that
the cells are more polarizable than the media, only nDEP can
be performed with cells suspended in commonly used cell-
culture media because these media have higher conductivity
and relative permittivity than cells?”*® (ESIt). The use of
such media presents a significant advantage because it allows
one to use the traditional media formulations optimized for
cell culture. This avoids any gross viability issues associated
with placing sensitive cells in artificial media (ESIY).
Previously we demonstrated the use of nDEP forces to
construct traps that were used to hold single micron-size beads
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Fig. 1 The use of DEP-based single-cell patterning for patterning
proliferating and/or migrating cells. Adhesive patterning of the
extracellular matrix (ECM) or patterning using PDMS structures such
as microwells cannot provide room for proliferation or movement
while patterning single cells. Using single-cell nDEP traps it is possible
to both trap single cells and provide room for proliferation and
movement.
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at chosen locations on a substrate.®* Here we present
modifications to that design that allow us to manipulate
and pattern single cells. This required adding interdigitated
electrodes to minimize non-specific cell adhesion and deter-
mining operating parameters that minimized heating and
electric field exposure. The resulting structures are termed
nDEP microwells to reflect the fact that they present an
electrical microwell to incoming cells, allowing cell-substrate
attachment only inside the DEP trap. Unlike nDEP-based
structures developed by other groups,””** our nDEP micro-
wells are accurately sized so as to allow only single cells to
settle on the substrate. We demonstrate that our cell-
patterning technique does not affect gross cell phenotype as
measured by morphology and proliferation. Finally, we show
how combining pressure-driven and convective flows can be
used to manipulate cells in two dimensions.

Results
Evolution of the nDEP microwell

We previously demonstrated the use of nDEP forces to con-
struct traps that were used to hold single micron-size beads at
chosen locations on a substrate.”” These traps employed a
unique geometry consisting of a square electrode and a line-
shaped counter-electrode (Fig. 2(a), inset). By appropriately
sizing the square and the spacing between the square and the
line, we could alter both the strength of the trap and its size
selectivity. The resulting traps were strong, easy to fabricate,
and optimally suited for particles in the size range of cells.
There were several challenges that we needed to address to
use these traps with cells, specifically minimizing nonspecific
adhesion and mitigating any effects on cell physiology.
Nonspecific adhesion refers to the all-too-common phenom-
enon whereby cells attach to the substrate in undesired areas
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Fig. 2 nDEP microwell. (a) Image of an nDEP trap (center)
surrounded by IDEs. Together they constitute a single nDEP
microwell. The inset shows an nDEP trap without IDEs. The scale
bar represents 20 um. (b) Simulated equilibrium height of a cell in the
device at positions along the orange line in a) for a substrate without
IDEs (1 V), and for a substrate with IDEs at 1 V,, and 2 V.
Without IDEs, cells can contact the surface starting ~ 50 pm from the
trap. With IDEs, a well-like structure is formed at voltages of ~1 V,;,
as a result of levitation of cells by the IDEs, and the exclusion of fields
inside the trap. The trap size is chosen so that only one cell can
enter the nDEP microwell. As the voltage is increased, the well gets
narrower, and finally “closes off” at 2 V... The levitation of untrapped
cells addresses the challenge of them sticking to the substrate (which
impairs patterning).

through nonspecific mechanisms such as hydrophobic inter-
actions. This can result in poor patterning fidelity because cells
will end up not only in the traps but in other areas as well
(ESIT). When using adhesive patterning, the attachment of
cells in certain regions is minimized by coating these regions
with an inert surface such as polyethylene glycol.'”> We wanted
to avoid this approach for two reasons. First, we wanted to
develop a matrix-independent patterning technique (Fig. 1).
Second, while PEGs prevent cell attachment (spreading), a
frictional/adhesive force between a cell and the (coated) sub-
strate it is on is, nevertheless, always present. This force is
easily overcome in conventional cell patterning, where one
washes cells away using pipettes and macroscopic flows. In our
microfluidic systems with DEP traps, we apply relatively
small forces to avoid ejecting cells from the trap, which may
not be large enough to sweep away nonspecifically adhered
cells. For instance, our quantitative models of the nDEP
microwells yield DEP holding forces for cells in these traps of
~1 pN (at 1 Vpp).

