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Here, we present anovel cell concentration measurement method that can be used to
count cellsin afixed control volume. Previous cell concentration measurement methods
(e.g., those using a Coulter counter and a flow cytometer) can be used to count cellsin a
given fluid volume or at a known flow rate. Thus, the accuracy of the cell concentration
measurement depends on the performance of external facilities, such as accurate fluid
volume and flow rate controllers. However, the proposed method based on the measure-
ment of the number of cellsin afixed control volume can measure cell concentration
without requiring accurate fluid volume measurements or precision flow rate control.
Using the fabricated devices, we realized two different measurement methods: 1) a cell
concentration measurement method using a single cell counter and a fixed flow rate
(conventional method), and 2) a cell concentration measurement method using two cell
counters and a fixed control volume (proposed method). Compared with the conventional
method, which showed cell concentrations ranging from 1.18x10° to 3.28x10° cells/ml
under various flow rate conditions, the proposed method shows a maximum error of
5.32%, which is within a hemacytometer’ s standard deviation. Finally, we have not only
enhanced its simplicity but also reduced its size and cost, because our device requires no
expansive flow sensors or accurate pumps.

1. Introduction

Cell concentration measurement is a basic process for medical diagnosis and cell
research.** |n diagnosis,*? the concentrations of red blood cells (RBCs) and white blood
cells (WBCs) are two of the most important indices. A low concentration of RBCs
indicates anemia, and a high concentration of WBCs indicates leukemia. In a general
biological experiment, controlling cell concentration is an important process for the
quantitative analysis of biomolecules.®*% For these needs, many cell concentration
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measurement devices have been developed at the commercial level. These devices can be
divided broadly into two categories. manual and automatic devices. Thefirst device, the
hemacytometer,® isaspecial glassslidethat hasagrid for counting cellsin afixed volume.
Whileit is portable and cheap, its process of cell counting is manual and requires an optical
microscope. Because medical diagnosis (hematology) and some biological experiments
that use many samples require an automatic process that takes only a short time for cell
concentration measurement, an automatic cell concentration measurement method is also
necessary. Automatic cell counters, such as Coulter counters®” and flow cytometers, &V
count cells passing through an orifice. They measure cell concentration on the basis of two
factors: 1) the number of cells passing through an orifice per unit of time, and 2) the total
volume of the sample passing through a microchannel or the flow rate. Since previous
works measured cell concentration on the basis of flow rates or the fluidic volume passing
through a microchannel, the accuracy of the measurement depends on the performance of
external facilities such as delicate pumps and flow sensors. Thus, these methods require
accurate fluidic control systems, which are expensive and require alarge amount of space.

For a novel method of measuring cell concentration, we propose the use of two cell
counters at the inlet and outlet of the control volume (see Fig. 1). Our method is
independent of flow rate and fluid control because it calculates cell concentration by
counting cellsin the control volume. The number of cells in the control volume is the
numerical difference between the number of cellsthat flow in and the number of cells that
flow out of the control volume. To count the cells that flow in and out of the control
volume, we use electrical cell counters at the inlet and outlet of the control volume.
Because the control volumeisinitialy zero, as shown Fig. 2, the cell number (N, = N, —
No) 1N the fixed control volume increases but converges to a value determined by the cell
concentration of the sample. The converged (or mean) value is proportional to the cell
concentration of the sample. Therefore, regardless of the flow rate, we can easily calculate
the cell concentration by dividing the converged value by the known control volume.
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Fig. 1. Schematic of present cell concentration measurement device.
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Fig. 2. Cell concentration measurement principle based on total number of cells in the fixed control
volume.

2. Theoretical Principle and Design

Asshown in Fig. 1, our device for measuring cell concentration has a control volume
compartment between two electrical cell counters. We designed the two electrical cell
counters, which are made from microchannels including an orifice, and the control volume
compartment, which is made from atygon tube. The design of the cell countersis based on
an electrical cell counting method, as well as on considerations of the sensitivity of the cell
counting and the coincident effect (where two or more cells are counted asone). Asfor the
control volume compartment, we designed its size in relation to the range in which the cell
concentration could be measured.

2.1 Electrical cell counter

The cell counting principle relies on changes in resistance caused by a particle passing
through the orifice.>!® Because the polarization effect at the particle-electrolyte interface
prevents any current from flowing through the particle itself, the electrical resistance
(Reensing) Of the orifice changes and, as shown in Fig. 3, the change in the resistance of the
orifice (ARsnsing) depends on the integral of the particle cross section. We can determine
any change in the element resistance 6(AR«nsing) OVer afinite distance, Ax, as

6(A&a\§ng) (a‘AX\ / a\
Rawng  \AL) ) @)

where A and a are the cross-sectional areas of the orifice and particle, respectively, and L is
the length of the orifice. Thisequation can be integrated as follows to give the resistance
change ARnsing due to the particle: (219
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Cross-sectional area
of orifice = A

N

[T

Cross-sectional area
of cell=a

Fig. 3. Schemaof principle of electrical cell counter, where D is width of orifice, L islength of
orifice, and d is diameter of particle. The cross-sectional areas of the orifice and particle are
represented by A and a, respectively.

