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bstract

We report here a non-invasive, reversible method for interrogating single cells in a microfluidic flow-through system. Impedance spectroscopy
f cells held at a micron-sized pore under negative pressure is demonstrated and used to determine the presence and viability of the captured cell.
he cell capture pore is optimized for electrical response and mechanical interfacing to a cell using a deposited layer of parylene. Changes in the
echanical interface between the cell and the chip due to chemical exposure or environmental changes can also be assessed. Here, we monitored
he change in adhesion/spreading of RAW264.7 macrophages in response to the immune stimulant lipopolysaccharide (LPS). This method enables
elective, reversible, and quantitative long-term impedance measurements on single cells. The fully sealed electrofluidic assembly is compatible
ith long-term cell culturing, and could be modified to incorporate single cell lysis and subsequent intracellular separation and analysis.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Microfluidic systems are currently being developed for inter-
ogating living cells in nanoliter-volume microenvironments
ith precise dosing of chemical reagents. Single cells and large

ell networks are of interest, and specifically, researchers are
onitoring the response of living cells to various “challenges”

soluble and adsorbed molecules, electric fields, changes in
emperature, pH, etc.) for both short and long-term periods
Whitesides et al., 2001; Li et al., 2003). Investigators are pur-
uing minimally invasive microsystems that provide long-term
ousing for cell culture, cell manipulation, and optical and/or
lectrical analysis of cells and cell secretions (Thompson et al.,
004; Davidsson et al., 2004; Shackman et al., 2005; Munoz-
inedo et al., 2005). Other labs have developed more invasive

ystems that are capable of lysing cells immobilized on micro-
abricated obstructions (Di Carlo et al., 2005; Valero et al.,
005) and subsequent DNA extraction and quantitative anal-
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sis (Lee—Lab on a Chip, 2006). Most of these systems rely
n optical monitoring of fluorophores for long-term studies, and
he drawbacks of such optically based methods include pho-
obleaching, low signal-to-noise ratios, and complex off-chip
uorophore-incorporation procedures. Also, no currently exist-

ng microsystems are capable of both non-invasive long-term
onitoring of living cells, followed by selective intracellular

nterrogation and quantitative analysis at the level of single cells.
ypically, small populations of immobilized cells are pooled and
nalyzed, but this can obscure dynamic information at the level
f single cells and lead to a misinterpretation of data (Lidstrom
nd Meldrum, 2003; Longo and Hasty, 2006; Di Carlo and
ee, 2006). A significant step forward in microsystem-enabled
iology would be provided by a system that bridges the gap
etween quasi-bulk population measurements and quantitative
ingle cell analysis. Such a system could be used to investigate
he importance of single-cell heterogeneity in quasi-bulk data
aken in conventional microchamber studies (Thompson et al.,
004; Davidsson et al., 2004; Wieder et al., 2005).
As mentioned earlier, optical detection methods are often
sed to monitor living cells, however alternating current (ac)
mpedance spectroscopic methods provide several advantages
or long-term monitoring of living cells (Giaever and Keese,
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991). Impedimetric monitoring is non-invasive when using
igher frequencies and low amplitude probing signals. This
bviates the need for complex fluorescent staining or reporter
onstruct methods typically required for optical detection, and
lso avoids the difficulties that arise from photobleaching.
mpedimetric monitoring systems can utilize bulk electrodes
r large surface-area thin film electrodes in order to minimize
lectrode polarization and electrolysis effects. Such systems
ave been used for real-time long-term monitoring of cell
preading/adherence/motility in response to adsorbed or sol-
ble chemicals (Kowolenko et al., 1990; Keese and Giaever,
994; Wegener et al., 2000). Recently, several labs have devel-
ped impedance spectroscopy methods for single cells using
icro-holes for capturing cells under negative pressure (Huang

t al., 2003; Han and Frazier, 2006; Cho and Thielecke, 2007).
ulk or thin-film electrodes are then used to measure the

mpedance across the micro-hole. However, these measurements
ere short-term (< 10 min) and utilized either rigid or thick
embranes for the micro-hole, a configuration that can induce

amage to captured cells. Similar cell-capture configurations
ave been utilized to perform patch clamp measurements (Fertig
t al., 2002; Klemic et al., 2005; Pantoja et al., 2004; Matthews
nd Judy, 2006) as well as single cell electroporation and lysis
Lee—Bioelectrochemistry, 2006).