We used a parallel-plate flow chamber with variable flow to
estimate the frictional/adhesive forces holding cells on glass
substrates. By using flow to release cells sticking to the surface,
we estimated that this frictional force between the cell and the
glass substrate ranges from 0.25-20 pN for HeLa cells and
10-25 pN for NIH 3T3 fibroblasts. This variation in the
frictional force is greater than the DEP force exerted on
trapped cells for physiologically acceptable voltages (see ESIt
for details). Thus, effective patterning of cells in our device
required that we prevent cell-substrate contact from occurring.

We decided to address this challenge by exploiting the
capabilities of nDEP to prevent cell-substrate contact. We
introduced interdigitated electrodes (IDEs) around the traps,
which we used to levitate untrapped cells (Fig. 2(a)). The IDEs
produce an nDEP force that is predominantly upward-
directed, with minimal in-plane components. Thus, the IDEs
only present a surface-repelling force but do not prevent the
lateral movement of the cells. We chose an electrode spacing
of 30 um for our IDEs. Our simulations show an average
equilibrium cell height of around 17 pm for this electrode
spacing when the electrodes are actuated at 1 Vy, (Fig. 2(b),
ESI¥), which was consistent with our measurements. Since cell
“radii” are typically around 5-8 pm, we surmised that this
design would be sufficient to levitate cells. Our choice of
electrode spacing was based on an inter-trap spacing of 200 pm,
but our modeling software predicts that the levitation height is
fairly insensitive to the electrode spacing for spacings in the
range of 20-35 um. However, as described in Rosenthal and
Voldman,? the trap strength decreases strongly with increases
in the spacing between the three central trap electrodes. For
ease of fabrication, we chose this spacing to be 10 pm.

The combination of the nDEP trap and IDEs constitutes the
nDEP microwell. In Fig. 3 we demonstrate patterning of single
HL60 cells in these nDEP microwells. In about 30-60 minutes
we could load cells into our device, direct cells into most traps
(>70% of a total of 100 traps), and clear away untrapped cells.
We see that the addition of the IDEs enables patterning with
very little adhesion of cells outside the patterns (typically
less than 10 cells per 100 trapped cells). When working with
adherent cells it was possible to move the devices into an
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Fig. 3 Phase contrast (a) and fluorescence (b) images of HL60 cells
trapped on our electrode array. Inset: Phase contrast image of a single
trapped cell. The scale bar is 200 pm.

incubator after allowing the cells to attach for around
30 minutes. Non-adherent cells shifted from their positions
on moving the device and consequently would have to be
incubated on the microscope stage for longer assays.

Cell health

The second question that must be addressed when using cells
in any DEP-based device is whether the DEP manipulation
affects cell physiology. Two mechanisms have been described
by which alternating electric fields can affect normal cell phy-
siology,'”?” namely, Joule heating of the cell suspension, and
induction of large transmembrane potentials ultimately
leading to electro-poration of the plasma membrane™ or the
membranes of intracellular organelles.>! In order to demon-
strate that our trapping method is biocompatible, we designed
the device to operate well beneath the damage thresholds
associated with the mechanisms mentioned above. We
excluded any investigation of damage to intracellular struc-
tures since the fields responsible for these effects have been
reported to be two orders of magnitude higher than the fields
in our device.*!

To avoid any harmful effects due to Joule heating, we
wanted to avoid temperature excursions above physiological
levels (37 °C for mammalian cells). We simulated the tempera-
tures experienced by cells at various voltages (Fig. 4(a)).
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Fig. 4 Cell health. (a) Simulated temperature in the center of the trap
(red line) and transmembrane voltages for trapped cells (blue line), for
different peak voltages, at 10 MHz. Similar values were obtained for
cells levitated above the IDEs. (b) Phase and fluorescent images of
GFP-expressing HeLa cells trapped in a nDEP microwell array,
showing that they exhibit normal morphology and proliferation over
4 days after being trapped at 1 V,,, and 10 MHz. Arrows in the Day 1
figure (top, right) show the displacement of cells that moved out of the
trap. The scale bar represents 100 um. (c) Phase images of single HeLa
cells trapped in the nDEP microwells, showing that they exhibit
normal morphology.