VAP 2

where py isthe electrical resistivity of the fluid.

A cell counter should be operated at a sufficiently low concentration to prevent two or
more cells from passing though the cell counter at one time (coincident effect).23 We
can theoretically determine the coincident effect by assuming a Poisson probability for the
concurrent detection of two particles in the cell counter. This probability yields the
following relationship between the true cell number, N, and the observed cell number, n:

N =n+ pn?

o/ D \’(500)

where P=231000) \ v )

x107° ©)

D isthe diameter of the orifice (in micrometers) and v is the sample volume (in microli-
ters).(213

Because we used RBCs with a volume ranging from 60 fl to 120 fl,%9 we designed the
orifice of each electrical cell counter with the following dimensions, as shownin Fig. 4: a
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Fig. 4. One of the two electrical cell counters and its measurement circuit.

height of 10 um, awidth of 10 um, and a length of 40 um. In this dimension, the cross-
sectional area of the orifice is about 4 times wider than that of RBC to prevent an RBC
clogging problem at the orifice. With this cell counter and a buffer solution of phosphate-
buffered saline (PBS: with a conductivity of 1.6 S/m), we used MATLAB 7.0 to estimate
the following values: a sensitivity level (ARgnsng/Reensng) ranging from 0.19% (for an RBC
volume of 60 fl) to 0.42% (for an RBC volume of 120 fl); an orifice resistance (Reengng) Of
2.35 MQ; and achange in resistance (ARsnsing) ranging from 4.4 kQ (for an RBC volume of
60 fl) to 9.86 kQ (for an RBC volume of 120 fl). As shown in Fig. 4, the voltage
theoretically changes from 2.8 V (for an RBC volume of 60 fl) to 6 V (for an RBC volume
of 120 fl) in relation to the volume of passing RBCs at a bias voltage (=15 V) and avoltage
amplification of 200. A Schmitt trigger (74LS14) converts analog signals above a
threshold voltage of 1.7 V to digital signals. We counted the number of digital signals,
which indicate the number of RBCs. Using eg. (3), acell concentration of 1x107 cells/ml,
and a sample volume of 22.25 ul, which is the control volume, we can a so calculate that
the coincident effect causes a maximum cell concentration error of 1.25%.
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2.2 Control volume

During the design of the control volume compartment, we determined itssize. Thesize
of the control volume compartment is related to the cell concentration measurement range
and time. Because the number of cellsin the control volume compartment at a low cell
concentration istoo small to converge to a number determined by the cell concentration, it
fluctuates owing to a heterogeneous cell distribution in the sample; thus, cell concentration
cannot be measured. Inthiscase, it isnecessary to increase the size of the control volume
to obtain a sufficient number of cells in the control volume. A large control volume,
however, needs along measurement time owing to the longer filling time. Therefore, for a
short-time cell concentration measurement, we optimized the size of the control volume
compartment according to the target measurement range of cell concentration. Before
designing the control volume compartment, we chose a target measurement ranging from
1x10° to 5x10° cells/ml, which is the general measurement range of ahemacytometer. As
shown in Fig. 1, the control volume compartment was made from a Tygon tube and two
electrode pins. We used electrode pins to connect the Tygon tube and each cell counter, as
well asfor measuring the resistance at each cell counter. Theinside diameters of the Tygon
tube and electrode pins were 800 and 700 um, respectively, which are large enough to
prevent an RBC clogging problem in the Tygon tube and electrode pins. The lengths of the
Tygon tube and the electrode pins were 20 and 14 mm, respectively, to make a control
volume of 20.8 ul. For a cell concentration of 1x10° cells/ml, the control volume
compartment contains approximately 2080 cells, which is alarge enough number to make
the number of cells in the control volume converge to a number determined by cell
concentration.

3.  Experimental Study

To measure cell concentration, we measured the exact control volume and determined
the RBC counting condition (i.e., the threshold voltage for counting RBCs). We then
measured the cell concentration using our proposed method and a conventional method.
After comparing the results of the two methods, we characterized the performance of the
proposed method. Finally, using various flow rate conditions, we demonstrated that the
proposed method is independent of flow rate.

