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Abstract

Lab-on-a-chip type of devices capable of impedance sensing has recently
attracted a lot of interest for label-free, real-time, and noninvasive electrical
detection of biological activities. In this chapter, we describe four lab-on-a-chip
systems for the detection of microbial and cellular activities based on the unique
electrical and electrophysiological properties of micro-organisms and mamma-
lian cells. Two of the systems were designed based on impedance monitoring of
live micro-organism activities for: (1) monitoring the concentration of bacterial
cells during growth, and (2) the detection of Bacillus anthracis spore germina-
tion. The other two systems were designed for detection of cell concentration by
measuring the impedance changes due to their ion release for applications in
counting: (1) CD4+ T lymphocytes, and (2) food-borne pathogenic bacterial
cells. These microfabricated impedance sensors show great promise in the detec-
tion of cells and their metabolic activities with improved simplicity, higher sen-
sitivity, and faster detection time than conventional methods.



9.1 Introduction

The advances in microelectromechanical systems (MEMS) technology have allowed sci-
entists to construct novel devices or systems with sizes comparable to biological entities
and sensitivity high enough for a wide variety of important biomedical and biological
applications. Development of “lab-on-a-chip” types of devices uses MEMS technology
to integrate various microfabricated sensors or detection platforms with many of the
unit operations associated with sample preparation and presentation, such as separa-
tion, mixing, incubation, and concentration. The use of lab-on-a-chip devices for
microbial and cellular detection has shown the following advantages over traditional
methods: (1) reduction of the sensor elements to the size of a single cell or even smaller,
providing a higher sensitivity; (2) reduction of reagent volume and associated cost; (3)
reduction of the time to results due to the small volume and high effective concentra-
tion; (4) amenability to system miniaturization and portability; and (5) compatibility
with large numbers of assays and multiplexed measurements.

Impedance sensing, as one of the principal electrical/electrochemical transductions,
is becoming a fertile area for developing methods for a wide range of biological and bio-
medical applications. Several factors attribute to the popularity of impedance sensing:
(1) the distinct electrical properties associated with specific biological entities and/or
biological reactions motivate the use of impedance-sensing techniques; (2) impedance
measurement is one of the most promising techniques for label-free, real-time, and
noninvasive biological detection; and (3) impedance detectors can be easily miniatur-
ized to meet the growing needs of portable systems with an analytical footprint consid-
erably smaller than laboratory-based instruments [1].

The distinct electrical properties of biological cells and their electrophysiology are
fundamental for developing impedance-based methods to detect biological activities.
Biological cells consist of adjacent structures of materials that have very different electri-
cal properties. The cell membrane consists of a lipid bilayer, where the lipid molecules
are oriented with their polar groups facing outwards into the aqueous environment and
their hydrophobic hydrocarbon chains pointing inwards to form the membrane inte-
rior. The inside of a cell is complex and contains membrane-covered particulates, such as
mitochondria, vacuoles, a nucleus, and many charged molecules. While the cell mem-
brane is highly insulating, the interior of the cell is highly conductive. The conductivity
of the cell membrane is around 10–7 S/m, whereas the conductivity of the interior of a
cell can be as high as 1 S/m [2].

Based on the electrophysiological and electrical properties of biological cells, three
major mechanisms have been explored for the detection and quantification of biologi-
cal cells using microscale impedance-based measurements:

1. Making use of the metabolic activity of biological cells: This is represented by
impedance microbiology, which is a technique based on the measurements of the
electric impedance change in a medium or a reactant solution resulting from cell
metabolism [3, 4]. Based on this principle, a new technique called “impedance
microbiology-on-a-chip” has been demonstrated by our group [5]. The idea is to
confine a few live bacterial cells into a small volume on the order of nano- to
picoliters such that metabolites of these cells are concentrated and detectable
by impedance measurement with interdigitated microelectrodes. We have also
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successfully developed a microchip for impedance monitoring of spore
germination [6].

2. Making use of the highly ionic cytoplasmic content of the cells: As the inside of a cell
contains many charged molecules and is highly conductive (1 S/m), the impedance
change due to the lysis of cells or release of intracellular ions can provide a means to
detect biological cells. In this chapter, we will review two microchip-based
impedance-detection systems for: (1) enumeration of CD4+ T lymphocytes through
cell lysates [7], and (2) detection of bacterial cells based on impedance change from
their ion release into deionized (DI) water [1].

3. Making use of the insulating properties of the cell membrane: Because of their highly
insulating cell membrane, cells attached on an electrode surface effectively reduce
the conducting area and hence increase the interfacial impedance. The sensor probes
the attachment of cells by measuring the change of the interfacial electrical
properties arising from the insulating property of the cell membrane. Many
cell-based impedance sensors are based on this mechanism. By culturing cells on
microelectrodes and monitoring impedance changes caused by adherent cells, one
can quantify changes in the impedance associated with the cell membrane,
cell-substrate interaction, and cell-cell separation with exquisite sensitivity and in a
noninvasive manner [8, 9]. We constructed a bacterial immunosensor based on this
mechanism: antibodies specific to the target bacterial cells are immobilized on an
electrode surface, and selective attachment of cells is detected electrically [10].

In this chapter, we describe four impedance-detection systems based on the first two
mechanisms described above for monitoring biological metabolic activity and detecting
cells.

9.2 Lab-on-a-Chip for Monitoring Microbial Metabolic
Activity

9.2.1 “Impedance microbiology-on-a-chip” for bacterial concentration and
detection

One common impedance method for detection of bacterial growth is impedance micro-
biology, which is based on the measurement of changes in electrical impedance of a cul-
ture medium or a reaction solution resulting from the bacterial growth. This
growth-based impedance technique allows one to distinguish between viable and dead
cells and to detect viable bacteria within 24 hours. In 1992, the impedance method was
approved by the Association of Official Analytical Chemists International (AOAC) as
the first action method for screening Salmonella in food samples [11, 12].

