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ABSTRACT: The impact of radiation-induced bystander eﬀect (RIBE) is still
not well understood in radiotherapy. RIBEs are biological eﬀects expressed by
nonirradiated cells near or far from the irradiated cells. Most radiological studies
on cancer cells have been based on biochemical characterization. However,
biophysical investigation with label-free techniques to analyze and compare the
direct irradiation eﬀect and RIBE has lagged. In this work, we employed an
electrical cell-indium tin oxide (ITO) substrate impedance system (ECIIS) as a
bioimpedance sensor to evaluate the HeLa cells’ response. The bioimpedance of
untreated/nonirradiated HeLa (N-HeLa) cells, α-particle (Am-241)-irradiated
HeLa (I-HeLa) cells, and bystander HeLa (B-HeLa) cells exposed to media
from I-HeLa cells was monitored with a sampling interval of 8 s over a period of
24 h. Also, we imaged the cells at times where impedance changes were
observed. Diﬀerent radiation doses (0.5 cGy, 1.2 cGy, and 1.7 cGy) were used
to investigate I-HeLa and B-HeLa cells’ radiation-dose-dependence. By analyzing the changes in absolute impedance and cell size/
number with time, compared to N-HeLa cells, B-HeLa cells mimicked the I-HeLa cells’ damage and modiﬁcation of proliferation
rate. Contrary to the irradiated cells, the bystander cells’ damage rate and proliferation rate enhancements have an inverse radiationdose-response. Also, we report multiple RIBEs in HeLa cells in a single measurement and provide crucial insights into the RIBE
mechanism without any labeling procedure. Unambiguously, our results have shown that the time-dependent control of RIBE is
important during α-radiation-based radiotherapy of HeLa cells.

■

INTRODUCTION
In modern medicine, cancer is a signiﬁcant health problem that
is second to heart disease in the cause of death worldwide.1
Cases of cancer are projected to more than double worldwide
in the next 20−40 years.1,2 The International Agency for
Research on Cancer (IARC) predicted that 17 million cancer
deaths and 26 million new cancer cases would occur worldwide
by 2030.3 One of the integral and essential parts of cancer
management, which confers most survival beneﬁts, is radiotherapy or radiation therapy, which uses high-energy radiation
to destroy cancer cells.4 The treatment of localized malignant
tumors in approximately 50% of patients requires radiation.4 In
recent years, identifying the radiation-induced bystander eﬀect
(RIBE) has challenged the general belief of how radiation
directly or indirectly damages cells. In RIBE, the nonirradiated
cells near or far from irradiated cells demonstrate similar
responses to those of the irradiated cells.4 RIBE’s implication
in radiation therapy is essential, and its impact is gradually
growing in radiation oncology.4 In the past two decades, RIBEs
observed in nonirradiated cells include cell death, delay in the
cell cycle, micronuclei formation, mutations, induction of sister
© 2021 The Authors. Published by
American Chemical Society

chromatid exchanges, cell growth stimulation, and DNA
damage.4 Investigations done on the mechanism controlling
RIBE have recognized possible signaling pathways. The RIBE
signals released by irradiated cells were received by both
distant and neighboring cells by diﬀusion of soluble factors in
the medium or cellular gap-junction intercellular communication (GJIC).5,6 Therefore, the nonirradiated cells are mixed
with irradiated cells or treated with the medium collected from
irradiated cells7,8 in an in vitro study of RIBE. Several cellbased assays9 and cell cytometry,10 which require a cell staining
buﬀer,11,12 have been used as tools for RIBE analysis. A
noninvasive and label-free technique useful for the real-time
study of RIBE (as changes in the cell proliferation rate) is the
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Figure 1. (a) Impedance-time spectra (|Z|-t spectra) of the cell medium and the N-HeLa cell. (b) The box plots comparing the average impedance
data obtained for the cell medium and N-HeLa cells with the p-value obtained from comparing the pairs are indicated in the ﬁgure. (c) Cell event
during the DZ‑t of N-HeLa cells showing no change in cell size. (d) Comparison of the s|IZ‑t for CM and N-HeLa cells. (e) Microscopic image of the
cell proliferation event in tagged cells for N-HeLa cells (cell division at 7 h and growth of divided cells at 12 h). s|IZ‑t is the slope obtained from
exponential ﬁtting of the increase in impedance with time. (f) Surface plot relating normalized total impedance |Z| with cell number and cell size at
4 kHz. Each bar represents the mean ± standard error of the mean (SEM) of two separate experiments (n = 2). ** indicates p < 0.01 and ****
indicates p < 0.0001.