Simulations included conductive heat transfer and neglected
convection, which is typically minimal in these systems (Péclet
number, Pe < 1). We see that the temperature scales with the
square of the applied voltage, as expected. Using a typical
room temperature of 25 °C, we can avoid thermally stressing
the cells by keeping the applied voltage to <2.5 V.
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Modeling temperature rises in microsystems is often
inaccurate because the exterior boundary conditions (between
the device and ambient) are not known or well controlled. In
our case, we set the exterior of the device to a fixed
temperature boundary condition of room temperature. To
determine whether this would result in realistic temperature
modeling, we used a slightly different device where we
fabricated an on-chip resistor specifically for measuring
temperature (using the temperature coefficient of resistivity
of Au). As seen in Fig. S4 (ESIf), the simulated and measured
temperatures are comparable, validating our modeling
approach. Thus, we believe that our thermal simulations are
adequate design tools for avoiding thermal stresses.

Transmembrane potentials are the second way by which
electric fields have been shown to affect cell physiology. When
cells are placed in AC electric fields, an imposed AC voltage
appears across the cell membrane. Since cells already maintain
a constant (DC) transmembrane potential of ~60 mV across
their membrane, adding an additional potential could alter cell
physiology.?” For a spherical cell in a uniform electric field, the
maximum imposed transmembrane potential is given by,*

RCm (pcyto + 1/2pmed)
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where E is the maximum electric field, R is the cell radius,  is
the frequency of the applied voltage, C,, is the capacitance of
the cell membrane, pey is the cytoplasmic conductivity, pmed
is the conductivity of the medium, and G, is the membrane
conductivity for the cell. We see that the imposed trans-
membrane potential scales linearly with applied electric field
and inversely with frequency above the critical frequency 1/z.
Thus, minimizing electric field intensity and increasing field
frequency minimize Viy,.

We used our field modeling tools and the expression above
to simulate the transmembrane potential experienced by cells
due to the applied electric fields (Fig. 4(a)). As expected, the
simulated transmembrane potential scales linearly with the
applied voltage.

To use these simulations as a design tool, we must know the
maximum potential that does not adversely affect cell health.
Unfortunately, this value is not known, since the mechanism
by which a rapidly oscillating potential affects cell physiology
is not well understood. In addition, electric fields in DEP
microsystems are necessarily non-uniform, which limits the
accuracy of the simple Vi, expression above. Nonetheless,
previous experimental®’*® and theoretical®® studies indicate
that transmembrane voltages under 200 mV do not adversely
affect cell physiology, and so we use this value as a rough
reference point. As can be seen from Fig. 4(a), for our
operating conditions (<2.5 V5, 10 MHz), the transmembrane
potential does not exceed 50 mV.

In addition to voltage limitations imposed by cell health
considerations, we also must deal with effects due to electro-
hydrodynamic (EHD) flows.* In our device EHD flows are
exhibited primarily as convection of the media in the chamber.
The media convects as a result of Joule heating caused by the
ionic currents (details in the ESI{). We found that operation at
voltages of 1-2 V;, resulted in a slow accumulation of cells in

the central region of the array due to this convective flow over
the electrode array (ESIT Fig. S6). Once cells were bunched
together, the problem of nonspecific adhesion of cells to the
substrate was exacerbated, likely due to single stuck cells
pulling others to the substrate. Thus, combining all the con-
straints, we chose an operation point of 1 V,,, and 10 MHz.
In Fig. 4(b) and (c) we show results of patterning HelLa
cells, an adherent human tumor cell line. Again we see high
patterning fidelity (Fig. 4(b)). More importantly, under these
trapping conditions, we found that cells patterned on our array
proliferated over 4 days and showed normal morphology
(Fig. 4(c)). This demonstrates that our nDEP microwells
can successfully be used to pattern multiple single cells in
physiological media without grossly affecting cell health.