In impedance microbiology, the impedance change is typically measured using a
pair of electrodes submerged in the growth medium or the reactant solution. The imped-
ance change in the medium is mainly produced by the release of ionic metabolites from
live cells. There are two main origins of ion release by bacteria into their growth environ-
ment [13]: one is energy metabolism (catabolism) in which bacteria consumes oxygen
and sugars and produces carbon dioxide and organic acids; the other is ion exchange
through the cell membrane. Ions (such as K+ and Na+) are actively transported across ion
channels embedded in the cell membrane, which serves to regulate the membrane
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potential and the osmotic difference between the interior and exterior of the cell.
Between the two origins, energy metabolism is the major path of ion release from cells to
the environment, and the ion-exchange process is a small contributor. These released
ions cause changes in the ionic composition of the medium and consequently increase
the conductivity of the medium. To detect bacteria, the impedance sensor measures the
relative or absolute changes in conductance, capacitance, or impedance at regular time
intervals during the growth of bacteria at a given temperature. The measured electrical
signals are then graphically plotted on the ordinate against the incubation times on the
abscissa, producing impedance growth curves. The time at which the decrease in imped-
ance value exceeds a threshold is defined as the detection time, td. Generally, the imped-
ance threshold is not reached until the bacteria number reaches approximately 106 to 107

cfu/mL (as determined by the plating method). For conventional impedance-microbio-
logical methods, the detection time ranges from about 1 to 8 hours for initial bacterial
concentration of 107 to 101 cfu/mL.

Miniaturization of an impedance-detection system into a chip-based device has
shown great promise in rapid detection of bacterial growth. Our group was among the
first to fabricate integrated silicon-based biochips for impedance detection of microbial
metabolism [5, 14, 15]. The basic idea was to confine a few live bacterial cells into a small
volume on the order of nano- to picoliters, such that the metabolites of a few live cells in
a low-conductivity buffer can be rapidly detected by impedance measurements using
interdigitated microelectrodes. To concentrate bacterial cells from a diluted sample into
a small volume, we used a technique called dielectrophoresis (DEP), which is the
electrokinetic motion of dielectrically polarized particles in nonuniform electric fields
[16]. As most biological cells behave as dielectric particles in an external electric field,
DEP allows trapping, concentration, and separation of biological cells in a liquid
suspension.

9.2.1.1 Methods and devices

9.2.1.1.1 Chip design and fabrication
The impedance microbiology-on-a-chip device contained three sets of interdigitated
microelectrodes and flow channels. Figure 9.1(a) shows the principle of the operation
of the DEP-based deviation and capture of bacterial cells in the microchip. One set was
for dielectrophoretical deviation of bacterial cells from the main channel into the small
channel that leads to the detection chamber. In the detection chamber, one set of elec-
trodes was for DEP capture of bacterial cell into the detection chamber, and the other
set of electrodes was for monitoring the impedance change of bacterial growth in the
chamber. The detection chamber had a volume of 400 pL. Figure 9.1(b) shows the cross
section of the detection chamber with DEP electrodes and impedance-measurement
electrodes. Figure 9.1(c) shows the completely packaged microchip.

The microchips were fabricated on 4” wafers with a (100) surface and a thickness of
500 μm. Electrodes and channel patterns were made using standard photolithographic
technology. The channels were 12 μm deep and were made by etching the wafer with a
hard mask. The DEP electrodes were deposited by sputtering 1,000Å of aluminum onto
2,000Å of silicon dioxide on the bottom of the channel. On the DEP electrodes, another
layer of silicon dioxide of 3,500Å was deposited by plasma-enhanced chemical vapor
deposition in order to completely isolate the DEP electrodes and prevent electrolysis of
the liquid in the channels. The impedance-measurement electrodes and temperature
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sensor were deposited by sputtering 800Å of platinum over a titanium adhesion layer.
The chip was assembled with a glass cover with inlet and outlet holes using anodic bond-
ing. Detailed procedure can be found in [5].
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Figure 9.1 (a) The schematic design of the microchip with DEP deviation electrodes in the main chan-
nel and a small channel leading the flow to the DEP capture electrodes in the detection chamber. (b) Sim-
plified cross section of the packaged microchip showing the DEP capture electrodes and the
impedance-measurement electrodes in the detection chamber. (c) An image of the packaged microchip
connected to the measurement and control system. (Reprinted with permission from the J.
Microelectromechanical Systems and kind permission from [5].)



9.2.1.1.2 Bacterial cell preparation

Listeria monocytogenes v7 was grown in Luria-Bertani (LB) medium at 37°C for at least 16
hours. The cells were harvested and washed by repeated centrifugation and
resuspension in sterile LB medium. The cells were then diluted in sterile LB to desired
concentrations. When fluorescent cell were needed, 1 mL of the as-grown live cells was
stained with green fluorescent dye DiOC6(3) (3,3’-dihexyloxacarbonanine iodide). Flu-
orescence-stained cells were washed and diluted in the same way as described above for
further use.

9.2.1.1.3 On-chip DEP concentration and impedance detection of metabolism

All the on-chip experiments were carried out with the chip heated to 37°C. A total vol-
ume of 40 μL of the cell suspension in DI water was injected into the main channel at a
flow rate of approximately 1.7 μL/min. The DEP deviation and capture electrodes were
excited with a 16 Vpp square signal at 100 kHz. During the injection, the flow rate in the
incubation chamber was manually controlled to be between 4 and 10 nL/min. After the
sample injection, the DEP deviation electrodes were turned off, and Half-LB medium
(HLB, mixing equal parts of LB and DI water) was injected at a flow rate of less than 0.5
μL/min, while the excitation voltage on the capture electrodes was increased to 20 Vpp,
and the frequency was increased to 3 MHz in order to maximize the DEP forces acting
on cells. Once the incubation chamber was filled with HLB, the flow was stopped, and
the fluidic channels and microtubes were pinched to seal them completely. The DEP
capture electrodes were then turned off. Impedance measurement electrodes were
turned on, and the cells were incubated for approximately 12 hours. The impedance
was measured with an Agilent 4284A LCR meter (Agilent Technologies Inc., Palo Alto,
California) connected to the chip through an Agilent 34970A switching unit fitted with
two Agilent 34905A RF multiplexer cards. All the instruments were connected to a com-
puter through a GPIB interface. The impedance measurements and chip temperature
were controlled by custom LabVIEW program (National Instruments Corp., Austin,
Texas). Impedance was measured at 51 frequencies logarithmically spaced between 100
Hz and 100 kHz, with a 150 mV amplitude. Sinusoidal and square wave DEP signals
were generated by Agilent 333120A synthetized signal generators.