Figure 2. (a) Impedance-time spectra (|Z|-t spectra) of 0.5 cGy I-HeLa cells, 1.2 cGy I-HeLa cells, and 1.7 cGy I-HeLa cells. (b) The box plots
compare the averages of impedance data over time for 0.5 cGy I-HeLa cells, 1.2 cGy I-HeLa cells, and 1.7 cGy I-HeLa cells with the obtained pvalue for comparing the pairs indicated in the ﬁgure. (c) Comparison of the deduced HCdamage rate for I-HeLa cells with varying radiation doses (0.5
cGy, 1.2 cGy, and 1.7 cGy). The HCdamage rate represents the HeLa cell damage rate. (d) Microscopic image of the cell damage event (reduction in
cell size) in number tagged cells for (i) 0.5 cGy I-HeLa cells, (ii) 1.2 cGy I-HeLa cells, and (iii) 1.7 cGy I-HeLa cells. Each bar represents the mean
± SEM of two separate experiments (n = 2). **** indicates p < 0.0001.
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Figure 3. Comparison of the deduced (a) ΔtZ and (b) HCprol. rate for I-HeLa cells with varying radiation doses (0.5 c Gy, 1.2 cGy, and 1.7 cGy).
The ΔtZ and HCprol. rate represent the changing time with constant impedance and the HeLa cell proliferation rate, respectively. (c) Microscopic
image of the cell proliferation event in boxed cells for (i) 0.5 cGy I-HeLa cells, (ii) 1.2 cGy I-HeLa cells, and (iii) 1.7 cGy I-HeLa cells. Each bar
represents the mean ± SEM of two separate experiments (n = 2). * indicates p < 0.05.

impedance assay.7 The procedure utilized in past impedance
assay techniques7,13−15 required long-duration sampling
intervals (1 h), which limits the information acquired. Data
collection, before the adhesion of cells to the sensing
electrodes, hinders the observation of early RIBE. Lastly, an
interdigitated gold plate electrode restricted the cell studies to
a single cell,7 making it challenging to maintain cell−cell
communication. Thus, it is highly crucial to explain the impact
of RIBE on far or near cancer cells during radiotherapy without
using labeling procedures, which can aﬀect cell behavior
unexpectedly. To overcome these limitations, we used an
electrical cell-indium tin oxide (ITO) substrate impedance
system (ECIIS) with a temporal resolution of 8 s to
continuously probe a large population of irradiated HeLa (IHeLa) cells and bystander HeLa (B-HeLa) cells (nonirradiated
HeLa (N-HeLa) cells treated with a cell medium (CM)
acquired from I-HeLa cells) over a period of 24 h. This unique
technique allows the quasi-real-time sensing of average
biophysical changes in cells already adhered to an ITO
substrate, thus enabling us to record the events immediately
after exposure to radiation and bystander signals. For the ﬁrst
time, we report multiple RIBE (cell damage and enhanced cell
proliferation rate) in a single measurement in a cancer cell
model (HeLa cell).