Manipulation of cells in our device

We have developed two modes of operation for our device
(Fig. 5(a)). We use either pressure-driven flow alone, or a
combination of pressure-driven flow and convective flow
to move cells in the chamber. Using only pressure-driven
flow, cells can be patterned more quickly (approximately
15 minutes). However, there is limited control over which
nDEP microwells get filled. We can typically populate more
than 70% of the nDEP microwells.

In the second mode (Fig. 5(b), ESI} video) we take
advantage of the global electrohydrodynamic flows to obtain
both linear (pressure-driven) and transverse (EHD) flows in
our device. The pressure-driven flow was used to move cells
along the array. On increasing the operating voltage to 2.5 V,,,,
a significant EHD convective flow was set up in the flow
chamber (ESIT) due to increased local Joule heating of the
medium directly above the electrode array (by the ionic
current). This flow pulled cells towards the center of the array.
Cells will not get lifted by the flow unless they actually reach
the center of the array, and the viscous drag force due to the
EHD flow is greater than the gravitational force on the cell. In
our experiments we did not observe this to happen. Upon
decreasing the array voltage to 1 V, the convective flow
stopped almost instantaneously. Using a combination of the
two independent flows mentioned above, we were able to
move cells into selected DEP microwells. We believe that this
approach would be useful when the filling of adjacent sites
in order to have a fixed intercellular distance is critical to a
study, for example in studies of diffusible signaling and
chemotactic responses.

Discussion

We have presented a method to build arrays of single cells
using nDEP. The ability to pattern single cells is important for
constructing and studying neuronal networks'® and stem cell
niches'! in vitro.

In contrast to pDEP approaches that require cells to be
suspended in special media, nDEP manipulation offers the
advantage of allowing the cells to be in cell-culture media.
Cells need to be in a medium with high salinity since they
use an electrochemical gradient to obtain nutrients from
their environment and to remove metabolites and ions
from their cytosol. The sodium pump, also known as the
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Flood: Inject cells
into chamber

Load: Trap cells w/ low flow
and let settle

Fill: (Optional) Trap additional
cells using a convective flow

Clear: Flow away
untrapped cells

Fig. 5 Top: Schematic of operating procedure. We first inject cells into the chamber, with the electrodes on, at relatively high velocities of
hundreds of microns per second. We then load cells into traps by flowing at very low speeds of around 1 pm s~ '. If required, we can then fill
additional traps using EHD flows. In the ‘Fill’ step, orange lines show the motion of the fluid while red lines show the motion of (two) untrapped
cells. The flow must be kept slow enough (<5 pm s~ ') so that cells do not get lifted with the flow. Finally, all untrapped cells are cleared from the
array. Bottom: Use of convective flow to pattern cells. (a) — (b): Convective flow pushes untrapped cells towards the center of the electrode array
(not shown at this scale) when electrodes are driven at 2.5 V,,,. Blue arrows show the movement of cells between frames. This flow is used to align
cells with the trap. (b) — (c): Transition is made to pressure-driven flow using a syringe pump. All untrapped cells move in the same direction, along
the array. The pressure-driven flow is used to push aligned cells into the traps. The scale bar represents 25 um.

Na*/K*-ATPase, is responsible for establishing and maintain-
ing this electrochemical gradient in animal cells, the driving
force behind secondary transport systems.>> The enzyme
Na*/K*-ATPase is a component of the plasma membrane
and transports Na® and K* using ATP hydrolysis. Thus,
proper physiology demands that cells be in an environment
with particular concentrations of these ions. Therefore cell-
culture media for mammalian cells are designed to have
similar ionic constituents as blood plasma, which results in an
electrical conductivity of around 1.5 S m™'. While many cell
types can tolerate short exposures to low-conductivity media,
it is commonly known that certain cell types do not fare
well in such media. In these cases one must use physiological
media. The high electrical conductivity (and higher per-
mittivity) of physiological media make them more polarizable
than cells at all frequencies; in this situation, only nDEP
will occur.?®

