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Abstract

Here we describe a high-throughput impedance flow cytometer on a chip. This device was built
using compact and mexpensive electronic nstrumentation. The system was used to count and size a
mixed cell sample containing red blood cells and white blood cells. It demonstrated a counting
capacity ofup to ~500 counts/s and was validated through a synchronised high-speed optical
detection system. In addition, the device showed excellent discrimmation performance under high-

throughput conditions.

Keywords Microcytometry — Microfluidics — Impedance — Electronics — Red blood cells (RBCs)
— White blood cells (WBCs)
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1 Introduction

The development of integrated cell counters and analysers is of vital importance n medicine and
biology. In order to understand fundamental processes of the cell and also to detect and monitor a
number of diseases (AIDS, cancer, malaria, etc.), devices or technology with the capacity to detect
changes i cell volume, surface morphology, structure or composition is required. Flow cytometers
are widely used in hospitals and laboratories to perform these types of studies (Shapiro 7995).
However, conventional flow cytometers are very expensive instruments and have limited portability
and integration with other cell analysis equipments. Therefore, a compact, portable and low-cost
alternative would be desirable to be used as a stand-alone version or ntegrated i a lab-on-a-chip

device.

The literature provides several examples of flow cytometers adopting microfabrication technology
and using several detection approaches (electric, light sensor, etc.) (Huh et al. 2005; Zhang et al.
2009). Electric detection is one of the most common approaches because of its straightforward
mtegration and miniaturisation. In this field, the use of electrical impedance detection methods to
extract a variety of useful imformation from cells has been widely reported. A recent review (Sun and
Morgan 2010) informed that many groups are working in microcoulter counters utilising impedance
detection strategies. These electronic microcytometers have acquired a higher profile because ofa
significant increase in their performance, for instance by using multiple frequencies for cell
identification purposes. Impedimetric microcoulter counters use AC currents to detect impedance
variations caused by cell transitions over pairs of microelectrodes aligned perpendicular to
microfluidic channels (Ayliffe et al. /999; Sohn et al. 2000; Gawad et al. 2001).

A number of strategies are used to transduce the impedance variations in a suitable electric signal.
Gawad et al. (2001) presented a sensing strategy based on a Wheatstone bridge in order to
transduce impedance changes to a voltage signal. That study used a lock-in amplifier to demodulate
the transduced signal. This system was later used to count and differentiate red blood cells (RBCs)
from polystyrene beads, ghosts and fixed RBCs (Cheung et al. 2005). Also, Nieuwenhuis used a
trans-impedance amplifier as a transducer and a commercial lock-in amplifier for detection
(Nieuwenhuis et al. 2004).

In the case of highly integrated systems or low-cost systems, simpler detection schemes may be
advisable. As an alternative, in a previous study, we presented a compact and low-cost instrument
that does not require lock-in detection schemes for cell counting in impedance flow cytometers
(Rodriguez-Tryjillo et al. 2008). The electronics allowed the high-speed counting of latex particles
and yeast cells. However, the capacity of this simple instrumentation scheme for high-throughput

sizing particles has not been demonstrated to date.

Here we go beyond these previous results and demonstrate the capacity of this simple electronic

scheme to address particle sizing in complex samples such as blood cells. The sizing performance of
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the system was validated directly by comparison with optical images obtained with a high-speed
optical camera synchronised and coupled to the system. The high sensitivity and speed of the optical
system implied no need for cell labelling, which is an advantage in front of previous optical validation
approaches that used optical fluorescence detection schemes (Morgan et al. 2006; Benazzi et al.
2007; Holmes et al. 2007, 2009). In particular, the optical validation systems used here allowed us
to track RBCs over time and compare their position and shape with the evolution of the resulting
electronic signal. This possibility increased the available imformation and the capacity to calibrate the
electronics and to adjust the detection algorithm for the detection of clusters and sizing, crucial

parameters when dealing with biological samples.

2 Materials

Figure 1 shows the validated system, which comprises a microfluidic impedance flow cytometer
device and the electronic board used for signal generation and processing. The microfluidic device is
a glass-polymer device with mtegrated gold microelectrodes that will be described i detail in Sect.
2.1. The electronic system consists of two main boards: the signal demodulation board, which is
presented and discussed in Sect. 2.2, and the power and control board. The latter implements
several elements, such as power control of the whole system and a function generator to supply the

AC excitation signal for detection.