size, the DZ‑t is only due to the system frequency scan to the
preset frequency. After the DZ‑t, the N-HeLa cells show a
constant impedance, which is represented with ΔtZ before the
impedance increases with time. The slope of the increasing
impedance with time (sIZ‑t) for N-HeLa cells is signiﬁcantly
higher than that of CM (Figure 1d), and this indicates the
contribution of cell proliferation because the microscopic
image of the cell event at this phase shows an increase in NHeLa cell number and size (Figure 1e). Moreover, the surface
plot obtained from our impedance system calculation shows
that the increase in cell size and cell number contributes
nonlinearly to the rise in absolute impedance (Figure 1f).
Hence, our impedance system quantiﬁes the proliferation of
HeLa cells in real time.
Irradiated HeLa Cell Measurement. Figure 2a shows the
|Z|-t spectra of 0.5 cGy, 1.2 cGy, and 1.7 cGy α-particleirradiated HeLa (I-HeLa) cells with an early stage of DZ‑t and
ΔtZ and a later stage IZ‑t. A statistically signiﬁcant diﬀerence (p
< 0.00001) was observed between the average impedance (|Z|)
data across time (Figure 2b) for the paired comparisons
(between 0.5 cGy I-HeLa and 1.2 cGy I-HeLa, between 0.5
cGy I-HeLa and 1.7 cGy I-HeLa cells, and between 1.2 cGy IHeLa and 1.7 cGy I-HeLa cells). The HCdamage rate deduced
from sDZ‑t from all I-HeLa cells increases with increasing
radiation dose (Figure 2c). Hence, cell damage increases with
an increase in radiation dose after irradiation. The microscopic
images of the cell condition at DZ‑t indicate a time-dependent
reduction in the size of labeled cells inﬂuences the calculated
cell damage rate (Figure 2d-i−iii).
After the DZ‑t, the obtained ΔtZ values for all I-HeLa cells
(Figure 3a) are smaller than N-HeLa cells. Moreover, the ΔtZ
becomes more shortened as the radiation dose increases. The
HCprolrate deduced from IZ‑t of all I-HeLa cells decreases as the
radiation dose increases (Figure 3b). Hence, the proliferation
rate of HeLa cells is suppressed as the radiation dose of the

■

RESULTS
Nonirradiated HeLa (N-HeLa) Cell and Cell Medium
Measurement and System Simulation. Figure 1a shows
the impedance-time (|Z|-t) spectra of the cell medium (CM)
and nonirradiated HeLa cells (N-HeLa) with a statistically
signiﬁcant diﬀerence (p < 0.00001) between the average
impedance (|Z|) across time (Figure 1b). The ﬁrst phase of the
|Z|-t spectra for both samples shows decreased impedance with
time (DZ‑t). Since the microscopic image of N-HeLa cells
(Figure 1c) during this time frame indicates no change in cell
13997

https://doi.org/10.1021/acsomega.0c05888
ACS Omega 2021, 6, 13995−14003

ACS Omega

http://pubs.acs.org/journal/acsodf

Article

Figure 4. (a) Impedance-time spectra (|Z|-t spectra) of 0.5 cGy B-HeLa cells, 1.2 cGy B-HeLa cells, and 1.7 cGy B-HeLa cells. (b) The box plots
compare the averages of impedance data over time for 0.5 cGy B-HeLa cells, 1.2 cGy B-HeLa cells, and 1.7 cGy B-HeLa cells with the obtained pvalue for comparing the pairs indicated in the ﬁgure. (c) Comparison of the deduced HCdamage rate for varying radiation doses. The HCdamage rate
represents the HeLa cell damage rate. (d) Microscopic image of the cell damage event (reduction in cell size) in number tagged cells for (i) 0.5 cGy
B-HeLa cells, (ii) 1.2 cGy B-HeLa cells, and (iii) 1.7 cGy B-HeLa cells. Each bar represents the mean ± SEM of two separate experiments (n = 2).
**** indicates p < 0.0001.

Figure 5. Comparison of the deduced (a) ΔtZ and (b) HCprol. rate for B-HeLa cells with varying radiation doses (0.5 cGy, 1.2 cGy, and 1.7 cGy).
The ΔtZ and HCprol. rate represent the changing time with constant impedance and the HeLa cell proliferation rate, respectively. (c) Microscopic
image of the cell proliferation event in tagged cells for (i) 0.5 cGy B-HeLa cells, (ii) 1.2 cGy B-HeLa cells, and (iii) 1.7 cGy B-HeLa cells. Each bar
represents the mean ± SEM of two separate experiments (n ≥ 2). ** indicates p < 0.01.

direct irradiation increases. The cells observed during IZ‑t
(Figure 3c-i−iii) show that cells double and increase in size
with time.
Bystander HeLa Cell Measurement. The behaviors of
0.5 cGy bystander HeLa (B-HeLa), 1.2 cGy B-HeLa, and 1.7

cGy B-HeLa (N-HeLa cells treated with medium received
from 0.5 cGy, 1.2 cGy, and 1.7 cGy I-HeLa cells) cells are
translated into the |Z|-t spectra shown in Figure 4a. A
statistically signiﬁcant diﬀerence (p < 0.00001) was observed
between the average impedance (|Z|) data across time (see
13998
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Figure 6. Interplay between the ΔtZ, HCdamage rate, and HCprol. rate for (a) I-HeLa cells and (b) B-HeLa cells. The ΔtZ, HCdamage rate, and HCprol. rate
represent the changing time with constant impedance, the HeLa cell damage rate, and the HeLa cell proliferation rate, respectively. (c) I-HeLa and
B-HeLa cells’ mechanism. The HeLa cell damage is induced by treatment with the conditioned medium (ConM) or radiation. Some HeLa cells
experience cell damage, while other cells evade this damaging process and enter a mode measured with ΔtZ before commencing proliferation.