Here we demonstrate a microelectrofluidic system for cap-
uring single cells and optically and electrically interrogating
he cells for extended time periods (∼2 h). Single cells are
mpedimetrically monitored in real-time at a specific excitation
requency for the duration of an experiment. Also, a frequency
pectrum (1–105 Hz) of the captured cell is taken at different
ime-points to provide deeper insight into the cell–chip cou-
ling. The cell capture chips utilize a simple fabrication process
ow to create small micron-sized capture pores for applying
acuum to reversibly capture single cells. The chip is coated
ith Parylene C, a flexible biocompatible polymer, to pro-
ide improved electrical insulation, and to provide a flexible
echanical interface for the cell that reduces cell adhesion and

amage to the cell membrane during capture. The system is
apable of single cell capture with optical and impedimetric
onfirmation. Cells are then assessed for viability by rapidly
nalyzing the impedance across the captured cell. The format
ermits continuous perfusion of culture media and chemicals
or assessing long-term responses of cells to particular chal-
enges. Here, our model system consists of RAW264.7 murine

acrophages exposed to lipopolysaccharide (LPS), a purified
omponent of Gram-negative bacteria that elicits an immune
esponse in macrophages.

. Materials and methods

.1. Device fabrication

Capture pore chips are fabricated on 6 in. 〈1 0 0〉 0.675 mm

hick silicon wafers (Fig. 1a). Wafers are coated with a 1-�m
hick low-stress silicon nitride film and then the nitride is pat-
erned with reactive-ion etching on the front side to define
apture pores with a diameter of 3 or 6 �m. The backside of

i
c
i
2
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he wafer is patterned to define the mask for bulk silicon etching
n KOH (85 ◦C). Backside ports are 1 or 2 mm wide, yielding
5 �m or 1 mm wide nitride membranes on the front side of the
afer, respectively. To prepare for parylene deposition, chips are

oated with an adhesion promoter, 1% 3-(trimethoxysilyl)propyl
ethacrylate in a 25/75 water/isopropanol mixture. Acetic acid
as added to the adhesion promoter to adjust the pH to 4–5. After

oaking chips in the adhesion promoter for 20 min, the chips are
insed in water and dried. Chips are then coated (PDS2010, Spe-
ialty Coating Systems Inc.) with 1.25 �m of Parylene C using
timed physical vapor deposition (deposition rate ∼5 �m/h).

arylene C has been shown to be biocompatible, and is highly
esistant to water absorption, electrical noise, and dielectric
reakdown in comparison to many polymers (Suzuki et al., 2004;
eili et al., 2005). Capture pores are then profiled with scan-
ing electron microscopy (SEM) and atomic force microscopy
AFM). Fig. 1b shows an SEM image of a coated capture pore.

slight contrast difference (arrow) indicates the region where
he original silicon nitride edge is located as confirmed by AFM

easurement of an uncoated pore diameter (3.8 �m). The AFM
inescan in the inset of Fig. 1b shows a more beveled edge at
he capture pore compared to the sharp interface of the uncoated
apture pore linescan (not shown). Fig. 1c shows a cross-section
chematic of the parylene coated capture pore based on AFM and
EM imaging. The inner diameter of the pore is reduced from
.8 to 1.1 �m, and the sharp nitride edge is slightly beveled by
he parylene layer.