Bridge Demodulation Board Power & Control Board

Rectifier Funection Generation

Sensing Area

—

Fluidic Device
g e et T CR G R U LU L A (R R U R
A8 1 2 8 4 B 8 7 B B 10 11 A8 A8 14 4B

Fig. 1

Picture of the impedance counter system composed of the electronic system and the microfluidic
device. The latter is a glass-polymer device with integrated gold microelectrodes. The green board
comprises the counting circuit. The orange board contains several elements, such as the power control

http:/llink.spring er.com/article/10.1007/s10404-013-1225-6/fulltext.html 317



14/3/2014 High-speed counting and sizing of cells in an impedance flow microcytometer with compact electronic instrumentation - Springer

of the whole system and the function generator (colour figure online)

2.1 Fabrication of the microfluidic device and sample
preparation

The microfluidic chip consists of a single microchannel with coplanar perpendicular electrodes,
where the cell alignment is achieved by physical constriction. Two different chips were fabricated
with channel cross sections of 10 um x 10 umand 20 pm x 20 pm, with-achannel length

constriction of 1 mm. The detectinn electradec were 270 nim wride cenar by 10 pm. Four

electrodes were fabricated, ¢ 1its. Two mlets were
implemented i the device to iguez-Trujillo et al.
2008), in order to force cells s, thus reducing the lack
of sensitivity related to the cc ©

The channel was fabricated1 ~ © made by means of
standard SUS photolithograg o ealed with a glass cover
by oxygen plasma bonding. :r by means of a lift-off
technique using a reversble; O al deposition of 20 nm

Ole and 80 nm OfAu by CVapuiauuis

RBCs were obtained from whole blood using standard centrifugation. Samples were centrifuged

three times to reduce contamination from plasma or other elements such as platelets. Afterwards,
the RBCs were diluted to an approximate concentration of 107 cells/ml with phosphate-buffered
saline (PBS) with a measured conductivity of 1.6 S/m. PBS is a commonly used buffer for living

cells because it is isotonic and has a similar conductivity to that of blood plasma.

White blood cells (WBCs) were obtained from the THP-1 monocyte cell line culture. These cells
were centrifuged and diluted with PBS to a concentration of approximately 10> cells/ml. The mixed
cell buffer was obtained by mixing RBCs and WBCs buffers at a ratio of 1:1.

2.2 The detection circuitry

We used a Wheatstone bridge to convert the changes in impedance to a read-out voltage. Two
pairs of electrodes were located at different branches of the bridge, as shown in Fig. 2a. The
transduction system included an instrumentation amplifier with a gain of 100 times and two resistors,
Rp1 and Rp2, to form the additional branches of the bridge.
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Fig. 2

a Layout of the Wheatstone bridge with connections to the measuring electrodes. A potentiometer was
used to equilibrate the bridge. A7 is an instrumentation amplifier with a 100 times gain. b Theoretical

electric signal corresponding to the transition of a particle over the electrodes connected to the
Wheatstone bridge

The frequency range of operation was chosen to coincide with the range in which capacitive effects
are smaller and low enough to detect a cell as an electrically opaque object (Gawad et al. 2004).
The resistor values were chosen according to the measured impedance between a pair of electrodes
(50—-100 kQ), measured with an impedance analyser (Agilent 4294 A) in the frequency range of
operation (10°-10° Hz). Thus, the resistors Rp1 and Rp2 were designed with a potentiometer (0—
20 kQ) and a standard resistor (40 kQ), in order to have an impedance range sufficient to allow
satisfactory equilibrium conditions between the two branches of the bridge. To avoid effects on the

fluid that could damage samples and electrodes, the amplitudes used to stimulate the bridge were
lower than 1 V.
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Under ideal conditions in which the bridge can be completely balanced, the output of the differential
amplifier A1 in Fig. 2a should give 0 V. Therefore, when a particle crosses the first pair of
electrodes, the voltage between the two electrodes is increased as a result of the higher immpedance,
and the amplifier output will follow the increasing voltage, leading to an increase in the signal
amplitude. Moreover, when the particle crosses the second pair of electrodes, the same effect will
occur with 180° phase, because of the negative mput of the amplifier. Taking nto account that the
stimulus of the bridge is an AC signal, the effect ofa cell crossing the sensing zone is an amplitude
modulation of a known oscillating signal. An example of the type of modulation expected by the
passage of a cell is shown in Fig. 2b, for the case of a particle with a comparable size to the
electrode dimensions and their separation. This signal was created using a base sinus of 120 kHz,
which was modulated in amplitude by a square signal of 2 kHz frequency and 1 ms duration,

representing the cell transition.