With a radiation dose range of 0.5−1.7 cGy, most of the cells
will be traversed by the α particles at the extranuclear
components16 and the average hit per nucleus will range
between ∼0.035 and 0.117. This leads to a combined eﬀect of
direct irradiation17,18 and indirect bystander eﬀect in the IHeLa cell population19 mediated by only the presence of the
cell medium.20 Therefore, the RIBE observed and measured
after conditioned medium (ConM) treatment will be a
secondary radiation-induced bystander eﬀect.21,22
The real-time shrinkage of cells deduced as HCdamage rate
observed in the DZ‑t of I-HeLa and B-HeLa cells can only be
associated with the exposure to ionizing radiation and RIBE
because at this time frame, N-HeLa cells show no change. By
obtaining microscopic images, we can deduce that the I-HeLa
and B-HeLa cells undergo both early mitotic cell shrinkage
(mitotic catastrophe)23,24 and apoptotic cell shrinkage
(shrinking cells with the blebbing membrane).25,26 In our
study, the B-HeLa cells experiencing cell damage indicate that
radiation-induced bystander signals can kill cancer cells.27,28
Clinically, radiotherapy also induces cancer cells’ killing
through the radiation-induced bystander signals.
We deﬁne the HeLa cell proliferation rate (HCprol.rate) as the
real-time increase in the HeLa cell size and HeLa cell doubling
in our work. Compared to N-HeLa cells, HCprol.rate is reduced
for I-HeLa cells but enhanced for B-HeLa cells. Hence, RIBE
tends to counteract how irradiation’s later-stage eﬀect
suppresses the cancer cell proliferation rate during cancer
therapy. Thus, it is crucial to inhibit RIBE in a time-dependent
manner to improve the eﬃcacy of radiotherapy.
The constant impedance with changing time (ΔtZ) observed
in N-HeLa cells shows that the cells are preparing for cell
proliferation. Also, I-HeLa and B-HeLa cells pre-experiencing
cell damage in the form of cell shrinkage evade the damaging
process at ΔtZ and prepare for cell proliferation.

Figure 4b for the paired comparisons; between 0.5 cGy BHeLa and 1.2 cGy B-HeLa cells, between 0.5 cGy B-HeLa and
1.7 cGy B-HeLa cells, and between 1.2 cGy B-HeLa and 1.7
cGy B-HeLa cells). The HCdamage rate deduced from the DZ‑t of
all B-HeLa cells increases with a decrease in the radiation dose
(Figure 4c). Hence, an inverse relationship occurs between cell
damage and radiation dose, inducing the HeLa cell’s bystander
signals. The images of cells at DZ‑t show that the number of
tagged cells reduces in size with time and the population of
labeled cells increases with a decrease in the radiation dose
used on the donor cell (Figure 4d).
As a result, cell shrinkage inﬂuences the observed cell
damage rate. The ΔtZ values obtained after the DZ‑t for all BHeLa cells (Figure 5a) become more shortened as the
radiation dose decreases from 1.7 cGy to 0.5 cGy. The
HCprolrate deduced from the IZ‑t of all B-HeLa cells increases
with increasing radiation dose (Figure 5b). Hence, the
proliferation of HeLa cells is increased by RIBE as the
radiation dose increases. The cell events during IZ‑t also show
proliferation of the B-HeLa cells (Figure 5c), which include
enlargement in cell size and the doubling of cells with time.