9.2.1.2 Results and discussion

To demonstrate the complete process of cell concentration and impedance measure-
ment of bacterial metabolism on the chip, samples containing fluorescently labeled L.

monocytogenes v7 cells at concentrations of 2.3 × 105, 6.8 × 105, and 8.7 × 104 cfu/mL were

tested. The sample with 2.3 × 105 cfu/mL cells was injected with the DEP electrodes off,
while the other two samples were injected with the DEP electrode activated. When the
DEP electrode was off, the cells were not concentrated in the incubation chamber.
There was only a probability of approximately 0.09 to find one cell in the chamber.
When DEP electrodes were activated, almost all the cells were captured by the DEP elec-
trodes into the detection chamber. Figure 9.2(a) shows a representative image of
fluorescently labeled Listeria cells concentrated by DEP into the picoliter measurement
chamber. Although the actual number of cells collected was not determined, it was
visually confirmed that only a very small fraction of cells escaped the DEP deviation
and capture processes (no more than approximately 10%). However, during the switch
from water to HLB, a more significant fraction of the cells were lost because the DEP
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force was weakened by the increased medium conductivity and the fluctuation of the
flow rate. Nonetheless, thousands of cells were still collected in the chamber, as shown
in Figure 9.2(a). The concentration factor of this chip was between 104 to 105 when the
cells in an original sample volume of 40 μL were concentrated into the 400 pL chamber,
provided that 10% to 100% of the cells were captured by DEP. Such DEP concentration
technique in microfabricated chips eliminates the need to enrich the bacterial popula-
tion by long culture steps in conventional cell culture methods. With the dramatic
increase of bacterial cell concentration at the locality of the detection chamber, it is
expected that the detection time on the impedance growth curve can be effectively
reduced, resulting in rapid detection.

The significant reduction in detection time was demonstrated by the comparison of
the impedance growth curves of Listeria cells in HLB medium on chip with and without
DEP concentration [Figure 9.2(b)]. As shown in the figure, the sterile media did not
exhibit any clear metabolic signal at any frequency. The bacterial sample containing

approximately 6.8 × 105 cfu/mL with the DEP concentration presented an impedance
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Figure 9.2 (a) Fluorescence-labeled Listeria cells concentrated by DEP from a suspension of 6.8 × 105

cfu/mL into the incubation chamber immediately before the start of incubation. (b) Relative admittance
change during the incubation of Listeria cells injected into the microchip at various concentrations, with
and without DEP concentration, plus sterile HLB. Values at t = 0 are defined as 100%. (Reprinted with per-
mission from the J. Microelectromechanical Systems and kind permission from [5].)



metabolic signal corresponding to the exponential growth at approximately 1 hour,
while the sample containing similar concentration of cells without DEP concentration
required approximately 7.5 hours to produce a detectable impedance signal. The results
demonstrated that concentration of bacterial cells by the DEP can effectively shorten the
detection time needed for the impedance detection of cell metabolic activity.

Miniaturized sensors for impedance-based detection of bacteria integrated with a
DEP-based cell-concentration system hold great potential to dramatically reduce the
time needed to detect bacteria based on their metabolic activity to hours, which is a great
improvement compared with conventional methods that require several days. Such a
microscale system also has great potential applications for screening industrial and clini-
cal samples for total bacterial contents.

9.2.2 Microfluidic biochips for impedance detection of Bacillus anthracis
spore germination

Bacillus anthracis has long been identified as the causative agent of the disease anthrax.
The intentional contamination of seven letters with B. anthracis spores in 2001 resulted
in 22 cases of anthrax, 5 of which were fatal [17], and focused attention on the detec-
tion of spores of Bacillus anthracis. Bacillus anthracis has a long-term environmental per-
sistence due to the formation of endospores, which develop over a time course of
several hours inside a cell exposed to nutrient starvation or other environmental
stresses [18]. A dense protein coat, low cytoplasmal water activity, and small, acid-solu-
ble, DNA-binding proteins render the spore highly resistant to dessication, irradiation,
chemical oxidation, and other environmental assaults [19]. This resistance renders
decontamination of an environment in which endospores are present very difficult and
makes detection of low-level spore contamination an important goal. Many detection
methods, such as colony morphology, staining of the unique poly-D-glutamate cap-
sule, PCR amplification of specific DNA sequences, and c-phage susceptibility testing,
require the outgrowth of vegetative cells before testing; they also often require
time-consuming manual steps. Several innovative methods reported in recent years can
detect endospores at a threshold of about 103 spores in a sample [20–25]. Most of these
methods involve micro- or macroscale PCR analysis or various forms of optical detec-
tion. Automated spore-detection systems have used real-time PCR with thermal cycling
chambers made from etched and fusion-bonded silicon to carry out the PCR-based
detection assays for Bacillus spp. and Yersinia spp. [26]. It should be noted that most of
the reported methods either perform identification of the spores before spores germi-
nate and fail to distinguish between viable and nonviable spores [21], or they detect the
pathogens at relatively late vegetative growth phase [20]. In this section, we review a
detection method for viable spores by impedance measurement. The detection was per-
formed as early as the spore-germination stage, and a signal was detected only when the
spores were viable.

9.2.2.1 Methods and devices

We first examined the concept using macroscale experiments, where we measured the
germination of a 5 mL spore suspension, with concentration ranging from 107 to 109

spores/mL, in a rinsed (with sterile DI water) and sterile 15 mL plastic centrifuge tube
(430052, Corning Inc., Corning, New York) using a commercial conductivity meter
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(6307 microcomputer pH/conductivity meter, Jenco Instruments, San Diego, Califor-
nia). The spores were preheated in a 65ºC water bath for 30 minutes before the experi-
ment. Afterwards, germinant solution was added, and the conductivity probe was
inserted into the 15 mL centrifuge tube containing the sample. Conductivity values
were recorded every minute. Three different concentrations of spores were compared to
control experiments (i.e., spores only, DI water only, and germinant only) to find the
detection limit. The conductivity probes were calibrated before each experiment. The
DI water had a measured conductivity of 2 to 3 μS/cm, which was within the accepted
range and thus demonstrated the sensitivity of the instrument. The experiment was car-
ried out at room temperature [27].