.2. Cell capture pore model circuit

The capture pore can be modeled as a parallel RC circuit,
ith a resistance (Rp) through the pore and a capacitance (Cp)

cross the nitride/parylene membrane. An additional resistance
b can be added in series to the circuit on both sides to account

or the bulk resistance of the fluid on either side of the chip.
hen modeled in this fashion, the complex impedance of the

ore is given by:

p=Re{Zp}+j Im{Zp}= Rp

1+(ωRpCp)2 −j
ωR2

pCp

1+(ωRpCp)2 (1)

his can also be represented as the impedance magnitude and
hase:

Zp| = Rp√
1 + (ωRpCp)2

, ∠Zo
p = −tan−1(ωRpCp) (2)

At low frequencies, a pure resistance through the pore will
ave ∠Zo

p approaching 0◦, while a pure capacitance across the
ore will have a ∠Zo

p approaching 90◦. The value for Cp is
argely given by the footprint of liquid in contact with the chip
nd can be controlled by the chip packaging. When a cell is
ulled down to the capture pore under negative pressure, the
ell blocks the conductive path through the chip, leading to an

ncrease in resistance across the capture pore. The presence of the
ell at the pore places a large resistance (through the cell–chip
nterface) in series with the original Rp (Cho and Thielecke,
007). The measured capacitance across the chip will largely be
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bottom outlet. The outlet is then closed, and pressure is applied
to the bottom inlet to force liquid through the capture pore.
After liquid is observed flowing through the capture pore, the
top chamber is filled through the inlet until fluid exits the outlet.

Fig. 2. (a) Schematic of the electrofluidic assembly for impedimetric monitoring
ig. 1. (a) Fabrication of the single cell capture pore chip. The capture pore is
orts (ii). KOH etching is performed, leaving a nitride membrane (iii), followed
ar = 2 �m. (Inset) An AFM linescan of the pore. (c) Cross-section schematic o

nchanged by the presence of the cell unless Cp is on the order
f the capacitance of a single cell (∼1 pF).

.3. Experimental setup

The electrofluidic packaging for the chips was designed to be
odular and reconfigurable in order to simplify assembly and

e-use. There is an isolated fluid volume on either side of the chip
nd connected only through the capture pore. This will confine
he electric field lines to pass through the capture pore, enabling
mpedimetric monitoring of a single cell held at the capture pore.
his configuration will also permit single cell lysis with a large
mplitude dc electric field.

.3.1. Electrofluidic assembly
Fig. 2a shows the electrofluidic assembly for impedimet-

ic testing of the chips (Lee—Bioelectrochemistry, 2006). The
ackage consists of a top fluid chamber and a duplicate bot-
om fluid chamber (machined out of acrylic) separated by the
hip. A single silver–silver chloride electrode (In Vivo Met-
ic, Healdsburg, CA) is inserted on each side for two-electrode
easurements. Each side also contains a fluidic inlet and out-

et interfaced with PEEK microfluidic fittings that connect to
50 �m O.D. silica capillaries (Labsmith Inc., Livermore, CA).
ach side of the assembly has a coverslip interface for optical

nspection of cells captured at the chip. The top and bottom
hambers are interfaced to each side of the chip using a PDMS
asket. The PDMS gasket was made using the following proce-
ure: inlets and outlets were plugged with sacrificial capillaries
nd held in place with fittings. Each fluid chamber was slightly
ver-filled with uncured polydimethylsiloxane (PDMS) so that
he PDMS bulges slightly above the height of each chamber.
fter curing, the sacrificial capillaries are removed, leaving fluid

hannels behind in the PDMS. Cell chambers were then man-

ally cut out of the PDMS gaskets using a razor blade, while
nsuring the capillary-made fluid channels interface to the cham-
ers. The bulging PDMS gaskets then seal to the silicon chip
hen the chambers are assembled together. The native assem-

o
t
(
t
c

ed in the front-side low-stress nitride (i), followed by an etch of the backside
arylene deposition (iv). (b) SEM of a capture pore coated with parylene. Scale

pture pore coated with parylene.