The detected phase of the impedance between a pair of electrodes in the frequency range of
operation was around —50°, meaning that the response of the system was not fully resistive. The
presence of capacitive effects in the response of the electrodes was caused by their small area and
separation, which is unavoidable for high-throughput detection with microelectrodes. These effects
hindered the complete equilibration of the bridge since only resistive elements were used to
equilibrate the impedance differences between the two pairs of electrodes. However, as shown later
on, this drawback did not limit the performance of the device.

The relevant information describing the particle transition dynamics corresponds to the envelope of
the electric signal. The circuit chosen here for signal processing was therefore a standard
architecture for amplitude demodulation: one rectifier step followed by the extraction of the envelope
by a low-pass filter step. A further high-pass filter to remove any signal offset and a final
amplification were also added to the basic set-up, as shown in Fig. 3 (upper row). The filters used
were Sallen-key architectures. The low-pass filter was a fourth-order filter with 10 kHz cut-off
frequency with a quality factor of 0.5, while the high-pass filter was a second-order filter with 7 Hz
cut-off frequency with a quality factor of 0.5.

http:/llink.spring er.com/article/10.1007/s10404-013-1225-6/fulltext.html 6/17
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Fig. 3

Representation of each modular part of the demodulator system and the response of the SPICE model
when the signal plotted in Fig. 2b was applied. The rectifier (a) follows a fast and low-amplitude signal,
and the low-pass filter (b) gives the envelope of the signal. The signal is further centred on zero by the
high-pass filter (c), resulting in low deformation of the signal (c-2). The true response of the electronic
device was obtained for each module by applying the model signal (Fig. 2b) using a programmable
signal generator. Note that the signals obtained are identical to those modelled on SPICE, including the

small deformation generated by the high-pass filter (f)

This architecture was initially implemented using SPICE simulation software to validate the electronic
design. In Fig. 3b the effect of the rectifier and the low-pass filter, which gives the envelope of the
signal, and the effect of the high-pass filter are shown. When a noisy signal is present due to non-
optimal balance between the two branches of the bridge or even ambient noise, the relative
amplitude signal generated by a particle is reduced. In order to minimise this effect, a high-pass filter
was used to subtract the offset. The low-pass filter decreases the power of the signal, reducing the
amplitude because of the removal of some of the frequency components. The high-pass filter has an
effect on the shape of the signal, i.e. it reduces the mean value of the signal, which deforms the
second peak, as shown by the dotted line in Fig. 3(c-2). A secondary effect is that a stabilisation

time appears after each transition.

A digital signal was generated by a LabVIEW program and loaded as an arbitrary form using a
function generator (TABOR Electronics. WW5061). The resulting signal was applied to the

http:/llink.spring er.com/article/10.1007/s10404-013-1225-6/fulltext.html
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electronic system. The results of each step, namely rectification, low-pass filter and high-pass filter,
were acquired with a National Instruments acquisition board, controlled with a LabVIEW program,
and are displayed in Fig. 3(d—f). The device displayed a response that was in complete agreement
with the SPICE model simulated previously.

2.3 Optical detection system

In order to validate that the transitions acquired with the electronic instrumentation were due to the
cell crossing the sensing zone, we synchronised a fast microscope camera (Photron FastCam 1024)
mounted on an inverted microscope (Olympus [X71) with the impedance detection system so that
we could simultaneously record high-speed images of the RBCs travelling across the electrode array
and the corresponding electric signal. An external trigger was used to define a common starting time
point, from where it was possible to identify the images corresponding to each electrical transition by

knowing the frame rate of each acquisition system.