The microfluidic device for on-chip detection of spore germination was constructed as
a three layer BioMEMS device. The first layer was a Pyrex (7740, Corning Inc.) substrate
with interdigitated electrodes for exerting dielectrophoresis force to capture and concen-
trate spores and for recording the change of admittance (inverse of impedance) within the
solution. The metal electrodes were deposited as 250Å titanium and 350Å gold by evapo-
ration (E-Beam Evaporator, CHA Industries, Fremont, California), followed by a lift-off
process. On top of the Pyrex substrate was a 40 μm PDMS layer with patterned
microfluidic channels and chambers for sample delivery and germination detection. The
third layer was a thick, 2 mm PDMS slab with microfluidic pathways serving as valves to
close off the channels in the thin second layer to enhance the signal strength by forming a
closed environment for detection, as well as to constrain spores inside the detection
chamber after the dielectrophoresis (DEP) capture force was released. The layout of the
chip and the completed chip are illustrated in Figure 9.3(a, b). The Pyrex layer containing
the electrode substrate and the hybrid PDMS layer was bonded by surface treatment using
oxygen plasma (200W, 15 seconds) and aligned immediately (within 5 minutes). The etch
gas was 80% argon and 20% oxygen. Microbore tubings (OD: 0.016”, ID: 0.006”, Cole
Parmer, Vernon Hills, Illinois) were inserted into the punched inlet holes and sealed with
10:1 PDMS for injection of liquids. The cross section of the fabricated biochip and its func-
tions is illustrated in Figure 9.3(c) [28–30].

The electrical measurements on-chip were carried out with an automated recording
system. The system included an injector, measuring probes (Micromanipulator Co., Car-
son, Nevada), an LCR meter (Agilent Technologies), a computer, and a microscope
(Eclipse E600FN, Nikon Inc., Melville, New York). Heat-treated spores were injected by
the injection system into the microfluidic device mounted on the microscope platform,
with a flow rate of 30 μL/min for 5 minutes, followed by 0.2 μL/min. The injection sys-
tem had multiple injection valves and switches to change solutions for delivery of sam-
ples and germinant. Electrical recording started right after spores and germinant were
delivered into the chip. Data was recorded at 2-minute intervals for 1 hour. Verification
of germination after each experiment was done by observing the refractility of Bacillus
anthracis spores using phase-contrast microscopy. Ungerminated spores are refractile
(phase bright) and germinated spores are not (phase gray or phase dark). The experiment
was carried out at room temperature.

9.2.2.2 Results and discussion

The results of spore-germination detection with a commercial conductivity meter are
illustrated in Figure 9.4(a). This figure shows the results with spore concentrations of
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107, 108, and 109 spores/mL. The most pronounced result is observed at a concentration
of 109 spores/mL, where a net increase of conductivity occurs in the range of 5 to 7
μS/cm. An immediate increase in conductivity suggests that germination began in the
first 2 minutes after germinant was added and finished within 20 minutes, while con-
trol experiments showed no significant change in conductivity over time. We consid-
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Figure 9.3 (a) Top-view layout of the microfluidic device, (b) optical image of the completed device,
and (c) cross section of the microfluidic device. Spores were heat-activated off-chip, then passed through
and captured on interdigitated electrodes by DEP in the desired chamber. (d) Valving is effected by pres-
surizing the third layer and thus pressing against the second layer channel to form a closed environment
for spore germination to take place. The effectiveness of the valves was demonstrated with a solution of
safranin dye. (e) Fluorescence microscope image of spores captured within the chamber using DEP forces.
20V peak-to-peak, 100 kHz. Total elapsed time is 1 minute. Activated spores stained with the FITC dye,
DiOC6(3). (Reprinted with permission from Lab on a Chip and kind permission from [6].)



ered the 109 spores/mL concentration as the one that can be safely detected and used
this value for the design of the microscale assay.

In microfluidic device experiments, spores were delivered to the target chamber (0.1

nL, 100 × 100 × 10 μm) in a carrier stream of DI water. The spores were captured at the
edge of the embedded electrodes by dielectrophoretic forces induced at 20V and 100
kHz. With a flow rate of 0.2 μL/min (peak flow velocity: 40 cm/min), 90% of the spores
in the carrier stream were captured by DEP [31]. Figure 9.3(e) shows the capture of spores
by DEP forces, 20V peak to peak, 100 kHz.

We first germinated the spores without actuating the built-in valves. Measurement
of admittance started right after the germinant solution had fully replaced the DI water.
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The results showed an increase in admittance upon spore germination [Figure 9.4(b)]. In
comparison to the control experiment with germinant only, the samples with approxi-
mately 700 spores and approximately 900 spores presented significant increases in
admittance, starting 2 minutes after the experiment began. There was no significant
increase in admittance in the control experiments. Fluctuations in admittance occurred
because the chamber was open to the flow stream without the actuated valve. However,
when spores started to germinate, enough ions were released to overcome the baseline
fluctuation and showed a significant increase in admittance. The detection limit with
this experiment proved to be a few hundred spores in a 0.1 nL chamber.
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Figure 9.4 (a) Impedance curves of the spore germination in the macroscale germination experiments
with samples containing 109, 108, and 107 spores/mL. The control sample contains germinant solution
only. (b) Representative on-chip experimental results with about 100, 700, and 900 spores in a 0.1 nL
chamber (graphs of data with 700 and 900 spores were open-valve experiments, while the graph with 100
spores was from a closed-valve experiment). The results from serially performed control experiments are
also shown. (Reprinted with permission from Lab on a Chip and kind permission from [6].)



To overcome the problem of fluctuations in admittance, the designed microfluidic
valves were actuated to isolate the germination chamber from the rest of the system. The
channels in the third layer of the microfluidic device (the PDMS slab) were pressurized
with germinant solution to close the valves in the second layer [the PDMS membrane;
see Figure 9.3(c, d)]. We used germinant solution to close the valves in order to avoid
admittance perturbation due to ion permeation from the valve channel into the germi-
nation chamber through the PDMS layer. Two sets of sensing probes were used to mea-
sure two identical chambers (0.1 nL) simultaneously, with one serving as a control
chamber and the other as the experimental chamber. A comparison of the results from
these two identical chambers determined that the chamber with spores and germinant
had a significant increase in admittance when germination was taking place, whereas
the control chamber showed no significant difference from the control experiments
without germinant. The sample with 100 spores showed an immediate increase in
admittance and reached an admittance increase of approximately 10 nmho in 20 min-
utes. It is clear that only when spore germination was taking place did a significant
change in the measured signal occur. (There was a slight admittance increase in the con-
trol chamber in the germination experiment due to the influence of ions permeating the
PDMS from the experimental chamber.) Based on a comparison of the admittance
changes with 700 spores in the open-valve experiment and with 100 spores in the
closed-valve experiment, results were very similar, indicating that the isolation valves
also enhanced the sensitivity of the admittance measurements. This implies that a lower
detection limit could be achieved by including isolation valves in the chip design. The
detection limit was less than 100 spores in a 0.1 nL chamber (109 spores/mL). Theoreti-
cally, this limit could be reduced to 10 spores or even 1 spore with smaller-sized cham-
bers.