ly has approximately 200 �L of volume on each side, yielding
fluidic footprint on either side of the chip of ∼300 �m2. The

arge fluidic volumes of the chambers reduce the damaging shear
ffects on captured cells (Walker et al., 2004). With the PDMS
asketing, the volumes on either side can be reduced to 50 �L.
he fully assembled package is shown in Fig. 2b. After assem-
ling the electrofluidic package, the bottom chamber is filled
ith liquid media through the bottom inlet until fluid exits the
f single cells. The bottom chamber is a duplicate of the top chamber. (b) Image of
he electrofluidic assembly with coupled electrodes (arrow). Scale bar = 10 mm.
c) Time sweep of |Zp| (solid line) and ∠Zo

p (dashed line) at f = 100 Hz during
he capture (first arrow) and release (second arrow) of a single macrophage. The
alculated value of Rp during this experiment is plotted below.
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.3.2. Impedance measurements
Impedance measurements are performed with a PC4/FAS1

otentiostat (Gamry Instruments Inc., Warminster, PA) using a
0 mV voltage amplitude and frequencies from 1 to 105 Hz. Sin-
le frequency time sweeps were performed with a sampling rate
f one measurement every 6 s to measure the complex impedance
f the capture pore as a function of time. Data was smoothed
ith a five-point moving average. Frequency sweeps were taken
ith five sample points per frequency decade. Raw impedance
agnitude and phase data were then fit for values of Rp and Cp

sing Eq. (2).

.3.3. Device and assembly optimization
The electrofluidic package was optimized to increase the sen-

itivity of the system to impedimetric changes in captured cells
n response to various challenges. For interrogating captured
ells, reducing Cp will enable the detection of changes in the
ell membrane capacitance, while increasing Rp will improve
ensitivity to changes in the mechanical seal between the cell
nd the chip. The parylene coating provides three advantages in
his regard: (1) the coating reduces the capacitance across the
hip by increasing the membrane thickness (which is inversely
roportional to Cp), and due to the lower dielectric constant
proportional to Cp) of parylene (∼3 for parylene and 7 for
itride); (2) the coating insulates bare silicon on the backside
f the chip (made during the KOH etch) that is exposed to fluid
uring an experiment, thus reducing the total capacitance from
he backside to the frontside of the chip; and (3) the deposited
arylene reduces the capture pore diameter, thus increasing
p and the resistance through the seal between the cell and

he capture pore. The parylene layer also smoothes the sharp
dges of the etched pore, providing an interface that will min-
mize damage to cells during capture. Chips with and without
arylene were impedimetrically measured using the frequency
weep method. Chips without parylene typically had Cp val-
es of ∼7 nF, while a 1.25 �m thick parylene coating reduced
p to ∼1.2 nF (Supplementary figure). Chip capacitance was

urther reduced by placing a thin membrane (300 �m thick) of
ured polydimethylsiloxane (PDMS) on top of the chip (Fig. 2a).
he PDMS membrane has an opening in the center to maintain

he opened capture pore. Medical-grade silicone (MED-1524,
uSil Technology) was then manually applied to the PDMS
embrane–nitride chip interface using a steel probe tip (Fig. 2a).
he silicone was painted into the near vicinity of the capture pore
nd cured at 60 ◦C on a hotplate. Using this method, chip capac-
tances are reduced to ∼100 pF, with a minimum attained Cp of
4 pF.

.3.4. Cell preparation
RAW 264.7 (ATCC) cells were grown to semi-confluency

n growth medium [DMEM (ATCC) supplemented with 10%
BS and 5% penicillin–streptomycin] in 5% CO2 at 37 ◦C. For
ell retrieval, spent media was removed and cell monolayers

ere briefly washed with Phosphate Buffered Saline (Cellgro).
rypsin–EDTA was added in a volume which sufficiently cov-
red the monolayer, and flasks were incubated briefly at 37 ◦C
o allow for cells to detach. Growth medium was added to

u
i
u
w
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rypsinized cells, and flask walls were washed with growth
edium to ensure collection of all cells. Cells were then pelleted

t 400 × g for 5 min at room temperature. The cell pellet was
esuspended in Trypan Blue (Sigma–Aldrich) and then brought
p to a 1 mL volume with growth medium. Cell counts were per-
ormed using a hemacytometer, and the final volume of growth
edia added was adjusted to generate 1–2 × 106 cells/mL. Cells
ere maintained in a 15 mL conical at 37 ◦C, 5% CO2 until use.
or experiments involving challenge with LPS, growth medium
ontaining 100 �g/mL of purified Escherichia coli LPS (Sigma)
as equilibrated to 37 ◦C, 5% CO2.

