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ABSTRACT An empirical model is proposed to detect the living cell fraction @ in a multi-mixed cell solution
by micro clectrical impedance spectroscopy (EIS) as @ = —1.46/vo + 1.97. The living cell indicator g
is defined by a quotient of the extrema in the impedance imaginary parts of the detected cell solution’s
medium, Zgymed, and referenced Zeyumedrer - The theoretical effectiveness of the model is examined by an
electrochemical simulation. In addition, the sensor size versatility is discussed by a comparison experiment
that reveals that the sensor size has little effect on the detection result. To support real-time detection,
Zextmed and Zeypearer are replaced by the impedance of the cell solution, Zeyyy,, and Zeyyref - The versatility of
real-time detection is discussed by a medium similarity coefficient n(f) that is defined to explain the effect
of replacement. The results reveal the feasibility of the replacement as > 95% in the injected current
frequency range of Yo by micro EIS.

INDEX TERMS Micro electrical impedance spectroscopy, yeast cell solution, quantitative detection of living

cell fraction.

I. INTRODUCTION

Quantitative detection of one kind of cell fraction in a multi-
mixed cell solution is an innovative future technology for cell
engineering when assembling cells for organ reconstruction
and diagnosing cell-related diseases [1]. Despite the technol-
ogy, the qualitative distinction of one kind of cell in a multi-
mixed cell solution remains a problem wherein itis not easy to
quantitatively detect one kind of cell fraction. The qualitative
distinction method of cancerous cells from normal cells in
nutrient solutions is typically studied by ideas such as CT and
other invasive chemical label method [2], [3]. MTT assay and
flow cytometry are mature methods to quantitative detect nor-
mal cells fraction in a mixed cell solution [4], [5]. However,
these methods labeled cell by staining and affect the cells
functions.

The associate editor coordinating the review of this manuscript and
approving it for publication was Lei Wang.

Meanwhile, an electrical detection method such as elec-
trical impedance spectroscopy (EIS) is a featured idea to
investigate cells’ electrical behavior and to distinguish the
abnormal cells [6], [7]. The complex electrical impedance
which is estimated by EIS provides the compositional and
structural properties as well as the electrical properties of
the materials [8], [9]. EIS is an effective diagnostic tool as
it is fast, sensitive, safe, nonintrusive, label-free, and does not
modify the cells [10].

Recently, the application of EIS in micro sensors, which
is called micro EIS, has a high advantage in distinguishing
qualitatively abnormal and normal cells in a small amount of
cell solution or tissues. For instance, Kang et al. [6] (2012)
distinguished cancer cells in breast, prostate, and bladder
tissues by micro EIS. Han ef al. [11] (2006) designed a special
micro sensor to analyze the breast cancer cells in static blood
by micro EIS. Yun et al. [12] (2016) integrated micro finger
electrodes on a needle (wEoN) to qualitatively distinguish
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cancer cells from human renal tissues by micro EIS. The
authors of this paper already proposed a visualization method
for cell distribution in a micro sensor by micro EIS and
micro electrical impedance tomography (EIT) to discuss a
downsizing effect [13].

However, these micro EIS research studies focused on the
qualitative distinction of abnormal single cells or tissues.
Few researchers have studied the quantitative detection of
one kind of cell fraction in a multi-mixed cell solution by
micro EIS. The quantitative detection is effective in qualify-
ing the properties of the cell solution as to whether the cells
are acceptable in recycling and cultures [14], [15].

In this study, an approach to the quantitative detection of
cells fraction in multi-mixed cell solution is based on the
impedance of the medium of the multi-mixed cell solution.
The ion release rate of abnormal cells such as dead cells is
different from the ion release rate of normal cells [16]—[18].
The relation between the ion concentration and conductivity
is expressed as the molar conductivity in current studies [19].
The theory of molar conductivity is created based on the
condition of the electrolyte. However, the suitability of the
detection method on the cell solution in micro detection is
not clear. It is necessary to investigate the relation between
the ion concentration and solution conductivity of a multi-
mixed cell solution. In addition, it is required that the effect
of the sensor size on this relation is investigated to extend the
versatility of the detection method. Meanwhile, the medium
is not casy to extract during real-time detection. To support
real-time detection, the medium is replaced by a cell solution.
The effect of the replacement is important because it reveals
the accessibility and practicability of the detection.