3.1 Fabrication process

Asshown in Fig. 5, to make the electric cell counters, we used a polydimethylsiloxane
(PDMS) microchannel (with a 10:1 mixing ratio of the monomer to the curing agent),
which was bonded with Pyrex glass, and the present device was then made by interconnect-
ing the cell counters with the control volume compartment made from the Tygon tube. To
fabricate the PDM S microchannel for the cell counters, we first made a 10-um-thick mold
of positive photoresistor, AZ9260. We then poured PDM S into the mold and cured it on a
hot plate at 85°C for 2 h. Next, we used a punch for the inlet and outlet ports at each
microchannel, and made the cell counters by bonding the PDMS microchannel and the
Pyrex glass using plasma treatment with a BD-10AS high-frequency generator (Electro-
Technic Products, Inc.). Finally, we interconnected two fabricated cell counters with the
control volume compartment using electrode pins. Figure 6 shows the assembled cell
concentration measurement device and an enlarged view of acell counter.



Sensors and Materials, Vol. 18, No. 8 (2006) 425

Top Substrate
L AZ9260 (10um)

Bonding

PDMS curing & peeling off

Bottom Substrate 02 Plasma Treatment

Fig. 5. Fabrication process of the cell counters.
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Fig. 6. Photograph: (a) assembled cell concentration measurement device; (b) enlarged view of cell
counter.

3.2 Sample pretreatment

We obtained 1 ml of human blood from a blood donor and centrifuged the sample at
1000 rpm for 5 min to separate the RBCs from the serum. The supernatant was discarded,
and we washed the RBCs with a 1xPBS buffer three times by centrifuging until we
obtained a clear supernatant. After discarding the supernatant, the RBCs were suspended
in a 1xPBS buffer. Finally, we diluted the sample into samples containing 1.18x10°,
1.79x10°, or 3.28x10° cells/ml.
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3.3 Experiment setup

Our experimental apparatus (Fig. 7(a)) was designed to evaluate the fabricated device.
Figure 7(b) shows a simplified electrical analogy of the device. The resistance of the
control volume (Reoniol volume) @Nd the resistance of the cell counters (Reensng) @re connected as
an electrical series circuit. When RBCs pass through the orifice, a Wheatstone bridge
converts the resistance change of the orificee (ARwnsing) iNt0 avoltage change. We then use
adifferential amplifier AD524 (Analog Devices), which is connected to the two electrodes
interconnected with the orifice, to measure the voltage change. Next, as shown in Figs. 4
and 7, we use aresistance and capacitance (RC) high-pass filter to remove the DC offset
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Fig. 7. Experimental apparatus for present cell concentration measurement device with control
volume comprtment between two cell counters: (a) experimental setup; (b) electrical analogy circuit
of the entire device.
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voltage and a RC low-pass filter to reduce the electrical noise. Before counting RBCs, the
analog signals are converted to digital signals by a Schmitt trigger (74LS14). Using
MATLAB 7.0, we then measure the number of RBCs that flow in and out of the control
volume compartment by counting digital signals. Subtracting the number of cellsthat flow
in from the number of cells that flow out, we cal culate the number of cellsin the control
volume compartment over afixed period. Finally, we measure the cell concentration by
dividing the number of cellsin the control volume by the known control volume compart-
ment.

3.4 Control volume measurement

Although we designed the control volume to be 20.8 ml, there was a possibility of
fabrication errors. Hence, before measuring the cell concentration, we measured the
control volume in an experiment. First, we calculated the control volume by measuring
the filling time under a constant flow rate supplied by an accurate syringe pump (Harvard
Apparatus). After measuring the filling time five times, we calculated the control volume
to be 22.9 ml £0.98 ml. Compared with the designed control volume of 20.8 ml, the
measured control volume has the error of 10%. For an accurate control volume, a control
volume integrated with two cell counters is necessary, because an error in the control
volume comes from the dead volume of the interconnection between the counters and the
control volume compartment.

3.5 RBC counting

In contrast to the theoretically estimated signals, which ranged from 2.8 (for an RBC
volume of 60 fl) to 6 V (for an RBC volume of 120 fl), the signals we measured when the
RBCs passed through the cell counter ranged from 2 (for an RBC volume of 60 fl) to 4 V
(for an RBC volume of 120 fl). The experimental and theoretical analyses revealed a
difference due to an effect of the RC filtersto remove noise and offset. We observed RBC
counting signals of 2x10° from all experiments between 2 and 4 V. The variation in the
measured signal from 2to 4 V (Fig. 8) is due to the variable RBC volume distribution.®*
The analog signals above the threshold voltage of 1.7 V are converted to digital signals by
a Schmitt trigger (74LS14) as shown in Fig. 8.