■

DISCUSSION
Using a label-free technique, we have reported I-HeLa and BHeLa cells’ responses to ionizing radiation and RIBE,
respectively, at 24 h real-time in vitro. It is evident from this
study that (i) ECIIS can be used to monitor the real-time
impact of irradiation and RIBE on cancer cells, (ii) the ECIIS
method provides an easy way to observe the cell condition
without the tedious labeling and counting process, (iii) the
RIBE (cell damage and altered proliferation rate) is similar but
disproportionate to the direct irradiation eﬀect, and (iv) both
RIBE and irradiation eﬀect is time-dependent and radiationdose-dependent.
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From the relationship of the parameters (HCdamage rate, ΔtZ,
and HCprol.rate) in our results, which is similar for both I-HeLa
cells (Figure 6a) and B-HeLa cells (Figure 6b), it can be
explained that the ΔtZ varies inversely with the HCdamage rate but
directly with the HCprol.rate. Hence, we can deduce a
mechanism for both B-HeLa and I-HeLa cells, as illustrated
in Figure 6c. Brieﬂy, the HeLa cell damage is induced by
treatment with a conditioned medium (ConM) or radiation.
Some HeLa cells evade this damaging process and enter a
mode measured with ΔtZ, while other cells experience cell
damage. Afterward, surviving cells began cell proliferation.
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cylindrical PDMS attached to the surface of the ITO substrate
with adherent cells. The irradiation source used was
Americium-241 (Am-241). Considering the air gap between
the α-radiation source and the cells, the absence of vacuum
allowed energy loss to occur.29 Hence, the average α particle
energy was <5.18 MeV, activity was 0.0087 μCi, and dose rate
was 0.1742 cGy/min, as conﬁrmed experimentally using an αradiation detector at 12 mm distance with an air gap to the αradiation source connected to a multichannel analyzer and a
computer using maestro software. After irradiation, a fresh cell
medium was added to the cells and taken to the measurement
incubator. Moreover, the exposure time of the cells to the αradiation source was adjusted to vary the amount of absorbed
dose by the adherent cells. The average hit per nucleus of the
radiation dose (D) incident on the Hela cell nucleus was
calculated after the ﬂuence (F) was deduced from eq 1.

■

CONCLUSIONS
We have shown that both direct irradiation and RIBE cause
cell damage and alter the proliferation rate. Compared to past
impedance-based RIBE experiments, we report two profound
RIBEs (apoptotic cell death and enhanced cell proliferation) in
our work due to the continuous real-time and short-time
sampling interval approach of our experimental design. Also,
we demonstrate that cell damage is not unique to irradiation
but also inﬂuenced by RIBE at early time points. Also, at later
time points, RIBE enhances cell proliferation rate at radiation
dose ≥0.5 cGy. Our ﬁndings suggest that time-dependent
control of cell proliferation is signiﬁcant if RIBE’s beneﬁt is to
be explored during radiotherapy. Hence, our work gives a
better understanding of radiobiological processes during αradiation-based radiotherapy of HeLa cells.

D[Gy] = 0.16 × F[particle/μm 2] × L [keV/μm] × (1/ρ)
(1)

where L is the linear energy transfer (LET) of Am-241 incident
to the cells (125 keV/μm) and ρ is the density of the cell
(assumed as 1 g/cm3).30
RIBE Experiment. The RIBE experiment involved the
transfer of the culture medium from irradiated HeLa (I-HeLa)
cells to nonirradiated HeLa (N-HeLa) cells, known as
bystander HeLa (B-HeLa) cells. The cell concentration ratio
of the donor I-HeLa cells and N-HeLa cells treated with CM
(B-HeLa) was kept at 5:1. The cells to be irradiated were ﬁrst
seeded in a Petri dish for 17.5 ± 0.5 h. The preincubated cell
culture medium (P-cm) was removed from the cells to avoid
direct eﬀects of radiation on the medium. The I-HeLa cells
were exposed to 0.5 cGy, 1.2 cGy, and 1.7 cGy radiation doses
of Am-241 using the radiation source described in the previous
section. After irradiation, the fresh cell medium was ﬁlled into
the Petri dish and removed after 3 min from the 0.5 cGy, 1.2
cGy, and 1.7 cGy I-HeLa cells, ﬁltered through a 0.22 μm ﬁlter,
and kept as the conditioned medium (ConM). The N-HeLa
cells seeded and incubated beforehand in a cell compartment
for 17.5 ± 0.5 h were then treated with the ConM by replacing
the P-cm with the prepared ConM and taken for ECIIS
measurement. The N-HeLa cells treated with the ConM
obtained from the 0.5 cGy, 1.2 cGy, and 1.7 cGy I-HeLa cells
are hereon referred to as 0.5 cGy, 1.2 cGy, and 1.7 cGy BHeLa cells, respectively.
ECIIS Measurement. The electrical cell-indium tin oxide
(ITO) substrate impedance system (ECIIS) measurement of
the HeLa cells was carried out using an electrochemical
workstation (CHI 660E) with three terminals and a cell
compartment. The counter and reference electrode terminals
were connected to a platinum wire inserted into a cell medium
on top of the working electrode at the PDMS’s bottom. The
indium tin oxide (ITO; Luminescence Technology Corporation, Taiwan) electrode with HeLa cells adhered to the
conductive surface served as the working electrode. The
treatment of the ITO electrode surface for reducing cell
mobility has been described in our previous work.31 The HeLa
cells prepared for diﬀerent experimental purposes in the cell
compartment were transferred to the incubator (37°C, 5%
CO2 atmosphere) for measurement. During the impedance
measurement, we applied an AC voltage (0.005 V) at 4 kHz
frequency, and the output data were obtained for 24 h in terms
of the magnitude of the complex impedance (|Z|). After each
experimental data, we discarded the cell compartment.