This paper proposes a novel quantitative detection of living
yeast cells fraction in a multi-mixed living and dead cell
solution by micro EIS. Firstly, an indicator of the living
cell fraction is defined as a main concept of the proposed
method. The principle of the fitting empirical equation is
explained. Secondly, experiments by micro EIS are con-
ducted on the multi-mixed cell solution to prove the proposed
method. Thirdly, the relation between the ion concentration
and conductivity of the solution is numerically simulated to
prove theoretically the effectiveness of the proposed method.
In addition, the detection versatility is discussed from two
perspectives: the sensor size versatility is discussed by a com-
parison experiment with a macro sensor, and the versatility of
real-time detection is investigated by the effect of replacing
the medium with a cell solution.

II. PRINCIPLE OF DETECTING LIVING CELLS FRACTION
The living cell indicator g is newly defined as a quotient of
two extrema from the impedance imaginary part against the
injected current frequency f in the cell solution’s medium,
as shown in FIGURE 1. (a). This indicator is expressed as
follows:

1

WO _ Zextmed ( 1 )
- 1"
extmedref
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FIGURE 1. Methods of principle: (a) Method of relation between
@ and y. (b) Models of living and dead cells and relation between
om and ¢m.

where Z', . [2] is the extremum of the impedance imag-
inary part from the detected cell solution’s medium. The
medium of the cell solution is supernatant and is extracted
after centrifuging the cell solution. Z' drer [S2] is the
extremum of the impedance imaginary part from the refer-
enced cell solution’s medium. The referenced cell solution is
mixed with the same concentration of living and dead cells.
In FIGURE 1. (a), the cell living indicator v [—] has
a relation to the living cell fraction @ [—] in the multi-
mixed living and dead cell solution. The referenced solution
is adopted as a standard to eliminate the unknown coefficients

to simplify the detection. It is expressed as follows:

___yrtyp ¥D
2¥0(pp — @)  (pp — L)

=afyo+b (2)

where ¢y, is the ion release rate from the living cells, and ¢p
is the ion release rate from the dead cells. pp > ¢ because
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ions in the dead cell have no limit on release, and most of the
ions in the living cells are limited on release by the membrane.
a and b are constant coefficients that are calculated by fitting
the experimental data because the values of ¢p and ¢y, are not
easy to detect. @ is defined as follows:

® =, [(P+ Pp) 3)

where @ [vol%] is the volume concentration of living cells
in the multi-mixed cell solution, and @p [vol%] is the concen-
tration of dead cells in the multi-mixed cell solution. @1, =
@1 +Dp, and Py, [Vol%] is the concentration of total living
and dead cells in the multi-mixed cell solution. The range of
@ is 0 < @ < 1. In this study, the reference solution is
defined as @, = @p.
Z) g and 2 drer ar€ calculated as follows:

" d
extmed — 24 Omed
d
é;ctmedref = ) Aamedref 4

where oy, [S/m] is the conductivity of the detected cell
solution’s medium, and oyeqrer [S/m] is the conductivity of
the referenced cell solution’s medium. d [m] is the distance
between two electrodes, and A [m?] is the surface area of the
electrodes.

Simplified models of the living and dead cells are shown
in FIGURE 1. (b). The living cell has a membrane that
protects the cell cytoplasm and limits most of the ions from
releasing from the cell. This reveals that ¢y is small (living
cells release few ions when metabolizing). In the case of the
dead cells, the ions in the dead cells release freely (¢p > ¢r)
because the membrane is destroyed. As a result, in the mixed
living and dead cell solution, while @ decreases, more ions
are released into the medium, N (the number of ions in
the medium) is increased, c¢,, [mol/L] (the ion concentration
in the medium)is increased, o,,.¢ (the conductivity of the
medium) is increased, and Z,.4 [$2] (the impedance of the
medium) is decreased [20].

