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ABSTRACT

Biomedical or Biological = Micro-Electro-Mechanical-Systems  (BioMEMS)  and
Bionanotechnology has found widespread use in a wide variety of applications in diagnostics, sensing,
and characterization of biological entities. This paper reviews some of the interdisciplinary work
performed in our group in the recent years to develop micro-integrated devices to characterize biological
entities. We have used electrical based phenomena to perform characterization and various functions
needed for integrated biochips. One sub-system takes advantage of the dielectrophoretic effect to sort
and concentrate bacterial cells and viruses within a micro-fluidic biochip. Another sub-system measures
impedance changes produced by the metabolic activity of bacterial cells to determine their viability. The
last sub-system described has been used to detect the charge on DNA molecules as it translocates
through nanopore channels. These devices with an electronic or mechanical signal output can be very
useful in producing practical systems for rapid detection and characterization of cells for a wide variety
of applications in the food safety and health diagnostics industries.

INTRODUCTION

BioMEMS and microfluidics are at present a heavily researched area with a wide variety of
important biomedical applications'. The ability to fabricate micro and nano-structures with scales and
dimensions similar to biological entities has paved the way to new concepts and systems for a variety of
cellular, diagnostic and therapeutic applications, such as intelligent biochips and biosensors’. In recent
years, we have devoted our efforts to develop bioMEMs devices and demonstrate their applications in
sorting and concentrating bacterial cells using dielectrophoresis technique, measuring the metabolic
activity of bacterial cells using impedance measurement, and detecting DNA molecules in nanopore
channels by electrical signal.

DIELECTROPHORESIS AND ANTIBODY MEDIATED SELECTIVE CAPTURE OF
LISTERIA CELLS ON A MICRO-FLUIDIC CHIP

The technique of dielectrophoresis (DEP) and manipulation of biological particles by electrical
forces provide unique means to control the separation dynamics of biological agents as most biological
cells or bacteria behave as dielectric particles in external electric field’. We have demonstrated that
dielectrophoresis is capable of separating live and heat-killed Listeria bacteria on microfabricated
interdigitated electrodes in a static solution®, as well as different biological particles in a micro-fluidic
device in the dynamic flow by considering the differences in their sizes and dielectric properties’.
However, in many cases, the dielectric properties and the sizes of the different particle types are not
significantly different, as a result, the differential driving force acting to the particles will not be
sufficient to separate different types of particle. The challenge therefore exists to develop micro-systems
which are capable of separating biological cells with similar size and dielectric properties. We proposed
to combine the advantages of DEP concentration and antibody selective capture, which demonstrated
selective capture of target cells from a mixture of cells with similar dielectric properties in a micro-
fluidic biochip.

The micro-fluidic biochip used in the DEP mediated selective capture was fabricated as our
previous report’. Monoclonal anti-Listeria antibody C11E9 was immobilized onto the surface of DEP
chamber through biotin-streptavidin chemistry. Listeria monocytogenes V7 cells and Escherichia coli
K12 cells were used to demonstrate the function of the biochip. Fig. 1 shows the images of L.



monoctygenes and E. coli cells captured in the micro-biochip by the DEP and antibody selective capture.
It can be seen that there are some L. monocytogenes cells left on the surface of the channel after DEP
was turned off and washing with DI water, while E. coli bacteria are almost all gone. Without DEP, no
L. monocytogenes cells could be seen on the channel surface (picture not shown). The antibody capture
efficiency was between 20%-30% for cell numbers in the range on 10'to 10" cfu/5ul. Compared to the
capture efficiencies of antibodies immobilized on a solid surface to bacterial cells of 0.5% by placing a
droplet (containing ~10’ cells) directly on the electrode surface and 0.01% by immersing the electrode
into 1 ml solution containing 10’ cells’. In addition, this techniques can be used to concentrate bacteria,
cells, viruses, DNA, or proteins, as long as their dielectric constant is different than the dielectric
constant of the medium that they are suspended in. This technique can be used to separate virus particles
from 0t7her particles in air, or used to concentrate particles of a particular type in a micro-chamber of
interest .
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Fig. 1 Images of captured bacterial cells when DEP was on and off in microchip immobilized with anti-Listeria
antibodies and cell number change upon turning off DEP for samples containing different cell numbers.