. Experimental results

.1. Impedimetric monitoring of single cells

Impedimetric monitoring provides a non-invasive method to:
1) detect the presence of a cell, (2) assess the viability of the cell,
nd (3) monitor changes in the cell–chip interface in response to
hemical challenges to the cell. The use of suction at a capture
ore renders the analysis procedure reversible, enabling selective
nterrogation of cells based on impedimetric characteristics.

.1.1. Detection of cell capture
For experiments involving macrophages, the electrofluidic

ssembly was filled with warmed and gas-equilibrated growth
edium prior to injection of cells. Once filled, a syringe pump

Hamilton Scientific) was used to flush the top chamber with
rowth medium at 100 �L/min for 10 min. An external three-
ay luer-lock valve was then used to switch from growth
edium to cells suspended in growth medium. Cells were

njected into the top chamber at 100 �L/min to minimize transit
ime. Once cells were visualized in the top chamber, the flow rate
as reduced to 20 �L/min. At this flow-rate, the top chamber is

eplenished every 2–10 min. For time-course measurements, we
onitor the impedance magnitude and phase to readily ascertain

he resistive or capacitive nature of the pore. The impedance of
he empty pore is taken as a baseline measurement. Negative
ressure is then manually applied to the syringe connected to
he capture pore (for ∼10 s at 5–10 psi below atmosphere), and
fter the negative pressure is slowly released, the cell remains
eld at the pore. After the cell is held stable for several min-
tes, the three-way valve is switched back to infusing growth
edium at 20 �L/min. Fig. 2c shows the capture of a single
acrophage at a chip while measuring the complex impedance

f the pore at 100 Hz as a function of time. The raw |Zp| and
Zo

p are shown at the top, along with the calculated value of Rp
fit according to Eq. (2)) at the bottom. The first arrow indicates
hen the cell is captured after negative pressure is applied to the
ottom chamber at t = 36 s. The cell is released by applying pos-
tive pressure at t = 348 s. When the cell is captured, Rp increases
rom 1.8 ± 0.03 to 27 ± 6 M�. After the cell is released, the Rp
eturns to 1.5 ± 0.007 M�. Application of positive pressure is

sed to remove the cell and a return to the baseline impedance
ndicates the pore is free from cell debris. Non-cellular partic-
lates are easily distinguished from cells in this device. Tests
ith 8 �m diameter latex beads showed much lower increases



C.D. James et al. / Biosensors and Bioelectronics 23 (2008) 845–851 849

Fig. 3. (a) Image of a captured live cell in phase-contrast (top) and the corresponding brightfield image (bottom). (b) Image of a captured dead cell in phase-contrast
( (c) Av
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increased spreading and attachment of macrophages in vitro.
Upon binding to the cell membrane of macrophages, LPS trig-
gers a signaling cascade that leads to increased �2-integrin
function and increased integrin-dependent adhesion and spread-
top) and the corresponding brightfield image (bottom). Scale bars = 20 �m.

p = 286 ± 34 k�, Cp = 409 ± 140 pF; r2 = 0.9994), dead cell (n = 12; Rp = 539

p = 328 ± 10 pF; r2 = 0.9978) states of the capture pore.

n Rp after capture, due to the inability of rigid particulates to
onform to the contour of the capture pore and form a tight seal.