■

MATERIALS AND METHODS
Cell Culture and Transfer from Stock to the Cell
Compartment. The HeLa cell line already prepared in a cell
culture Petri dish was transferred to a cell compartment
(cylindrical poly(dimethylsiloxane) (PDMS) well attached to
the conductive side of ITO) for irradiation, medium treatment,
and measurement in steps. Subsequently, the medium was
removed from the cell culture Petri dish, and the cells were
washed by 1× phosphate-buﬀered saline (PBS) to remove
dead cells. Then, the cells were passaged by trypsinization to
maintain a maximum conﬂuence of 70%. Then, trypsin was
removed, and Dulbecco’s modiﬁed Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Thermos
Fisher Scientiﬁc, Hong Kong) was added to the cell
suspension. Thus, 3.5 × 105 HeLa cells were seeded onto
the indium tin oxide (ITO) substrate in the cell compartment.
All steps were performed in the biosafety fume hood.
Preparation of Nonirradiated Cells. The 3.5 × 105 HeLa
cells were seeded onto an ITO substrate at the bottom of a
PDMS well (cell compartment) and then incubated for 17.5 ±
0.5 h. The preincubation cell medium in the PDMS wells was
removed and replaced with a fresh medium before being
placed in the incubator for impedance measurement.
Preparation of Irradiated Cells. The irradiation of the
cells served two purposes in the present investigation. First, it
was to prepare irradiated cells on which the eﬀect of irradiation
would be studied over 24 h in real time. The second was to
prepare a conditioned medium (ConM), which had conditioned the B-HeLa cells. The HeLa cells were ﬁrst seeded
and incubated for 17.5 ± 0.5 h. The preincubation medium
was removed from the cell compartment before the cells were
exposed to Am-241 radiation. In the radiation procedure, we
place the disk type α-radiation source on top of the cell
compartment at a distance dependent on the height of the
14000
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Figure 7. Conﬁguration of our ECIIS system. (b) Image of the cell compartment connected to the terminals of the electrochemical workstation
(CHI 660E). “Photograph courtesy of “AbdulMojeed O. Ilyas.” Copyright 2021.” (c) The equivalent circuit models RCE, RCCM, RHeLa, Rmod, and RIT
are the resistances of the platinum wire counter electrode (CE), the cell medium, the HeLa cell, the cell to the working electrode, and the indium
tin oxide (ITO) working electrode, respectively. are the CHeLa and CIT are the capacitances of the HeLa cell membrane and the ITO electrode
conductive surface, respectively.

Cell Damage Rate and Cell Proliferation Rate
Estimation. The probing of adherent cells in our impedance
system made it a requirement for the impedance to vary in the
following ways. First, the impedance decreased (DZ‑t) as the
system scanned toward the preset frequency of 4 kHz
(f SC)32−34 and as the electrode coverage reduced with cell
detachment or reduction in cell size.35 Cell detachment and a
decrease in cell size indicated the initiation of cell damage.36
The cell damage rate (HCdamage rate) (the rate at which a cell
shrinks or detaches) was deduced using eq 2.