The conductivity of culture media is ~4 orders of magni-
tude larger than that of deionized (DI) water, and can result in
significant Joule heating. Indeed, operating at electric fields in
the 10° V m™! range, as is routine in DEP microsystems,
results in power densities of 10'© W m™>. This can in turn
result in significant temperature rises that can thermally shock
cells.*® The most common way to avoid this heating is to
minimize the medium’s electrical conductivity by substituting
ions with a non-ionic solute (e.g., sucrose) that provides
osmotic balance without providing ions for electrical conduc-
tion. This medium has the advantage that it is ideally suited for
pDEP cell manipulation, which is typically easier to accom-
plish than with nDEP. Indeed, single-cell trapping using
pDEP was demonstrated by Suehiro and Pethig in 1998.%
Subsequently, pDEP has been used by several groups to create

arrays”!” and various biomimetic patterns of cells.>?°

However, we can also exploit the small heating volume and
large surface area for heat conduction in microsystems to
minimize induced temperature rises. Coupling this favorable
scaling with the nDEP microwell architecture results in a
strong trap suitable for use in physiological media.

We have also engineered a unique fluidic manipulation
method that uses convective flows in combination with
pressure-driven linear flow, enabling two-dimensional mani-
pulation of micron-sized objects. Although in our system, the
flow is constrained toward the center of the array (i.e., the
hottest portion), one could conceivably create desired flow
profiles by placing heating elements at specific locations
on-chip. This convective flow could also be used to concentrate
cells (ESIt Fig. S6). This would be useful for assays where only
a small number of cells are available for patterning, such as
when working with certain primary cells. The fluidics in our
device provide for subsequent feeding or perfusion of cells.
One could also, for example, flow in a second cell type after
patterning the first one.

Although we have emphasized single-cell patterning in this
work, our design could also be used to pattern other numbers
of cells per site by increasing the size and changing the shape of
the nDEP microwell. This would enable a study of the role of
contact signaling with a precise number of neighboring cells.

Somewhat surprisingly, our trap strength is not limited by
effects on cell physiology but by thermally induced EHD
flows. Thus, if we could reduce heating in the device, we could
increase our operating voltage and thus the trap strength.
Since our goal is to use traditional cell culture media, lowering
heating by lowering the conductivity of the medium is not a
useful solution. An alternative way to decrease the temperature
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rise is to increase the thermal conductivity of the substrate,
since the temperature rise is directly related to the substrate
thermal conductivity. For instance, fabricating our traps on
a silicon wafer (thermal conductivity 150 W m ' K ! as
compared to glass: 1.4 W m ™! K™!) would allow us to increase
the operating voltage to 10 V,,, resulting in a significantly
stronger trap, while still maintaining physiological tempera-

tures and safe transmembrane potentials (~200 mV).

Materials and methods

Modeling

Modeling was performed using Matlab-based software
developed in our lab® (free download available:
http://www.rle.mit.edu/biomicro/publications.htm).  Briefly,

our software takes electric-field data and other experimental
parameters and computes the total force on the particle
everywhere in space. From this, streamlines are generated and
used to determine the particles’ trajectories. By varying fluid
flow rates (and associated drag forces) we can determine the
holding forces of particles in our systems. We extracted
electric-field data from simulations using the commercial
field solver Comsol Multiphysics (Comsol, Inc., Burlington,
MA). Temperature modeling was also done using Comsol
Multiphysics. After using the Electromagnetics module to
determine the resistive heating in the flow chamber, we used
the Heat Conduction module to determine the temperature
at various locations on the device (details in ESI{). We
determined the transmembrane potential using the maximum
value of the electric field experienced by a trapped cell. For cell
parameters, we used a radius of 5 um, a membrane capacitance
of 1.6 uF cm % membrane conductivity of 0.22 S cm 2,
cytoplasmic conductivity of 0.75 S m~' and cytoplasmic
dielectric constant of 75. Medium conductivity is 1.5 S m ™!
and dielectric constant is 80. These values are all taken from
Huang et al.*®