When c¢;, is small (the ions have no limit of dilution),
the relation of ¢,,, and o0y,,¢4 is treated as linear (details are pro-
vided in the Discussion section) [21]. The relation between
Omed and @ is expressed as follows:

Omed = kem = k[P + (1 — @) ¢p] Nce/V ()
Omedref = kcmrf_ff =k oL + ¢pl Nce/2V (6)

where k is a constant coefficient, and N, is the total number
of ions in the cells and cell solution. V [m?] is the volume of
the cell solution. Eq. (2) is expressed as the quotient of Eq. (5)
and Eq. (6).

Ill. EXPERIMENTS

A. EXPERIMENTAL SETUPS

FIGURE 2. shows the experimental setups for micro EIS.
The setups consist of a multilayered microchannel, syringe
pump (Muromachi KDS-100), Faraday cage, impedance ana-
lyzer (HIOKI IM3570) that supports a scanning frequency
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FIGURE 2. Experimental setups.

range from 4 Hz to 5 MHz, and a PC (Mouse computer
WO950JU). The structure of a microchannel is shown under
the setups, and the average distance between two electrodes is
dy = 350 pm. In this section, the thickness of the electrode is
k; = 10 pum, and its width is w; = 200 pm. The photographs
are of a microchannel and micro computed tomography (CT)
image of one cross section in the microchannel (obtained by
X-ray CT scanner model TDM1300-1IS, Yamato Scientific,
Japan) [22]-[24].

B. EXPERIMENTAL METHODS

Mediums of the solution are achieved as a sample by extract-
ing the supernatant from the centrifuged cell solution. It is
useless and unsupported for real-time detection. In order to
support the real time detection, the process of extracting the
medium from the cell solution is canceled. Approximately,
the impedances of cell medium Zeyypeq and Zeymedrer are
replaced by the impedance of cell solution Z,, [€2] and
Zexmrer 2], The conductivities of the medium (0.4 and
Omedref ) are replaced by the conductivities of the cell solution
(0m and opyer). This is expressed as follows:

Z 4 Z "
_ extmed extm
wO - 1 - 1 (7)
extmedref extmref

From Egs. (1) and (7), the empirical equation of @ () is
fitted by the experiment results. ¥ is achieved by calculation:
divide each Z;,,, by the referenced Z;,,, .- (in the case of
@ = 0.5). The empirical equation is fitted by the least square
method, and R? is employed to evaluate the accuracy of the

equation.

C. EXPERIMENTAL CONDITIONS

The measurement objects of the experiments were mixed in
different concentrations of living and dead yeast cell solution.
The yeast cell solution was cultured by yeast and pure water
for + = 30 min at a constant temperature 77 = 298 K,
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FIGURE 3. Conditions of mixed cell solution in experiment.

The extrema is increased as @ is increased, which reveals that
the conductivity of the cell solution is decreased.

FIGURE 4. (b) shows a chart of 4o — @ by micro EIS. The
horizontal axis is 1, and vertical axis is @. The red points
are the calculated v in each @ by the result of micro EIS.
The blue dotted line indicates the fitted experiment equation
by the least square method from the five red points of v
in FIGURE 4. (a). From the chart, as v is increased, @ is
increased.

The empirical equation of the relation between o and @
is fitted by least squares as follows:

@ =afyo+b=—146/y+1.97 (8)
where the coefficientsa = —1.46,b = 1.97, and R? = 0.994.