.1.2. Live/dead discrimination
We utilized a trypan blue stain to validate the impedimetri-

ally determined viability of captured macrophages. Cells with
amaged membranes uptake the chromophore, while live cells
emain unstained. The depth of fluid through which captured
ells are imaged is ∼1 mm, leading to reduced contrast of the
rypan blue stain. Fig. 3ab shows an example of phase contrast
nd brightfield images of a live cell and a dead cell held at the
apture pore. Fig. 3c shows the real (Re{Zp}) and imaginary
Im{Zp}) components of Zp as a function of frequency for three
tates of the pore: no cell (n = 6), a dead cell (n = 12), or a live
ell (n = 5). Data points are the mean data points of each state,
nd solid lines are RC fits to the means. The data was taken in the
ame experiment using the same chip and batch of macrophages.
ig. 4 shows the complex impedance plot of the Re{Zp} versus
m{Zp}. The simple semicircle curves are indicative of a single
ime-constant parallel RC system. The low-frequency behavior
f Re{Zp} and the mid-frequency behavior of Im{Zp} can be
sed to characterize the viability of captured cells. The means
f Re{Zp(1 Hz)} for each of the three states was 294 ± 34 k�

empty), 552 ± 160 k� (dead), and 816 ± 240 k� (live), with a
ignificance of the mean variances of p < 1.4 × 10−4 (one-way
NOVA). The means of Im{Zp(1000 Hz)} for each of the three

tates was −128 ± 17 k� (empty), −245 ± 69 k� (dead), and
316 ± 46 k� (live), with a significance of the mean variances
f p < 0.62 × 10−4 (one-way ANOVA). Thus, for a given exper-
ment, the values of Re{Zp(1 Hz)} and Im{Zp(1000 Hz)} for the
mpty state of the pore can be taken, and by thresholding those
alues appropriately (in this case by ∼3×), we can exclude a

F
l
f

eraged real and imaginary components of Zp for the no cell (n = 6; fit with
8 k�, Cp = 308 ± 10 pF; r2 = 0.9985), and live cell (n = 5; Rp = 788 ± 230 k�,

arge percentage of non-cellular particulates (see Section 3.1.1)
nd dead cells, and ensure a more homogeneous population of
ive cells for subsequent chemical challenge.

.1.3. Chemical challenge
Macrophage spreading/adherence has been a topic of inter-

st for many years due to the role of macrophages in the innate
mmune response (Rabinovitch and Destefano, 1974; Morland
nd Kaplan, 1977). Immune stimulants such as LPS promote
ig. 4. Complex plane impedance plot of the three pore states from Fig. 3. Solid
ines are RC element fits to the experimental data. The direction of increasing
requency is indicated.
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ig. 5. (a) Macrophages held at a capture pore (arrow) at t = 0 (top) and t = 12
apture pore for the first 30 min of an LPS challenge. Arrows show the infusio
eduction in Re{Zp} (iv). (c) Re{Zp(1 0 0 0)} and Im{Zp(1 0 0 0)} for the full tim

ng (Schmidt et al., 2001). Cho et al. predicted and demonstrated
he electrical detection of increased attachment and spreading
f cells held at a micro-hole (Cho and Thielecke, 2007). This
roup predicted two responses of a cell located at a micro-hole
hat would lead to an increase in detected resistance across the

icro-hole: (1) increased spreading would increase the path-
ength over which ions must flow and (2) increased adhesion
ould reduce the gap between the cell and the chip and thus

educe the cross-sectional area over which ions must flow. Here,
ur objective is to determine if LPS-induced spreading and adhe-
ion of macrophages can be detected electrically at the level of
ingle cells.

For an immune challenge experiment, the same procedure
or capturing a cell as described in Section 3.1.1 was followed.
ll media were pre-warmed to 37 ◦C, and the device assem-
ly was fully encapsulated except for a single capillary outlet
mptying to a waste beaker. For injecting the immune chal-
enge (LPS) into the top chamber, a second three-way valve
as coupled to the top chamber outlet capillary that normally
mpties into a waste reservoir. LPS-containing medium is then
njected through the top outlet, and the waste medium from
he chamber exits what was previously the top inlet. This
rocedure eliminates the possibility of exposing cells to the chal-