Temperature measurements

In order to validate our temperature modeling of cell health,
we wanted to first match our model to some measured
temperature values. Since thermocouples are incredibly large
relative to a single DEP trap, they can only measure the
average temperature across a large area of the chip. To obtain
a more precise measurement of the temperature in the nDEP
trap, we used a resistor-on-chip (ROC), placed between eight
rows of twenty-four nDEP traps (ESIt Fig. S3). Since
electrical resistance is a function of the resistor temperature,
we can use the resistance value to determine temperature at the
microscale level of the DEP trap. However, we must first
calibrate the ROC to determine what the resistance values are
at known temperatures. We placed the chip on a hotplate and
measured the resistance for a range of temperatures. Since the
temperature of the chip differed slightly from the temperature
of the hotplate, we placed a thermocouple (HGKQIN-116,
Omega, Stamford, CT) over the ROC and used this as the
resistor temperature. We measured the temperature at five
degree increments in the range of 25-60 °C, allowing us to
generate a resistance vs. temperature curve.

We then measured resistance as a function of applied signal
voltage, with a flow chamber over our ROC (ESI} Fig. S3).
We flowed EtOH through the chamber at a low flow rate to
remove any bubbles, using our fingers pressed against the flow
chamber to apply pressure and keep a tight seal. We then
flowed 1 mL of phosphate buffered saline (PBS) through the
chamber to make sure all the EtOH was cleared away and then
let the flow stabilize to zero. Then, at a frequency of 10 MHz,
we applied a voltage of 0, 2.5, 3.5, 4.5, 5.5 V and recorded the
ROC resistance.

Electrode traps

We designed the DEP microwells as square electrodes with an
inner square side length of 25 um, and two other line electrodes
spaced 10 pm away. All electrode widths are 10 pm. The
microwells are in a 10 x 10 square array, with a trap-to-trap
distance of 200 um. Between the DEP microwells we placed 3
other electrodes spaced by 30 um each. These electrodes set up
an interdigitated electrode array-like configuration (Fig. 2(a)).

We fabricated the electrodes by patterning gold onto Pyrex
wafers. We cleaned wafers for 10 min in a Piranha solution
(3 : 1 H>SO4 : Hy0,), blew them dry with N,, and then
dehydrated them for 30 min at 225 °C. We then used the
image-reversal photoresist Hoechst AZ-5214 (Celanese,
Somerville, NJ) and photolithography to define the electrode
patterns. Finally, we evaporated 10 nm of titanium and 200 nm
of gold onto the slides followed by resist dissolution and metal
liftoff in acetone.

Flow chamber and packaging

We created the flow chambers using a silicone gasket (19 x
6 x 0.5 mm; Grace Bio-Labs, Inc., Bend, OR). A piece of glass
or a 4-5 mm thick sheet of baked polydimethylsiloxane
(PDMS, Sylgard 184, Dow Corning, Midland, MI) was used
to form the roof of the chamber. We drilled two holes in the
glass lid to define inlet and outlet ports for the tubing.
Alternatively, we cored two holes in the PDMS sheet using
syringe needles (0.065” outer diameter; Hamilton, Reno,
Nevada). We then inserted polyetheretherketone (PEEK)
tubing (Upchurch Scientific, Oak Harbor, WA) through these
holes to provide fluidic access to the chamber, and applied
epoxy to hold it in place. Finally, we clamped the chamber top
and gasket to the bottom electrode slide using two binder clips
for easy assembling and disassembling. The chamber was
clamped at an angle to the electrode array to allow for loading
with a lower density of cells (ESIt Fig. S8). Wires were
electrically connected to the electrodes using conductive epoxy
(Circuit Specialists, Mesa, AZ).