3 Results and discussion

3.1 Cell detection: electronic validation

Once the circuit had been modelled, fabricated and tested, the demodulation system was used to
detect and quantify biological cell populations flowing through the microfluidic device. The system
was validated with experiments carried out using RBCs. The validation involved verifying the

capacity of the instrumentation to detect cell transitions over the electrodes.

Figure 4 shows several signals corresponding to particle transition recorded with two configurations
of'the Wheatstone bridge. In both cases, the sample flow rate was kept constant at 0.1 pL/min,
resulting in a theoretical mean velocity at the sensing area of 31.9 pm/ms (Berthier and Silberzan
2005), thus implying a transition duration of 3 ms. In order to gain a better understanding of the
detection of the cell transition, we acquired the signal at the end of the Wheatstone bridge (first
column in Fig. 4) and after the demodulation (second column in Fig. 4). The results were also
compared to the mathematical result obtained from a MATLAB program, which simulated the effect
of'the electronic filters on the signals recorded after the Wheatstone bridge (last column in Fig. 4).
The result of the MATLAB operation is shown by the green traces.

http:/llink.spring er.com/article/10.1007/s10404-013-1225-6/fulltext.html 8/17
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Fig. 4

Study of the shape of recorded signals when the equilibrium of the bridge was changed. Two bridge
configurations are considered in a and b. The signals plotted in b/ue are the main signals recorded from
the electronic circuit when a RBC crosses the sensing area; the bridge signals (i) are recorded from the
output of the amplifier of the bridge, A1, in Fig. 2a. The demodulation signals (ii) are recorded after
completion of the demodulation process. The MATLAB plots (iii) are the comparison between the
demodulation signal from the electronic system (blue) and the signal obtained with a MATLAB
simulation of the filters using the bridge signal (green). a shows a cell transition when the bridge was
equilibrated to obtain a base-out signal of 400 mV peak to peak, while in b the bridge was fixed and
equilibrated to 240 mV peak to peak (colour figure online)

Two characteristic signals were obtained under normal operation conditions, shown in Fig. 4a and
b. The signal in Fig. 4a, compared to the ideal one, has only one increasing modulation effect
because the cell transition on the second pair of electrodes appears as a reduction in amplitude,
mstead of a peak. These types of signals are obtained when the variation in impedance due to the
particle is lower than the base impedance difference between branches, because the bridge is not
fully balanced. This observation is confirmed in Fig. 4b by a transition signal displaying a double
peak (similar to the one in Fig. 3). This signal was obtained by fine-tuning the bridge, resulting in the
high equilibration of the bridge and a low-noise output signal, around 240 mV peak to peak.

It is important to emphasise here that although the true signals did not show the ideal profiles shown
mn Fig. 3 because of the non-purely resistive response of the system at the stimulation frequency, this

did not impair counting or sizing performance of the device.

3.2 Cell detection: optical validation

Figure 5 shows six images of a cell crossing the sensing zone in specific positions on the electrode

array, acquired with the high-speed optical system. The measurement was taken for a bridge

http:/llink.spring er.com/article/10.1007/s10404-013-1225-6/fulltext.html
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equilibrium set-up, resulting in a 200 mV peak to peak signal. The flux velocity was fixed at
0.5 pL/min with a time transition of 1 ms. The sensing electrodes, which formed the bridge, are the
first three electrodes from the left. The time of each image is indicated in the images. Below the
images, the signal recorded from the bridge is plotted in blue and the final demodulation in green.
The red numbered bars indicate the synchronised times of acquisition with the numbered images. A
clear correlation is observed between the electric signal and the optical images, unambiguously
proving that the electric signal reflects the transition of a single RBC. In particular, when the RBC
crossed the first pair of electrodes, it increased the amplitude of the difference between the two
branches of the bridge, with a maximum when the particle was in the middle of one pair of
electrodes, as for example between one and ground (see Fig. 5 image 3). Moreover, when the cell
crossed the next two pairs of electrodes, the impedance effect was a subtraction because it was the
negative input of the amplifier (see Fig. 5 image 4). The demodulation of the electric signal (blue line)
gives the recorded electric signal (green line) with the shape already discussed above.