2
n
R
o

ig. 6. (a) Re{Zp} and Im{Zp} of a captured macrophage before exposure to LPS
xperimental data. (b) Complex plane impedance plot of the pre- and post-LPS impe
(bottom). Scale bar = 20 �m. (b) Re{Zp(1 0 0 0)} and Im{Zp(1 0 0 0)} of the
PS (100 �g/mL) (i), a rise in Re{Zp} (ii), a second, less steep rise (iii), and a

urse (120 min) of LPS challenge.

enge prior to capture at the pore in the top chamber. Fig. 5
hows a macrophage held at a capture pore surrounded by
everal additional macrophages that have landed and attached
djacent to the captured cell. Growth medium was perfused
nto the top chamber during the first 12 min of the experi-

ent, and the average impedance across the pore at 1 kHz
as Re{Zp}= 730 ± 7 k� and Im{Zp}= −250 ± 6 k�. LPS

100 �g/mL) was then perfused into the chamber at a flow rate
f 100 �L/min (Fig. 5b, arrow i). At this rate, the top chamber
ill fill with LPS in ∼2 min. After the LPS reached the chamber,

he flow rate was lowered to 20 �L/min. The average impedance
cross the pore slightly dropped to Re{Zp}= 700 ± 46 k� and
m{Zp}= −240 ± 43 k� for the next 6 min (from 12 to 18 min),
argely due to the higher conductivity of the LPS-containing
rowth medium. At 18 min into the experiment, there is a rapid
ncrease in Re{Zp} across the pore (Fig. 5b, arrow ii), then a
eriod of slower increase for 2 min (Fig. 5b, arrow iii), and
hen a rapid decline (Fig. 5, arrow iv). At t = 27 min, Re{Zp}
egins to rise slowly, continuing throughout the rest of the

h experiment (Fig. 5c, top). The final pore impedance mag-
itude and phase (averaged over the last 40 min) increased to
e{Zp}= 930 ± 58 k� and Im{Zp}= −440 ± 60 k�. The cause
f these changes in impedance during the time-course of this

and at the end of the LPS challenge. Solid lines are RC element fits to the
dance data.
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xperiment is unknown. They could be an indication of dynamic
hanges in cell-substrate coupling as time-lapse imaging has
hown these cells to be motile when attached to substrates (data
ot shown). Fig. 6 shows the frequency spectrum of the captured
acrophage before LPS challenge and after the 2 h challenge

xperiment. Prior to LPS exposure, the frequency spectrum
f the macrophage is fit by Rp = 881.3 k� and Cp = 65.2 pF
r2 = 0.9977), and after the LPS challenge, the impedance spec-
rum is fit by Rp = 1.2 M� and Cp = 63.1 pF (r2 = 0.9953). After
he impedance analysis was complete, the cell was removed from
he capture pore with positive pressure.

. Conclusions

We have used the previously described cell capture chip and
lectrofluidic assembly to demonstrate non-invasive reversible
mpedimetric measurements of single macrophages. The pary-
ene coating improves the impedimetric characteristics of the
hip, and also provides a reversible and gentle mechanical cou-
ling between the cell and the chip. Cells are captured under
egative pressure, assessed for viability, and then subjected
o long-term chemical challenges. Cells are first rapidly and
on-invasively assessed for viability by examining the low-
requency value of Re{Zp} and mid-frequency value of Im{Zp},
llowing only cells that meet a user-defined threshold to con-
inue with a chemical challenge and further analysis. Here, we
ssessed the response of macrophages to an immune stimulant,
nd observed an increase in the impedance across the capture
ore holding the cell. This is likely due to an increase in adher-
nce/spreading of the cell after LPS stimulation. Measurements
n macrophages using electrical impedance (Kowolenko et al.,
990) and quantitative image analysis (Schmidt et al., 2001)
howed similar increases in cell spreading/adherence after LPS
timulation. Simulations performed by Cho et al. also predict

rise in impedance across a cell held at a micro-hole that
ndergoes increased spreading or adhesion (Cho and Thielecke,
007). Further experiments with 3D confocal imaging are
equired to investigate the correlation between impedance mea-
urements and morphological changes in cells adhered to
ubstrates.
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