In this study, we demonstrated a method for automatic and rapid electrical detection
of germination of viable spores within a microfluidic biochip. The microfluidic device
includes special design features that facilitate spore capture and isolation as well as elec-
trodes for spore concentration and impedance measurements. The limit of detection
was shown to be a few hundred spores in a 0.1 nL chamber without use of the isolation
valves. The detection limit was reduced to fewer than 100 spores in a 0.1 nL chamber
when the chamber was isolated by closing the isolation valves. The detection limit can
be further lowered by using a smaller capture-measurement chamber. The detection
time is as short as 2 hours from heat activation of a suspected organism, which makes
the impedance-based detection method a promising candidate for an on-site environ-
mental diagnostic platform.

9.3 Lab-on-a-Chip for Impedance Detection of Cell
Concentration Based on Ion Release from Cells

9.3.1 Microchips for impedance detection of CD4+ T lymphocytes

Although multiple miniaturized platforms exist for cell counting in suspension, such as
flow cytometry and Coulter counters [32–35], methods to enumerate attached cells
within microfluidic devices are limited. Optical-microscopy-based cell detection,
although straightforward, remains dependent on a stable light path and lensing, filter-
ing, and focusing mechanisms that add cost and complexity to detection. In addition,
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optical detection tends to be low throughput due to the small detection area available at
a single time. A valuable complement to optical microscopy is surface impedance sens-
ing to enumerate cells attached on a substrate [36–38]. However, in the imped-
ance-sensing method, a near unity of cell coverage on the electrode surface is required
to generate a detectable signal.

To address the need for sensitive detection of a small number of cells attached on a
relatively large surface area or in a large volume, we introduce in this chapter an
approach called “cell lysate impedance spectroscopy.” In this approach, surface-bound
cells are lysed in a microfluidic channel, and the bulk conductance changes are mea-
sured through surface-patterned electrodes and impedance spectroscopy. As the
intracellular ion content is relatively constant in each cell type, the number of released
ions measured electrically is indicative of the cell number. Using immunoaffinity-iso-
lated CD4+ T cells as an example, we demonstrate here that bulk solution conductance
increases proportionally to the number of cells in the microdevice. In addition, this
method has a detection threshold of 20 cells/μL, which is sufficiently useful for many
clinical and research applications that require cell counting.

9.3.1.1 Methods and devices

Microfluidic devices were fabricated by bonding two pieces of glass slide with a PDMS

gasket that is 50 μm thick and contains an opening window of 5 cm × 4 mm. The PDMS
gaskets were prepared by curing spin-coated PDMS on a transparency slide, followed
with hand-cutting windows of desired sizes. Interdigitated (IDT) gold electrodes were
patterned on the bottom slide by standard photolithography [Figure 9.5(a)], facing to
the microfluidic channel side during assembly. Two holes were drilled on the cover
slide and bonded with PDMS ports to form fluid inlets and outlets. Assembled devices
were then functionalized with a monoclonal CD4 antibody and primed with PBS con-
taining 1% BSA and 1 mM EDTA [7]. CD4+ T lymphocytes from healthy donors were
captured in the microfluidic chip by flowing cultured peripheral blood mononuclear

cells (PBMC) into the device at 5 μL/min. This flow rate is optimal for efficient and spe-
cific capture of CD4+ T lymphocytes [7], and the duration of sample injection deter-
mines the total number of captured cells.

To minimize background conductance, we use the following operational sequence
to lyse the captured cells: First, extracellular ions present in the microchannel were
washed out using a low-conductive washing solution containing 8.5% sucrose and 0.3%

dextrose at a flow rate of 20 μL/min until impedance signals were stable. This ion-free
solution has been found to maintain viability of mammalian cells. Next, a low-conduc-
tive solution containing 2% sucrose and 0.07% dextrose was flowed in at a flow rate of

10 μL/min for 1 minute for controlled cell lysis. The lysing solution was formulated such
that cell lysis occurred after a complete replacement of the washing solution by the
lysing solution. Cells were then kept in the lysis solution in a static state for another 10
minutes to allow cell lysis to reach a steady state.

Impedance measurements were taken using an Agilent 4284 LCR meter (Agilent
Technologies). The microelectrode devices were connected to the LCR meter through
platinum probes. The impedance-measurement process was automated by custom
LabVIEW (National Instruments Corp.) virtual instruments and GPI B interface. Imped-
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ance spectra were measured in the frequency range of 100 Hz to 1 MHz with a frequency
increase factor of 1.5 and amplitude of 250 mV.

9.3.1.2 Results and discussion

To test the detection sensitivity of ions released from primary cells using impedance
spectroscopy, we first lysed PBMCs of known concentrations in Eppendorf tubes with
DI water and measured the impedance of the lysate using the microfluidic device with
coplanar interdigitated microelectrodes (IMEs) as shown in Figure 9.5(a). Figure 9.5(b,
c) shows the spectra of impedance magnitude [Figure 9.5(b)] and phase [Figure 9.5(c)] as
a function of frequency for cell concentrations ranging from 0 to 3,000 cells/μL mea-
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ket. (b) Impedance magnitude and (c) phase spectra of DI water and cell lysate with different starting cell con-
centrations measured on the IDT device. Three to five scans were performed at each cell concentration in the
frequency range between 100 and 10

6
Hz. (d) An equivalent circuit used in our study to model the electrode/elec-

trolyte system for extracting bulk solution conductance, 1/Rsol, which directly correlates with cell ion release [1].
(e) A linear relationship between measured bulk solution conductance (solid dots) and cell concentration is
observed, and the best fits are shown as solid lines. Error bars indicate the standard deviation from three to five
continuous measurements within a single device. (Reprinted with permission from Lab on a Chip and kind per-
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sured using the IMEs. We observed that each spectrum has two regions, a con-
stant-impedance region in the frequency range from 100 Hz to 10 kHz and an
impedance-decreasing region when frequency is greater than 100 kHz. With increasing
cell concentrations, there is a consistent decrease in impedance magnitude in the
low-frequency range and a shift of phase peak to higher frequency. This suggests
strongly that semiquantitative measurement of cell number can be achieved through
ion release.