IV. DISCUSSIONS

A. SIMULATION OF RELATIONSHIP BETWEEN LIVING
CELL INDICATOR AND LIVING CELL FRACTION

An empirical equation develops an effective method for the
detection of the living cell fraction in a mixed living and dead
cell solution. However, as addressed in Eq. (5) and Eq. (6),
the relation between the ion concentration and conductivity
of the medium is treated as linear, which is the theoretical
effectiveness of the proposed method. A numerical simula-
tion is employed to discuss its rationality.

d, =350 pm

k=10pm[" A~ | .
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FIGURE 4. Experiment results. (a) Z” by f in micro EIS. (b) yo — ¢ and
fitting equation.

and the dead cells were processed by putting living cells into
hot water (7> = 363 K) for 5 min. The different concentra-
tions of cell solution are shown in FIGURE 3. The volume
concentration of the multi-mixed cell solution was @1 =
@1 4+ ®p = 10 vol%. The concentrations of living cells were
® =0,0.1,0.2,0.3,04, 0.5, 0.6,0.7, 0.8, 0.9 and 1. The
reference solution is @ = 0.5. The applied alternate current
was ic = 0.1 mA. The injected current frequency range was
from 1 kHz to 5 MHz.

D. EXPERIMENT RESULTS

FIGURE 4. (a) shows the results measured by micro EIS.
The horizontal axis is the logarithm expression of the injected
current frequency f, and the vertical axis is the imaginary
part of the impedance. The red points are extrema in each @.
In the injected current frequency range between f = 1 kHz
tof = 10 kHz, Z" is large and decreases as f increases. This
phenomenon is caused by the contact impedance. In the range
of f between f = 20kHztof = 5 MHz, Z” is increased to an
extremum (red point in each @) and then decreased in each @.
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FIGURE 5. Simulation model.

FIGURE 5. shows a simulation model that has the same
size as the microchannel in the experiment. The length of the
two electrodes is ks = 10 um. The average distance between
the two electrodes is dy = 350 pum. Ions are distributed evenly
in the simulation domain.

The relation between the conductivity of ion solution oy,
and ion concentration ¢, is expressed as follows [25]:

Jjwt Cpr, + ig [c, exp (%ﬁ) — Co €Xp (%)]
-Vt

where w is defined as w = 2xf, f is the injected current fre-
quency, ¢ [V] is the overpotential (the difference between the
applied potential and equilibrium potential of the redox cou-
ple of species), Cpy. is the capacitance density of the electrical

(©))

Om =
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TABLE 1. Parameters of simulation.

Symbol Quantity Unit Value
Cm lon concentration mol/L 0.1t0 0.2
f Injected current frequency Hz lktol0M
¢ Overpotential \% 5
io Exchange current density A/m? 100

CprL Capacitance of EDL pF/em? 20
c, Concentration of reductive mol/L 0.5¢
Co Concentration of oxidative mol/L 0.5¢
04 Anodic charge transfer - 0.5
O Cathodic charge transfer - 0.5
R Gas constant J/(Kmol) 8.314
T Absolute temperature K 293.15

double layer (EDL), iy is the exchange current density, and
¢, [mol/L] and ¢, [mol/L] are the concentration of reductive
and oxidative ions (¢,, = ¢, + ¢,), respectively. o, and « are
anodic and cathodic charge transfer coefficients, F [C/mol] is
the Faraday constant, T [K] is the absolute temperature, and
R [J/(mol-K)] is the gas constant.

Based on Ohm’s law, the total current density iy, [A/m?]
through the electrode is expressed as follows:

iy = =0 V¢ (10)

In the present simulation, i, is defined as the summation
of the current density through the EDL ipy [A/m?] and that of
the electrode reaction ig [A/m?]. This is expressed as follows:

ip = ipL + iR (11)
ipr and ip are expressed as follows:

ipL = jw¢Cpr (12)

ir = i [Cr exp (%) — coeXp (a;I;{ )] (13)

In addition, the idea of a living cell indicator g is
employed to simulate the tendency of the relation between
and c;,. The living cell indicator in the simulation is defined
as Y1, which is expressed as follows:

Z//

Y1 = Z,,ex’ (14)

extref

where Z;}, is the extremum of Z”, and Z;, . is the extremum
of Z/!,, which is defined as the condition of ¢,, = 0.15 mol/L.
The relation between @ and ¢, from Eq. (5) is expressed

as follows:
cm=k'® (or —¢p) +k'¢p (15)

where k' is a constant coefficient. The relation between @ and
Yy is expressed as Eq. (2). The conditions of the simulation
are defined in TABLE 1 [26]-[28]. ¢, = ¢, = 0.5 ¢y,
and the range of ¢, is defined as from c¢,, = 0.1 mol/L to
¢n = 0.2 mol/L at an interval of 0.01 mol/L, for a total
of 11 swapped points.

FIGURE 6. (a) shows a Nyquist plot of the solution with
different ion concentrations. In FIGURE 6. (a), the straight
line at low frequency is caused by the contact impedance,
and the semicircle at high frequency is caused by the ions
in the solution. It is clear that when ¢,, increases, the radii of
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FIGURE 6. Simulation results. (a) Nyquist plot. (b) Bode plot. (c) cm — om
and fitting equation. (d) ¥, — @ and fitting equation.

the semicircles are decreased. FIGURE 6. (b) shows a Bode
plot that replenishes the change in Z” by f.

As shown in FIGURE 6. (b), the extremum of Z” (the red
points in each curve) at high frequency is increased while
¢, decreases. From FIGURE 6. (a) and FIGURE 6. (b),
the results reveal that o, is increased as ¢, is increased.
FIGURE 6. (c) shows the relation between c¢;, and o, from
the simulation results. The horizontal axis of the plot is ¢,
and the vertical axis is o,,. The red dots indicate o,, for
different ¢,,. The fitting equation is calculated by the least
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FIGURE 7. Experiment results: (a) experimental setup and macro sensor,
(b) ¥o — @, ¥ — 4. and fitting equations.

square method as follows:
om = 3.17cy (16)

R? of the fitting equation is R? = 0.999. The result reveals
that the relation of c,, and o, is linear in a small range of ¢,
and oy,.

In addition, @ = O is defined in the case of ¢,;, =
0.2 mol/L; @ = 0.5, ¢, = 0.15 mol/L; and & = 0,
¢m = 0.2 mol/L. The relation of ¢p and ¢, is expressed as
¢p = 2¢p by the calculation of Eq. (15) with the defined
¢, in each @. FIGURE 6. (d) shows the relation between @
and ¥1. Based on Eq. (2), the fitting equation is calculated by
the least squares method as follows:

D =a/y+b=—15/y +2 (17)

where a = —1.5 and b = 2. R? of the fitting equation is
R? = 0.999. In addition, the relation between @ and Yy s
close to that of the experiment result.

B. SENSOR SIZE VERSATILITY

The second discussion point is the sensor size versatility.
As shown in FIGURE 7. (a), two rectangular electrodes with
a surface area of A = we X he = 10 x 20 mm? were
adopted. The distance between the electrodes is dc = 2 mm.
An impedance analyzer (HIOKI IM7850) that supports a
scanning frequency range fromf = 100 kHz to f = 300 MHz
and a PC (Mouse computer W950JU) were used to measure
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and record the impedance data. Other experimental con-
ditions were exactly the same as those in the experiment
discussed in Chapter III. Based on the experiment results,
the relation between g and @ in the case of this macro sensor
is also expressed as an empirical equation as follows:

@ =alyo+b=-1.63/yy+2.11 (18)

where the coefficients @ = —1.63 and b = 2.11, and R? =
0.992.

In order to quantitate the effect of sensor size, a size
effect factor § is adopted to evaluate the difference between
empirical equations of micro and macro sensors, which is
defined as follows:

D e — @ )
5 (o) = |:| (w())mtcro (¢0)macw|

] x 100%  (19)
Max (@)

where @ (Yo)micro and @ (Y o)macro are denoted by the empir-
ical equation in the case of micro and macro electrodes
respectively. Max(@) is the maximum of @, Max(®) = 1.

