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Abstract

In this paper, we describe the design and function of a microchip which is used to detect, analyse and count single micron-sized par-
ticles at high speed. The device uses multi-frequency electrical impedance together with single particle fluorescence spectroscopy. Imped-
ance is measured using microelectrodes fabricated within a microfluidic channel. Optical measurements are made by focussing a beam of
light into a detection volume of the order of the size of the particle. Particles flowing through the device are dynamically focussed into the
detection volume using dielectrophoresis. The operating principle of the device is demonstrated by detecting and analysing fluorescent
latex particles at high speed.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The rapid development of biochip technology has led to
demands for new techniques that are capable of non-con-
tact manipulation, analysis and separation of micron-scale
particles such as cells and latex beads, with applications in
areas such as: cell analysis or bead-based chemical synthe-
sis and analysis. Microfabrication can be used to produce a
range of sophisticated microfluidic devices and a number of
different designs of biochips capable of counting and anal-
ysing particles have been reported [1–4]. The general prin-
ciple is relatively simple: particles flow through a
microfluidic channel in single file and at high speed using
externally generated hydrostatic pressure. The particles
are focussed into a small detection volume (generally of
the order of the size of a particle) where different parame-
ters can be measured and analysed. In this work, microelec-
trodes were fabricated in a micro-channel to measure single
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particle impedance and simultaneously an optical detection
system was employed to measure particle fluorescence.
Each of the three components: focussing; impedance
detection; and optical detection is described in further
detail.
2. Focussing

For an efficient high-throughput single particle analysis
system, it is important that the particles are efficiently
focussed, so that they all pass through a small detection
region. This is usually accomplished using hydrodynamic
focussing [1–3], where two outer fluid streams flow at a
higher pressure and compress a central sample stream,
which contains the cells or particles. This type of focussing
is one dimensional, and produces a vertical sheet of parti-
cles rather than a beam. Nevertheless, prototype particle
analysis chips have been developed using this method [1–
3]. However, while it is relatively easy to implement hydro-
dynamic focussing of a fluid in one-dimension, confinement
of a sample stream in two-dimensions may be necessary.
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Commercial flow cytometers employ co-axial focussing,
but complex fabrication schemes are required to produce
true 2-D focussing in planar microfabricated devices.

An alternative to hydrodynamic focussing is electroki-
netic focussing, where DC fields are used to focus particles
and liquids by a combination of electrophoresis and elec-
troosmosis [5,6]. Devices have been made that are capable
of detecting and counting particles optically [4–6]. Gener-
ally the throughput of these devices is low, with a typical
rate of tens of particles/s [5].

Alternating current (AC) fields, rather than DC fields
can also be used to move and manipulate particles and flu-
ids in a flow-through system. This technique, called dielec-
trophoresis (DEP), relies on dipole forces in non-uniform
electric fields [7]. The advantage of the method is that the
focussing force acts on the particles rather than on the
fluid. The focussing of particles using DEP has been
described in detail elsewhere [8,9], where two pairs of elec-
trodes are fabricated along the length of a channel, one set
on the top and one on the bottom half of the device, as
Fig. 1. (a) Diagram of the electrode layout for 2-D dielectrophoretic
focussing of particles in a fluid stream, showing view from above the
channel and a cross-section of the channel. (b) Diagram of the system used
to measure simultaneous optical and impedance data. Particle impedance
is measured at several discrete frequencies using a bridge circuit together
with an instrumentation amplifier and signal lock-in.
shown schematically in Fig. 1(a). At high field frequencies
(10–20 MHz) a negative dielectrophoretic force can be pro-
duced, which repels particles from the edges of the elec-
trodes and into a tight beam in the channel centre. The
focussing of a range of particles using this method has been
demonstrated, down to diameters of 40 nm [9]. For micron
scale particles, the size of the focussing region is the size of
a single particle but for nanoparticles, outward diffusion
results in a steady state beam diameter of a few microns
for 40 nm particles.

3. Particle detection

3.1. Optical

Detection of fluorescent particles passing through the
microchip was performed using a three colour fluores-
cence microscope system. The optical system was con-
structed around an infinity corrected objective lens (40X
0.75N.A., Nikon), with beams from two lasers (at 532 nm
and 633 nm) coupled into the objective. Both beams were
focussed to a spot of 5 lm diameter at the mid-height of
the channel and also mid-point between the microelec-
trodes used for measuring impedance (see Fig. 1(b)). The
fluorescence emission from the particles was captured by
the objective lens and passed through dichroic filter sets
(Chroma), band pass filters (Chroma) and detected using
photomultipliers (Hamamatsu). The fluorescence emission
was spatially filtered using a pinhole in front of each pho-
tomultiplier, to give a detection volume of the order of
10 fL. Using this system, fluorescence could be detected
in the following three windows: 550–600 nm (correspond-
ing to Cy3); 650–690 nm (Cy5) and >700 nm (Cy7).