=
&

Amplitude (V)
}

S
o
T

i

6 7 8 g 10 11
Time (ms)

Fig. 5

Representation of the synchronisation of an optical acquisition of a cell crossing the sensing electrodes
and the signals recorded from the electronic circuit (blue one from the bridge and green one from the
final output of the demodulation process). The images were taken at various stages: outside of the
sensing zone (1,6); close to the electrode array (2,5); and inside the electrode array: first pair of
electrodes (3) and second pair (4). The red bars on the signal plot represent the time points at which
images were recorded (colour figure online)

We used this optical system to validate more than 200 transitions, and the reliability of the electrical

recording system was proved to be above 95 %. The remaming 5 % of transitions were detected by
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the electronic system but not with the optical one. These errors were attributed to the focal distance
at which images were taken and the movement of the cell in a different plane and thus mvisible to the
microscope camera. This notion is supported by the lower electric amplitude of the corresponding
transitions detected, meaning that the cells were travelling far away from the electrodes where the
microscope was focused. Additional experiments performed at lower velocities confirmed that a
small proportion of the cells travelled out of focus and could not be recorded optically under the
high-speed imaging conditions used. Therefore, we conclude that the reliability of the electronic
detection system is greater than 95 %, approaching 100 %.

3.3 Cell detection capacity
3.3.1 Counting rate

First, the system was tested to demonstrate the capacity to detect particles under high-throughput
conditions. In order to demonstrate the counting rate capacity of the impedance cytometer, we used
a dilution of RBCs with an approximate concentration of 107 cells/ml. The channel constriction used

had a cross section of 10 pm x 10 pm.

Figure 6 shows a scatter plot in which we show the amplitude of the electrical signal recorded as a
function of the transition time. The amplitude is defined as the maximum potential reached by the
signal, while the transition time is defined as the time between the two produced peaks when the
particle is in the middle of the electrode pairs. This figure shows the transitions obtained from five
consecutive acquisitions of 8.8 s (44 s) under a sample flow rate of 1 pL/min while the vertical
focusing was fixed at 2 pL/min. These vertical focusing conditions limited the section occupied by
the sample to a width of 10 pm wide and a height of 3.3 pum. In the electric signals, amplitudes
above 0.01 V (corresponding to the noise of the system) were taken to correspond to particle
transitions. A total 020,422 cells were detected. This figure implies a true sampling rate of 464
cells/s. The resulting density of cells calculated on the basis of the sample flow rate used in this
acquisition was 2.78-107 cells/ml, which is in agreement with the density prepared. In addition, the
mean transition time was 0.13 ms, ndicating a potential sample rate of a few thousands particles/s,
which would be achievable for a higher concentration of samples. The amplitude of the transitions
shows a mean value of 0.1 V with a standard deviation of 0.02 V. The low dispersion of these

transitions shows that most of the cells passed at similar distances from the electrodes.

http:/llink.spring er.com/article/10.1007/s10404-013-1225-6/fulltext.html 1117
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Fig. 6

Scatter plot relating the electrical amplitude obtained with the transition time for each transition. The
histograms represent in detail the distribution of the two variables. In this scatter plot we show 20,422
electric transitions obtained in 44 s from a sample with approximately 107 cells/ml. The threshold used
for particle detection was 0.01 V

3.3.2 Sizing

In order to demonstrate the size discrimination capacity of the impedance cytometer, we performed
experiments using a mixed dilution of RBCs and WBCs (monocytes from the THP-1 cell line). The
cell mixture was made with a concentration of approximately 107 cells/ml of RBC and 10° cells/ml

of WBC.

The channel constriction used in this case had a cross section of 20 pm x 20 um. Given that at the
frequency of 120 kHz the impedance increment of the electrode pairs was due to the electrical
opacity of the cell, the resulting transition amplitudes were expected to depend on cell volume.