To understand solution conductance as a function of cell number, we carried out
modeling studies to extract bulk conductance from the impedance spectra. Electrodes in
an electrolyte solution can be modeled using an equivalent circuit as shown in Figure
9.5(d) [5, 7], where Cdi is the dielectric capacitance (it contains dielectric contributions
from all the materials surrounding the electrodes, including the solution), Rsol is the bulk
solution resistance (charge transport across the bulk solution), Zdl is the interfacial
impedance (the so-called Warburg impedance that accounts for the change in the ionic
gradient at the interface), and Rser is the resistance of the on-chip wiring. The interfacial
impedance can be expressed as

( )[ ]Z j n Bdl = 1 ω (9.1)

where j = ( )−1 , and n and B are parameters dependent on the properties of the electro-

lytes and the electrodes. This is the simplest model that would properly fit the measured
data over the whole frequency range at all times. Solution bulk conductance Gsol is sim-
ply the reciprocal of Rsol.

By applying the circuit model to the group of curves in Figure 9.5(b, c), bulk conduc-
tion was extracted and plotted as a function of cell concentration [solid dot in Figure
9.5(e)]. It is observed that solution conductance increases linearly with the number of
cells, confirming our hypothesis that ion release and solution conductance change are
indicative of cell number. Moreover, using ion release to detect cells appears to be
extremely sensitive and can detect as few as 20 cells/µL in an ion-free solution. The slope
of the conductance curve represented measurement sensitivity of the microchip, and

the sensitivity of the IMEs was about 1.90 × 10–8/cell μL.
After impedance measurement using off-chip lysate, we then studied how imped-

ance changes in the process of cell capture and on-chip cell lysis. CD4+ T cells were cap-
tured from cultured peripheral blood mononuclear cells, followed with washing with
PBS buffer and then the low-conductive washing solution. Afterwards, the low-conduc-
tive cell-lysing solution was introduced into the microfluidic device, and cells were
allowed to lyse for 10 minutes. At the end, the reference spectra were obtained with DI
water. In the entire process, impedance spectra were acquired continuously and
reflected the bulk solution resistance. Take the impedance magnitude at 760 kHz, for
example [Figure 9.6(a)], where maximum separation occurs between the impedance
magnitude curves in Figure 9.5(b), it remains in the low kilo-ohm range when cells are in
PBS due to the high ionic concentration of biological buffers. It increases dramatically to

above 10 kΩ upon introduction of the low-conductive washing solution. When cells are
kept in the low-conductive washing solution in a static state, impedance magnitude
decreases slightly, likely due to cell ion release in a low-conductive environment. After
injection of the ion-free lysing solution, an initial impedance jump is noticed because
the lysing solution has a lower conductivity than the washing solution. This is followed
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with an abrupt drop of impedance and a subsequent slower impedance decrease. This
two-stage impedance drop during cell incubation in the lysing solution matches optical
observation of lysed cell numbers in the same solution (data not shown), suggesting that
the decrease in impedance magnitude arises from lysis of the captured cells.

Following the same data-fitting procedure as described above, bulk conductance was
extracted from the impedance spectra and the conductance change before and 10 min-
utes after flowing in the lysing solution was taken as a result of complete ion release from
captured cells. When we compare this conductance change to manual cell counts within
the microfluidic devices [Figure 9.6(b)], it is evident that the bulk conductance change is
proportional to the number of captured cells. The results successfully demonstrate that
cells can be detected and counted within a microfluidic device through the imped-
ance/conductance measurement of cell lysate.

In conclusion, impedance spectroscopy can be used to detect mammalian cells
immobilized in a microfluidic device through their ion release. The microdevice helps to
confine the ions in a small volume for sensitive measurement. Not only is the approach
useful for terminal cell counting, but it also holds the promise to study live-cell activities
through their ion exchange with the environment.

9.3.2 Interdigitated microelectrode chip for impedance detection of
bacterial cells

The conductivity of bacterial suspensions has been used to study the electrical proper-
ties of bacterial cell-surface and related cell-surface interfacial physiology [39, 40]. It can
also be used to quantify the concentration of bacterial cells in suspensions. We present
here a simple and rapid impedance method to detect bacterial cells in suspensions using
interdigitated microelectrodes.

When bacterial cells are suspended in DI water, there are two possible ways for the
bacterial cells to alter the impedance of DI water. One is via the charged nature of bacte-
rial cell surfaces. The bacterial cell walls contain various acidic groups such as carboxyl,
phosphate, and amino groups [41]. Generally, there is a higher concentration of anionic
groups than of cationic groups, which results in a negative cell-wall charge at neutral
pH. This charge is compensated for by counterions that penetrate into the porous cell
wall and, to a minor extent, by coions that are expelled from it, thereby conferring elec-
trostatic charge to the cell periphery [39, 40, 42]. The charge density of the bacterial cell
wall can be as high as 0.5 to 1.0 C/m2 [39]. The conductivity of the DI water is in a range

from as low as about 1 to 2 μS/cm to up to about 10 to 15 μS/cm. When bacterial cells are
suspended in low-conductive DI water and reach a sufficient concentration, they can
alter the conductivity of the suspension because of their cell-wall charges. The other way
for bacterial cells to alter the conductivity of DI water is via the ion release from bacterial
cells. When bacterial cells are suspended in a solution, such phenomena may occur as
leakage of ions through the cytoplasmic membrane and negative adsorption of electro-
lyte or ion uptake into the cytoplasm and specific adsorption of ions. These processes
can influence the conductivity of the bulk solution [39]. When bacterial cells are sus-
pended in DI water, they experience an osmotic shock. In response to the fluctuations in
environmental osmolarity, cells adjust their intracellular solute concentrations in order
to maintain a constant turgor pressure and ensure continuation of cellular activity.
Other properties of cells, such as cell size and buoyant density, can also be altered in
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response to the osmotic shock [43]. The charges on the cell wall, the release of ions, and
other responses to the osmotic shock in combination account for the impedance change
in DI water with suspended bacteria.

Here, we used Salmonella typhimurium, a Gram-negative, food-borne, bacterial patho-
gen, as an example to demonstrate impedance detection of bacterial cells in suspen-
sions. Salmonella cell suspensions in DI water and phosphate buffered saline (PBS)
solution were studied over a wide range of frequencies. Bacterial cells suspended in DI
water with different cell concentrations were shown to have different electrical imped-
ance spectral responses. In a certain frequency range, impedance of the cell suspension is
directly proportional to the cell concentration, which can be used to quantify bacterial
cells in a label-free, inexpensive, and simple fashion.