3.6 RBC concentration measurement

We used RBC samples of the three different concentrations shown in Table 1 and
compared the results for the fabricated devices with those for a hemacytometer. First, we
measured RBC concentration using a conventional method (i.e., using one cell counter and
afixed flow rate of 10 ml/min) and then using the proposed method (i.e., using two cell
counters and a control volume of 22.9+0.98 ml). By measuring the cell concentration with
the same cell counting circuit for both the conventional and proposed methods, we were
able to exclude other effectsin our comparison of the two methods. In the conventional
method, we measured cell concentration by counting the cells in one cell counter at a
constant flow rate of 10 ul/min. Hence, by determining the total number of cells and the
volume of fluid that passed through the cell counter in a 10 min period, we were able to
calculate cell concentration. The proposed method measures cell concentration in terms of
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Fig. 8. Measured electrical signals from one of two cell counters.

Tablel
Comparison of experimental results.
Hemacytometer
using sample volume Conventional Method* Proposed Method* *
of 0.1 ul

3.28+0.99 [x10° cellg/ml] 2.97+0.41 3.04+0.42 (2.35%)
1.79+0.13 [x10° cells/ml] 1.58+0.15 1.65+0.15 (4.43%)
1.18+0.12 [x10° cells/ml] 0.94+0.25 0.99+0.15 (5.32%)

(): Maximum error of mean value compared with that of conventional method.
*One RBC counter at flow rate of 10 ul/min. **Two RBC counters at control volume of 22.9+0.98

ul.

the number of cellsin the control volume, and it calculates this number by subtracting the
number of cellsthat flow in the control volume compartment from the number of cells that
flow out.

Figure 9(a) shows that the number of cellsin the control volume fluctuates at approxi-
mately 7831 at a RBC concentration of 3.28x10°+0.99x10° cells/ml. The converged values
differ according to RBC concentration, as shown in Fig. 9(b). For example, the converged
(or mean) values of 7924 RBCs and 3652 RBCs are 3.28x10°+0.99x10° cells/ml and
1.79x10°+0.13x10° cells/ml, respectively. The fluctuation was caused by a heterogeneous
RBC distribution in the samples. During the experiment, the accumulation of RBCsinside
the control volume does not occur, because the number of RBCsin the control volumeis
converged.

Table 1 compares the RBC concentrations obtained from the proposed method with
those obtained from the conventional method for three different RBC samples. Compared
with the conventiona method, the maximum error of the proposed method is 5.32% for the
three samples. The measurement results from both methods are within the hemacytometer’s
standard deviation of 20% (ten RBC concentration measurements of three samples), which
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Fig. 9. Number of cellsin control volume (22.9+0.98 ul): (a) at 3.28x10%+0.99x10° cells/ml; (b) at
3.28x10°+0.99x10° and 1.79x10°+0.13x10° cells/ml.

causes the heterogeneous RBC distribution in the samples.

To verify that the performance of the proposed device isindependent of (or insensitive
to) the flow rate, we used the device to measure cell concentration under the following flow
rate conditions, as shown in Fig. 10.

¢ flow rates of 10 and 5 ul/min

¢ a flow rate that changes (4 ul/min — 2 ul/min — 4 ul/min) during the measurement of

cell concentration

By increasing the flow rate, we reduced the measurement time, although, as shown in Fig.
10(a), the converged value of cellsin the control volumeis constant. In Fig. 10(b), the cell
numbers as functions of the time flowing in and out the control volume (slopes of N;, and
Nou) Vary in relation to changes in the flow rate, but the number of cells in the control
volume (N ) isconstant. In both cases, the converged value of cellsis constant, implying
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Fig. 10. Number of cells measured by cell concentration measurement device with two cell counters
and control volume of 22.9+0.98 ul: (@) under different flow rates of 10 and 5 ul/min for RBC
concentration of 3.28x10°%+ 0.99x10° cells/ml; (b) under flow rate that varies (4, 2 and 4 ul/min)
during cell concentration measurement for RBC concentration of 1.18x10°+ 0.12x10° cells/ml.

that the flow rate has no effect on the measurement of cell concentration.
4. Conclusion

By a novel method of measuring cell concentration, we used electrical cell counters
across a fixed control volume. Although existing methods require the accurate measure-
ment of fluid volume or the precise control of flow rate, our simple and automated method
of measuring cell concentration obviates the need for a delicate pump or flow sensor.
When measuring cell concentration, we achieved a normal RBC concentration measure-
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ment time of 5 min and an RBC concentration range from 1.18x10° to 3.28x10° cells/ml.
Compared with the conventional method, the proposed method shows a maximum error of
5.32%, which iswithin a hemacytometer’ s standard deviation of 20%. The maximum error
of 5.32% of the present device was achieved with flow rates of 10 and 5 ul/min and when
the flow rate that varied from 4 to 2 ul/min. We have therefore confirmed that our device
offers asimple and automated method of measuring cell concentration, without the need to
accurately measure fluid volume or precisely control flow rate. Finally, we not only
enhanced its simplicity and adaptability but also reduced its size and cost, because the
present device requires no flow sensors or accurate pumps.
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