As shown in FIGURE 7. (b), the empirical relation
between 1y and @ in the case of micro and macro sensors
shows the same tendency. In the ¥y range between ¥g = 0.9
and Yo = 1.5, size effect factor § is very small at § < 5%.
This reveals that the sensor size is versatile in the 1 range
between ¥y = 0.9 and ¥y = 1.5 (in the case that ©(0.9) =
0.2 and @(1.5) = 1).

C. VERSATILITY OF REAL-TIME DETECTION

The third discussion point is the versatility of real-time detec-
tion. In order to support real-time detection, the impedances
of the medium (Zexymea and Zevymedrer) are replaced by the
impedance of the cell solution (Zexyn and Zeyymrer). This is
expressed as Eq. (7). The effect of the replacement is clarified
by a medium effect factor n(f) [%], which is expressed as

follows:
V 1

n (f) — |:1 _ |Zmed . Zsol :| % 100% (20)
|Zsol |

where Z . is the impedance imaginary part of the medium.
Z, ., is obtained by measuring the supernatant, which was
extracted after centrifuging the cell solution. Z is the
impedance imaginary part of the multi-mixed cell solution.
A larger value means that Z, is similar to Z ,. When 7
is 100%, 0ye4 1s equal to oyy,.

FIGURE 8. (a) shows the condition of the multi-mixed
cell solution. Certain concentrations of living and dead cells
are mixed at different @, and then some of the multi-mixed
cell solution is centrifuged to extract the supernatant. After
the operation, the cell solution and supernatant at different @
are detected by EIS in micro and macro sensors.

FIGURE 8. (b) shows the relation between n and f
in a micro sensor. From the figure, the range of f at the
extremum of the impedance imaginary part for each @ is from
f =100kHz to f = 300 kHz (shown as a dotted ellipse).
In this frequency range, n > 95%. This result reveals that the
effect of the replacement is small and the detection is versatile
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FIGURE 8. Results of replacement: (a) condition of multi-mixed cell
solution and their medium, (b) f — 5 in micro sensor, (c) f — 5 in macro
sensor.

and highly accurate in the micro sensor. FIGURE 8. (c)
shows the results of n by f in a macro sensor. From the figure,
the range of f at the extremum of the impedance imaginary
part for each @ is from f = 30 MHz to f = 60 MHz (shown
as a dotted ellipse). In this frequency range, n > 85%. This
result reveals that the effect of the replacement is small and
the detection is also versatile. In addition, the accuracy of the
macro sensor is lower than the accuracy of the micro sensor.

As shown in FIGURE 8. (b) and FIGURE 8. (c),  of the
micro sensor is higher than 7 of the macro sensor. This reveals
that it is better to conduct the method with a micro sensor.
In addition, the difference between Eq. (8) and Eq. (18) is
caused by the different effects of the replacement on the micro
and macro sensors.

V. CONCLUSIONS

A novel empirical equation for living cell fraction @ (i) in
mixed living and dead cell solution is proposed based on
micro EIS.
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1) A cell living indicator ¥¢ was defined, and the function
of @(yg) was developed by the theoretical relation
between the impedance of the solution medium and
living cell fraction in the mixed cell solution. The basic
form of @(Yg)is ® = a/yrg + b.

2) Experiments were conducted to calculate the empiri-
cal coefficient of @ (1) by micro EIS. As a result,
@ (o) was indicated as @ = —1.46/¢y + 1.97 in
the case of a total mixed cell concentration @Dy, =
10 vol% with a coefficient of determination R* =0.994.

3) Simulation results revealed that the theoretical effec-
tiveness of the relation between c;, and oy, is linear in
an ion solution that has a low ion concentration. Mean-
while, the versatility of the sensor size and real-time
detection were discussed. The method is suitable and
highly accurate in detecting @ under these conditions.
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