9.3.2.1 Methods and device

9.3.2.1.1 Device
The device for electrical impedance measurements consists of a silica or glass chip pat-
terned with an array of interdigitated microelectrodes (IMEs) and a microchamber (~25
μL capacity) right above the electrode area formed by silicone rubber, as shown in Fig-
ure 9.7(a). The interdigitated microelectrodes were fabricated on a flat silica or glass sub-
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sions in DI water or PBS. (Reprinted with permission from Talanta and kind permission from [1].)



strate using standard lithographic microfabrication technology. The IME consists of a
pair of microband arrays of digit electrodes that mesh with each other. The width of
digit electrodes and the interdigit space can be in the range of microns to nanometers,
with a total of tens to hundreds of pairs of finger electrodes. The two sets of
microelectrodes are used as the two poles in a bipolar impedance-measurement setup.
The IMEs used in this experiment have a total of 50 pairs of finger electrodes with each
having a width of 15 μm and a space of 15 μm. IMEs are also commercially available.

The chamber was made by punching a hole in a piece of silicon rubber using a stan-
dard puncher of a desired size. The silicon rubber was then glued to the chip using epoxy
with the chamber appropriately aligned with the electrode area.

9.3.2.1.2 Preparation of bacteria cells
Stock culture of Salmonella typhimurium was purchased from Carolina Biological Supply
Company (Burlington, North Carolina). The culture was grown in brain-heart-infusion
(BHI) broth (TEKnova, Hollister, California) at 37ºC for 16 to 18 hours. The cells were

centrifuged (Eppendorf, Westbury, New York) at 6,000 × g for 2 minutes. After removal
of the supernatant, the cell pellet was resuspended in sterilized DI water or PBS. The
cells were washed three times with DI water or PBS in order to get rid of residues from
the growth medium. Then, they were serially (1:10) diluted with DI water or PBS to
desirable concentrations for further experiments.

The traditional plating method was used to determine the viable cell number in the
stock cell suspension prepared in the above step. The cells suspension was serially (1:10)
diluted with DI water. Then, 100 μL of appropriate dilutions were plated onto XLT4 agar
plates (Difco, Sparks, Maryland). Colonies were counted after incubation of the plates at

37°C for 24 hours. Generally, the cell numbers in the stock cell suspension averaged
about 109 cfu/mL.

9.3.2.1.3 Electrical impedance spectroscopy (EIS)
Impedance measurements were performed using an IM-6 impedance analyzer
(Zahner-Elektrik Gmbh & CoKG, Kronach, Germany) with the IM-6/THALES software.
Figure 9.7(b) shows the schematic impedance-measurement setup. For impedance mea-
surements, 20 μL of each sample was placed into the microchamber and covered with a
glass cover. One of the two microband array electrodes was connected to the test and
sensing probes, and the other was connected to the reference and counter electrodes on
the IM-6 impedance analyzer. EIS measurements were carried out in a frequency range
from 1 Hz to 100 kHz. Bode (impedance and phase versus frequency) diagrams were
recorded. Impedance at a fixed frequency was measured using the capacitance-poten-

tial (C/E) program at 1 kHz with an amplitude of ±50 mV. Impedance data were
recorded at every minute. All tests were performed at room temperature.

Simulation was performed using the SIM program. From each measured spectrum,
50 data points were automatically selected by the software as the input, and the fitting
curves were generated using an equivalent circuit model.

9.3.2.2 Results and discussion

9.3.2.2.1 Impedance spectra of bacterial cell suspensions in DI water and PBS
Figure 9.8 presents the Bode impedance spectra of Salmonella typhimurium cell suspen-
sions in (a) DI water and (b) PBS, along with their equivalent circuits and best-fitting
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Figure 9.8 (a, b) Impedance spectra of Salmonella cell suspensions in (a) DI water and (b) PBS, together
with their fitting curves and the equivalent circuits. Salmonella concentration: 1.93 × 106 cfu/mL. (c, d)
Impedance spectra of Salmonella suspensions in (c) DI water and (d) PBS, with the cell concentrations in
the range of 104 to 109 cfu/mL, along with samples of water and PBS as controls. (e) Typical impedance
responses to the samples with different concentrations of cells when they were measured at a fixed fre-
quency of 1 kHz. (f) The linear relationship between the logarithmic value of the concentration of Salmo-
nella cells and the impedance measured at 1 kHz. Error bars are standard deviations of three to five
measurements. Impedance spectra were measured in the frequency range of 1 Hz to 100 kHz with an
amplitude of ±50 mV. (Reprinted with permission from Talanta and kind permission from [1].)



spectra. For Salmonella cell suspension in DI water, the measured spectrum [Figure
9.8(a), blank dots] is a typical Bode plot for a system in which the polarization is due to a
combination of kinetic and diffusion processes. Based on the general electrical-equiva-
lent model of an electrochemical cell [44] and the behavior of the IME microelectrode
[45], the measured spectrum can be modeled by an equivalent circuit that consists of
the ohmic resistance (Rs) of the solution between two electrodes, double-layer capaci-
tance (Cdl), electron-transfer resistance (Ret), and Warburg impedance (Zw) around each
electrode. The agreement between the measured data and the fitting spectra (solid line)
indicated that the equivalent circuits provided a feasible, if not unique, model to
describe the impedance characteristics of Salmonella suspensions in DI water. Using this

circuit model, the simulated values of Cdl, Zw, Ret, and Rs were 884.9 pF, 147.2 kΩ/s0.5,

13.54 kΩ, and 491.2Ω, respectively, with the mean error of modulus impedance of
0.6%. The spectrum and the circuit model suggest that electrochemical reactions occur
on the IME electrodes and that the cells may have released some electrochemical active
composites to the DI water.

For Salmonella suspensions in PBS, the impedance spectrum [Figure 9.8(b), blank
dots] shows two domains: a double-layer region in the low-frequency range from 1 Hz to
approximately 500 Hz, and a resistive region in the frequency range from approximately
500 Hz to 100 kHz. The electrical impedance behavior of the cell suspension in PBS can
be represented by the equivalent circuit of the IME system in aqueous solutions reported
previously [45–47]. In this circuit model, two identical double-layer capacitances (Cdl) of
each set of the IME are connected to the medium resistance (Rs) in series. Cdl dominates
the impedance in the low-frequency range (double-layer region), whereas Rs dominates
the impedance in the high-frequency range (resistive region). By simulation, the values

of Cdl and Rs were 892.8 nF and 1.62 kΩ, respectively, with the mean error of modulus
impedance of 3.0%. In the cell suspension in PBS, the impedance spectrum does not
show any characteristics related to electrochemical active parameters, which implies
cells may not release active electrochemical species into PBS.