Figure 7a shows the scatter plot corresponding to three consecutive acquisitions of 8.8 s (26.4 s)
under hydrodynamic conditions of a sample flow rate 1 puL/min, while the vertical focussing flow rate
was set at 0.1 pL/min (no focussing condition). Figure 7b shows a normalised histogram of the
transition distribution by voltage amplitude. The histogram is normalised by the number of cells
obtamned below and over the threshold of 0.1 V independently. This histogram shows two distinct
cell distributions. Using this threshold, we verified that of'the 5,114 cells counted from the sample
mixture, 28 showed a signal amplitude over 0.1 V. The cell concentrations obtained were 1.16-107
RBCs/mland 0.63-10° WBCs/ml.
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Fig. 7

Scatter plot (a) and the corresponding amplitude histogram (b) of transitions detected, of three
consecutive acquisitions of 8.8 s (26.4 s) under the same hydrodynamic conditions. The absolute cell
detection threshold was fixed at 0.01 V (system noise), and the threshold separating RBCs from WBCs
was determined to be 0.1 V (further optically confirmed). The histogram represents the normalised
number of counts relative to the total number of cells detected by the threshold method. The inset in (a)
represents the population below 0.1 V at different axis scale, showing the same distribution of RBCs as
in Fig. 6

Using the optical validation system, we proved that the low-amplitude peak distribution in the
histogram corresponds to RBCs, while the higher-amplitude peak corresponds to WBCs. To this
end, a number of cell transitions were recorded electrically and optically for a fixed bridge
equilibrium and hydrodynamic conditions identical to those used in the experiment shown in Fig. 7.
We then spectfically selected a few in which the distance of'the cells relative to the electrodes was
similar. The volume of'the cells was calculated from their diameter, estimated from the camera image
using the image-processing software (Image J). These calculations have an associated systematic
error because of the definition of the contour cell on the image, where a pixel denotes 0.44 um. The

error associated with the volume evaluation is obtained by a propagation error of +1 pm on the
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diameter measurement. Taking into account cell morphology, RBCs were modelled as discs with a
thickness taken from the literature (2.5 pm). In contrast, WBCs were considered as spheres with a
diameter measured from the images. Figure 8 shows the amplitude of the electrical signals as a
function of the volume measured from the optical images. We obtained an almost linear relation
between the amplitude of the electric transition and the volume calculated for each cell, thus
mdicating the suitability of the device for sizing applications. Moreover, the RBC population, clearly
identifiable in the optical images, showed amplitudes below 0.1 V, in agreement with the threshold
obtained from the histogram analysis shown above. Furthermore, the 10 selected WBC transitions
had a mean value 0of 0.25 V, which correlated with the mean value of the population shown in
Fig. 7. Figure 8 presents lower deviations for the two cell types than the population shown in Fig. 7,
due to the restriction on the cell position from electrodes in Fig. 8. It is important to note the
presence of some (n = 2) anomalous large THP-1 cells, which showed a significant difference in

amplitude and volume, which the system detected and differentiated from the normal population.
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Fig. 8

Relationship between the cell volume and the electric amplitude of the recorded signals obtained in the
device with a 20 ym x 20 ym cross-sectional channel. Under the same bridge conditions, the amplitude
of the transition has a linear dependence with the cell volume. The insets show an example of three
distinct populations transiting close to the electrodes. For WBCs (7 and 2), the wolume was calculated
as spheres with a diameter measured by image-processing software. The volume of RBCs (3) was
calculated as a cylinder with a diameter as measured and assuming a thickness of 2.5 um. The error
bars in amplitude of the electronic output refer to the standard deviation of the selected population, while
the error bar in cell wolume represents the estimated systematic error derived from the volume
calculation

4 Conclusions

Here we developed a high-throughput impedance cell analyser based on a compact and inexpensive
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electronic device and tested its capacity to count and size cells in a microfluidic system. The system
was validated by means of a real-image high-speed optical system, allowing the monitoring of cells
travelling at high speed across the sensing zone and hence enabling comparison of the electric signals
and the optical images under high-throughput conditions.

The system demonstrated a mean counting rate of more than 400 cells/s and a capacity to detect
very fast particle transitions with time intervals below 0.1 ms. Moreover, the system showed
excellent sensttivity to cell size, allowing discrimination between RBCs and WBCs under high-
throughput conditions and a variety of cell proportions (<1 %). Fially, a linear relationship between

electric signal amplitude and cell volume was observed in a wide range of cell sizes.

In conclusion, this impedance cell analyser showed a performance comparable to other technologies
based on more sophisticated and less compact electronics. Given its capacity, we propose this

system as an excellent alternative for lab-on-a-chip systems requiring high integration and portability.
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