3.2. AC impedance

Dielectric spectroscopy of particles is a well known tech-
nique [10,11] which can be used to non-invasively measure
several cellular parameters such as size, membrane capaci-
tance, cytoplasmic conductivity, and for the case of latex
particles, the surface charge density, which in turn is
related to surface chemistry. Fig. 1(b) shows a schematic
diagram of the system which can measure several simulta-
neous discrete frequencies, typically between 10 kHz and
5 MHz, using differential amplifiers. A similar system has
been presented previously [12], however in our system the
electrodes are fabricated only on the bottom of the chan-
nel, making fabrication and alignment easier at the expense
of a reduction in sensitivity. The source signal frequencies
are digitally synthesised, mixed and then applied to the
electrodes through two bridge balance resistors giving typ-
ical electrode voltages of between 200 and 300 mV. In
order to ensure sufficient sensitivity, the electrodes and
channel dimensions were of the order of the size of particle
to be measured, e.g. for blood cells (5–10 lm diameter) the
channel had a height and width of 20 lm, with electrodes
of gap and width 10 lm. Differential voltages were mea-



Fig. 2. Photomultiplier signal for beads loaded with different amounts of fluorescent dye, showing a long period of data on the left and a close-up of the
signal on the right.

Fig. 3. Time trace of an impedance spectrum for two different sized latex beads showing a long period of data on the left and a close-up of the signal on the
right.

Fig. 4. (a) Time trace of a combined impedance and fluorescence signal
for different latex beads. (b) Scatter plot showing individual data points
for latex particles as a function of impedance (at 600 kHz) and
fluorescence.
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sured across each arm of the bridge using a high speed
instrumentation amplifier (Analog Devices) and lock-in
amplifier (Stanford Research), one for each probe fre-
quency. This circuit arrangement produces a characteristic
complex voltage signal which has two peaks, each one cor-
responding to the movement of a particle through one half
of the two sets of electrode pairs. For both optical and
impedance collection, the data was digitised using a
16 bit A/D card (National Instruments), time-referenced
and stored on hard disc for post-processing using N.I. Lab-
VIEW software.

4. Results and discussion

In order to characterise the optical detection system,
6 lm diameter fluorescently loaded latex particles with
allophycocyanine (Cy5) (Molecular Probes) were used.
Particles were obtained with a range of different (but well
defined) relative fluorescent intensities. Fig. 2 shows the
output signal from the Cy5 photomultiplier channel as a
function of time. The three distinct fluorescent intensities
of the particles can be clearly resolved at better than 5 ms
time intervals.

An impedance spectrum obtained from single particles
passing through the device is shown in Fig. 3. The sample
was a mixture of 2 and 4.5 lm diameter latex particles sus-
pended in 100 mM phosphate buffered saline (PBS),
pH 7.0, an electrolyte which is representative of physiolog-
ical saline. The figure shows the X-component of the
impedance (real signal) measured at 300 kHz. There is a
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double peak in the impedance spectrum due to the transit
of particles across both pairs of electrodes: a positive signal
occurs when the particle crosses the first set of electrodes; a
negative signal in crossing the second set. The time differ-
ence between the two peaks gives the velocity of the parti-
cle. At this frequency the impedance amplitude is
dominated by the size of the particle: the impedance signal
from the smaller latex particle has a lower magnitude than
that from the larger.

Fig. 4(a) shows a combined impedance and optical spec-
trum for two different sizes of latex particles (4.5 and
5.5 lm diameter), loaded with fluorescent dye. The figure
clearly shows a close correlation between the larger parti-
cles, with the greater fluorescence output, and the smaller
particles which have lower fluorescence emission intensity.
Fig. 4(b) gives an example of a scatter plot for two different
sets of latex particles showing the difference in impedance
and fluorescence properties. Both particles are of similar
size (4.5 and 5.5 lm diameter), but one population has a
large fluorescence intensity and gives a significant photo-
multiplier (PMT) signal (note log scale along this axis).
The y- and z-axis show the corresponding impedance data
for these particles, the real and imaginary value measured
at 600 kHz. There is a clear difference in the populations
of these two particle types, with the larger particles giving
a tighter distribution in intensities.

5. Conclusion

A microfabricated device has been developed and fabri-
cated for simultaneous optical and electrical impedance
analysis of single particles in a high-throughput system.
Results show that it is possible to discriminate between dif-
ferent sizes and types of particles based on both fluorescent
intensity and impedance signal at different frequencies.
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