Figure 9.8(c, d) shows the Bode impedance spectra of Salmonella suspensions in (c) DI
water and (d) PBS solution with different cell concentrations from 104 to 109 cfu/mL. It is
observed that the suspensions with different cell concentrations in DI water each have a
distinct impedance response in the frequency range from 100 Hz to 10 kHz, whereas
impedance spectra of Salmonella suspensions in PBS were identical in the full frequency
range. The results verified that when bacterial cells were suspended in low-conductive
DI water, they could alter the conductivity of the suspension.

9.3.2.2.2 Quantifying bacterial concentration in DI water by impedance
As the solution impedance decreases with the increasing cell concentration in DI water
within a certain frequency range, we can estimate the cell concentration in DI water
using the impedance value at a fixed frequency. As the best representative frequency, 1
kHz was used to investigate the relationship between impedance values and cell con-
centrations in DI water suspensions. Figure 9.8(e) shows typical impedance responses at
1 kHz to samples of different bacterial concentrations. When the bacterial concentra-
tion decreased from 109 cfu/mL to 108, 107, and 106 cfu/mL, impedance of the suspen-

sions significantly increased from 3.13 ± 0.26 kΩ to 7.29 ± 0.17, 18.7 ± 0.28, and 24.4 ±
0.58 kΩ. Figure 9.8(f) shows the plot of the impedance values as a function of the bacte-
rial concentrations. There is a linear relationship between the impedance and the loga-
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rithmic value of the cell concentration in the range from 104 to 108 cells/20 μL (106 to

1010 cfu/mL). The linear regression equation is Z (kΩ) = –2.06 Log C (cells/20 μL) + 5.23

with R2 = 0.98. The detection limit was calculated to be 6.9 × 104 cells/20 μL (3.45 × 106

cfu/mL).
In this section, we have demonstrated a new, simple, and rapid method to detect

bacterial cells by measuring the impedance properties of their suspensions in DI water
using interdigitated microelectrodes. This method does not require any label or amplifi-
cation steps. It can be used as an alternative approach to quantify bacterial cells in sus-
pensions to impedance microbiology. The detection limit of this method is comparable
with many other label-free immunosensors for detection of pathogenic bacteria using
different transducer techniques, including QCM immunosensors for detection of Salmo-

nella with detection limits of 3.2 × 106 cfu/mL and 9.9 × 105 cfu/mL [48, 49], SPR
immunosensors for the detection of Salmonella enteritidis and Listeria monocytogens with
detection limits of 106 cfu/mL [50], a SPR sensor for detection of E. coli O157:H7 with a
detection limit of 107 cfu/mL [51], and an electrochemical impedance immunosensor
for the detection of E. coli O157:H7 with a detection limit of 106 cfu/mL [10]. To afford
this method with selectivity, we have recently implemented magnetic separation prior
to the impedance detection [1]. To further improve the detection limit of this approach,
a concentration step that enriches the small number of bacterial cells into a
microdetection chamber would be very useful.

9.4 Conclusion

Advances in microfabrication have paved the way for miniaturization of many tradi-
tional detection platforms into microdevices or chips. Impedance sensing as a principal
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Troubleshooting Table

Problem Explanation Potential Solution

There is fluid leakage The chip is not well assembled Use a new and well assembled chip.
DEP does not capture cells or spores The connection between the DEP

electrodes and the DEP signal
generator does not work

Check the connection or change to a new chip.

There is no signal in impedance
measurements

There is a bad connection between
the chip and the impedance
instrument

Check the connections.

Impedance baseline with deionized
water is not consistent when a
different vial of water is injected
into the device

Deionized water changes its
conductance after it exposes to air

Prepare multiple vials of water in prerinsed clean
tubes and sterilize the batch together. Discard any
water vials that have been left open for more than 30
minutes.

Impedance baseline with deionized
water from the same vial is not
consistent

Impedance is affected by ion
release from the polymer material
for chip fabrication

Soak the whole chip in deionized water over night, or
flush the channels with deionized water for an
extended period (hours) until the baseline stabilizes
with continuous injection of deionized water.

Cells don’t lyse or lyse too quickly
using the present lysis solution

Different cells have different
tolerances for the hypotonic
environment

For each cell type, the lysis solution needs to be opti-
mized such that during the solution exchange from
isotonic to hypotonic solution, the cells remain intact
but will lyse rapidly after the lysis solution flow stops.

Impedance does not change after
the germinant is injected

Spores germinate before reaching
the detection chamber

One-time use of the device will prevent  germination
due to chemical residues. A separate inlet for
germinant delivery is also recommended to avoid
pregermination.



electrical transducer technique is one of the best-suited measurement approaches that
can be incorporated into microchips. We have demonstrated four microchip-based sys-
tems that have been successfully used for monitoring microbial and cellular activities
and for detecting bacterial and mammalian cells. The microscale impedance-based
methods have shown advantages in improved sensitivity, reduced quantities of costly
reagents, reduced detection time, and flexibility in integration with other electrical
methods such as DEP.

9.5 Summary Points

• The microfabricated systems described here demonstrate the application of
microscale lab-on-a-chip devices for the detection of biological activities with high
sensitivity and shortened assay time.

• Microscale “impedance microbiology” can be realized in a microchip format,
which can be integrated with an electrical concentration step, through
dielectrophoresis (DEP), for rapid detection of bacterial cells based on their meta-
bolic activity.

• The DEP concentration in microchip “impedance microbiology” eliminates the
traditional cell-growth-enrichment step and thus can significantly save assay time,
which is a great improvement compared with conventional methods that require
several days.

• Automatic and rapid electrical detection of the germination of viable spores can be
achieved. DEP concentration of a low number of spores in the ultrasmall detection
chamber (0.1 nL) within the microfluidic biochip can improve the detection limit
down to fewer than 100 spores and significantly reduce the detection time com-
pared with traditional methods.

• Microfluidic chip-based impedance spectroscopy can be designed to detect both
mammalian and bacterial cells by monitoring the impedance change in the culture
buffer as a result of ion release from the cells. The microdevice helps to confine the
ions in a small volume for sensitive impedance measurement.
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