Fluidics

We connected the two inputs of a four-way valve (V-101D,
Upchurch Scientific, Oak Harbor, WA) to a 3 mL syringe
filled with cell suspension and a 5 mL syringe filled with
medium. The 5 mL syringe was controlled using a syringe
pump (KD Scientific 210C, Holliston, MA). One output on
the four-way valve was connected to the flow chamber using
polyethyleneteraphthalate (PET) tubing (0.03” I.D., 0.048"
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0.D.; Becton Dickinson and Co., Sparks, MD), and the other
was connected to waste.

Cell culture

We cultured cells in 20 cm? dishes (Nunc, Rochester, NY).
GFP-expressing HeLa cells (a generous gift from Dr Sangeeta
Bhatia) were maintained in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco, Grand Island, NY) supplemented
with 10% fetal calf serum, 100 pg mL™' penicillin, and
100 pg mL ™! streptomycin and incubated in 7.5% CO, at
37 °C. We passaged them at preconfluency no more than
25 times. HL60 cells (ATCC, Manassas, VA) were cultured in
RPMI medium with additions as above. Prior to patterning
experiments, we released cells into suspension and concen-
trated them to 10° cells mL ™. HL60 cells were fluorescently
labeled with chloromethylfluorescein diacetate (CMFDA;
C2925, Molecular Probes, Eugene, OR; 20 uM, 30 minutes)
for identification at (ex/em) 492/517 nm wavelengths.

Imaging

Images were taken on a Zeiss Axiovert 200 microscope
(Carl Zeiss Microlmaging, Inc., Thornwood, NY) using a
Spot RT Color camera (Diagnostic Instruments, Inc., Sterling
Heights, MI). For fluorescence imaging we used a X-Cite
120 illumination system (Exfo Life Sciences, Ontario). Cell
levitation heights were measured on a Zeiss Axioplan 2MOT
microscope (Carl Zeiss Microlmaging, Inc., Thornwood, NY),
by focusing alternately on cells and the substrate. We have
previously verified that this method is accurate to within
~5 um,” and was adequate for verifying that the levitation
heights were in the 10-20 pm range.

Proliferation experiments

To demonstrate that cells patterned in our device are able to
proliferate, we first patterned GFP-expressing HeLa cells in
our device. After allowing the cells to attach for 30 minutes, we
disconnected the patterning fluidics described above and
attached a medium containing syringe to the fluidic input
port of the device. Then we gently placed the device in a dish
containing DMEM. The DMEM served to increase the local
humidity in the dish and greatly reduce the rate of evaporation
of medium from the device. We subsequently fed the cells once
a day using the attached medium-containing syringe.

Cell adhesion force measurements

We used a parallel plate flow chamber (described above) mea-
sure the flow rate required to sweep away cells in contact with
a glass substrate. The flow rate was controlled using a syringe
pump (KD Scientific 210C, Holliston, MA). From the flow rate,
we calculated the associated drag forces using our software
(described above), which uses published analyses® to calculate
the force on a stationary sphere near a surface in flow.

Electrical excitation

Sine wave excitation at 10 MHz was generated by an Agilent
33250A signal generator (Agilent, Palo Alto, CA). The signal

was measured using a digital oscilloscope (Tektronix TDS
2024, Beaverton, OR).

Conclusions

We have presented a technique for accurately positioning
single cells on a substrate using negative dielectrophoresis
and cell-substrate adhesion. The cells are suspended in
physiological media throughout the patterning process. We
demonstrated that our device allows for the subsequent
unrestricted spreading, movement, and proliferation of cells,
enabling the study of these vital aspects of gross cell
physiology. We show patterning results with both adherent
(HeLa) and non-adherent (HL60) cell lines. We calculate the
temperatures and transmembrane potential that cells in the
device experience and compare them to physiologically
acceptable levels described in previous studies. Finally, we
have presented a new manipulation method that uses
convective flows in combination with pressure-driven flows
to achieve the two-dimensional positioning of cells. Thus, we
have provided the foundation for an enabling technology that
will allow the patterning of single cells in various configura-
tions, allowing novel and detailed studies at the cellular scale,
and reliable integration of cells into biosensors.
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