MICRO-SCALE BACTERIAL CELL CULTURE IN A CHIP

The metabolic activity of viable microorganisms changes the ionic concentration of the
medium in which they are suspended, by the secretion of ionic metabolic byproducts. This change can
be detected by measuring the AC impedance of metallic electrodes in contact with the medium®. Large
scale systems for impedance-based detection of bacterial metabolism have been in use for a long time.
Unfortunately, the detection time of the conventional impedance-based methods is quite long when the
concentration of bacterial cells present in the sample is very low. This limitation can be overcome if
those few cells are concentrated into a very small volume while the impedance is being measured. We
have designed a micro-chip in which a few bacterial cells can be concentrated from a dilute sample into
volumes on the order of nanoliters’. Such application of a microfabricated device can completely
eliminate the requirement for amplifying the bacterial population by enrichment in many conventional
methods, thus the sensitivity and speed of the assay can be greatly improved.

In recent work, we have fabricated devices consisting of a network of channels and chambers
etched in a crystalline silicon substrate’. The biochip consists of a large straight channel (main channel)
containing DEP deviation electrodes and a 400 pl incubation chamber containing DEP concentration
electrodes and impedance measurement electrodes. Through the main channel the sample can be flowed
at the desired rate while the cells in it are deviated by DEP forces into a small channel that leads into the



concentration/incubation/detection chamber. Cells were concentrated in the incubation chamber when
DEP concentration electrodes were active, and metabolic activity of the concentrated cells was then
monitored by impedance measurement. With the optimal combination of medium conductivity, the flow
velocity, and DEP excitation voltage and frequency, 100% concentration efficiency can be expected. We
have shown that the sterile media did not exhibit any clear metabolic signal. The bacterial sample
injected without the DEP concentration generated a metabolic signal corresponding to the exponential
growth at approximately 7.5 h incubation time, because the number of cells stayed in the incubation
chamber was very low, whereas the metabolic signal can be observed in the first hour for both samples
with DEP concentration. It was clearly demonstrated that the DEP-driven concentration reduced
dramatically the length of the detection time for the metabolic signal, and this would be especially useful
for very dilute bacterial suspensions. By taking the advantage of DEP concentration, collecting a large
percentage of the cells from a very dilute sample (40 ul) in the 400 pl detection chamber, the deviation
and concentration system makes the effective cell concentration in the chamber with the concentration
factor between 10" and 10’ of magnitude higher than that in the original sample, assuming that between
10% and 100% of cells were captured. These measurements indicated that the metabolic activity of a
minimum of 50 to 200 cells can be detected. The device is currently being redesigned to increase its
sensitivity to analyze a single cell.

DNA CHARGE DETECTION i
BASED ON IONIC CURRENT
FLUCTUATIONS USING r
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Chip electrode

biological or artificial membranes
acting as mechanical gating elements
are very promising devices as single
molecule sensors for the rapid
characterization and sequencing of
nucleic acid molecules. Our group has
pursued the study of single DNA
molecule sensors using the nanopore.
The nano-pore channel (Fig. 2 (a), (b))

with a diameter of ~6 nm and the |
length of 50-60 nm was fabricated and &
assembled as our previously report'’.
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pulses measured for the translocation through the nanopore channel. The inset shows one pulse in more detail
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nanopore. When the 200bp dsDNA
was applied to side 1 and as the dsSDNA passed through the pore, it modified the bulk and the interface
currents resulting in typical current pulses. Since the DNA molecule is around the same length as the
channel, the current is expected to increase and then decrease as the DNA leaves the pore, as measured.




The experimental results presented here demonstrate that the charge on the DNA can be
detected in the nanopore channel due to an inherent charge amplification and transduction of the DNA
charge into ionic current in the mobile surface charge, similar to a field effect transistor. The
demonstration of electrical gating effect would allow one to use these nanopore membranes as the third
electrode capable of characterizing multiple threads of dsDNA simultaneously. The electrical signal
from this device for the passage of short dSDNA molecule with mismatches could exhibit a difference
when compared to the signal from matched strands providing a label-free means to detect DNA
hybridization.
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microorganisms. The goal of such an effort
should be directed towards a completely Fig. 3: The functions needed in an integrated biochip for rapid

microsystem that can handle, detect, and cell detection

characterize a single cell or microorganism.

As shown in Fig. 3, such a system should be able to perform all functions needed for rapid detection
such as cell sorting, cell concentration, and cell detection. Cells can be sorted and captured using
antibodies, cultured to investigate their metabolic activity, and then lysed to characterize and detect
specific molecules from individual cells using nano-sensors such as nanowires, cantilevers, and
nanopores. Such endeavors can not only yield very important scientific results but can also be used
immediately in practical diagnostic applications in the health and food industry, and in biological and
chemical hazard prevention systems.
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