The linearized exponential function (eq 5) shows the plot of
ln Z versus t (real experimental time), where ±μ is the slope
and ln A is the intercept. We considered the exponential ﬁt
valid if the r2 was higher than 0.97. Hence, +μ is the slope from
an increase in impedance with time (s|IZ‑t) and −μ is the slope
from a decrease in impedance with time (s|DZ‑t).
Modeling the ECIIS System. In our ECIIS system, the
counter electrode (platinum wire) was inserted and held at the
top and the working electrode (ITO) was at the bottom with
the electrolyte (cell culture medium (CCM)) in between the
electrodes. Therefore, the impedance of the counter electrode
was in series with the impedance of the cell culture medium,
the cell population, and the ITO working electrode. The
conﬁguration representing the presence of cells with the cell
medium is shown in Figure 7a using the image of the physical
electrochemical setup shown in Figure 7b. The Ztotal in eq 6
was deduced from the obtained equivalent circuit (Figure 7c)
using Kirchhoﬀ’s laws, and the components are deﬁned in eqs
7−11.

HCdamage rate = sDZ − t (I − H and B − H) − sDZ − t (N − H)
(2)

Here, sDZ‑t (I-H and B-H) and sDZ‑t (N-H) are the slopes
obtained from exponential ﬁtting of the DZ‑t of I-HeLa cells/BHeLa cells and N-HeLa cells, respectively.
Second, the change in time with constant impedance (ΔtZ)
occurred when there was no cell size change. The impedance
increased (IZ‑t) due to adherent cell proliferation (cell growth
and cell division) on the working electrode. Hence, the cell
proliferation rate (HCprol rate) was deduced using eq 3.
HCprol rate = sIZ − t(HC) − sIZ − t(CM)

Ztotal = R CE + R ccm + Zcells + Z IT

(3)

Zcells =

Here, sIZ‑t (HC) and sIZ‑t (CM) are the slopes obtained from
exponential ﬁtting of the increasing impedance of N-HeLa cells
and CM. The DZ‑t and IZ‑t were quantiﬁed by deducing the
slope from the nonlinear decreasing and increasing impedance
with time. The slope was deduced from the nonlinear decrease
and increase in impedance by the exponential function ﬁtting
with Origin 9.0 software, which used eq 4.
Z = Ae±μt
ln Z = ln A ± μt

(4)

R mod =

(5)
14001

n

n

n

∑i = 1 R mod × ∑i = 1 Z HeLa
∑i = 1 R mod + ∑i = 1 Z HeLa

R CCM =

R CE =

n

(6)

(7)

Lccm
σπrito 2

(8)

LCE ρCE
πrPE 2

(9)

ρccm
θπd

(10)
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ε0εr − itoπrito 2
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(11)

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.0c05888

In the model, ZITO, ZCells, and Z are the working electrode
(ITO) impedance, HeLa cells, and total impedance,
respectively. The RCCM (the resistance of the CCM), RCE
(resistance of the counter electrode), Rmod (the cell to ITO
resistance), and CIT (the ITO capacitance) are deﬁned with
eqs 7−10, respectively. The cells were assumed to be spherical
and were modeled as a resistor (cytoplasm) in series with a
capacitor (cell membrane). In the simulation, the resistance of
the ITO (RIT), the electrical permittivity of free space (ε0), the
relative permittivity of the ITO substrate (εr‑ito), the radius of
the ITO substrate (rito), the radius of the platinum wire (rCE),
and the conductivity of the CCM (ρccm) were 1767 Ω, 8.854 ×
10−14 C/(Vcm), 0.541, 0.2 cm, 0.5 μm, and 100 Ω·cm,
respectively. The variation between the compared quantities
was obtained using MATLAB R2019b. A core i5 with a 1.6
GHz processor with 8.00 GB memory obtained a solution in
2−5 min.
Microscope Image Acquisition. Bright-ﬁeld images for
illustrating cell events at DZ‑t and IZ‑t were acquired using a
20×/NA 0.75 dry objective with an Etaluma LS720 microscope.
Statistical Analysis. We used Origin Pro 9.0 to perform all
statistical analyses and presented the impedance |Z| data
collected across time from all of the experiments in terms of
their means and standard deviations. We assessed the
diﬀerences between the means of the data using one-way
analysis of variance (ANOVA) (for comparing > 2 samples)
and Student’s t-test (for comparing two samples). Turkey’s test
was also used in conjunction with ANOVA (post hoc analysis)
to ﬁnd the signiﬁcant diﬀerence between the groups’ means. A
p-value of ≤0.05 was taken as a signiﬁcant diﬀerence between
the compared groups.
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