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Cell-electronic sensing of particle-induced cellular responses†
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We report a new technique for the continuous and real-time measurement of
microparticle-induced cellular responses using a real-time cell-electronic sensing (RT-CES)
technology. The method involves the use of microelectrode-embedded microwells seeded
with one of two lung cancer carcinoma cell lines (A549 and SK-MES-1), allowing for continuous
measurements of impedance. The change in impedance that is automatically converted to the cell
index is linearly correlated with the numbers of the seeding cells during the log phase, providing
quantitative measurement of cytotoxicity. After 24 h of initial incubation in 96 microwells,
the cultures are treated with microparticles, and changes in the cell index are monitored in
real time. Multiple data, including dose response curves, IC50 (a concentration inhibiting 50% cell
growth), and cell-specific and particulate-specific cell responses, are obtained from a single set of
experiments. SK-MES-1 cells consistently showed more severe effects and lower IC50 values than
A549 cells when they were treated with quartz particle suspensions. The different effects detected
using the RT-CES technique were related to morphological change and apoptosis, supported by
the scanning electronic microscopy and flow cytometry results. The method is further used to test
the cytotoxicity of two PM10 standard reference materials of urban air dust and diesel particulates,
demonstrating the potential application of this new technique for biomonitoring of air particulates.

Introduction

Cell-based sensing techniques and novel applications are actively
developed by multidisciplinary researchers in bioanalytical
chemistry, biochemistry, and biomedical engineering.1 Unlike
conventional biosensors that use attached affinity recognition
molecules (e.g. antibodies), cell-based biosensors use living cells,
which have a variety of native biomolecules on their surfaces. The
use of the non-denatured molecules already naturally present in
the cell membrane eliminates the tedious processes required for
purification of affinity molecules while offering the potential for
testing different types of substances and their in vitro toxicity.
Cell-based sensors rely mainly on fluorescence and electronic
detection for sensing various cellular events, while cell-electronic
sensors are often based on impedance measurement.

Giaever and Keese first demonstrated electrical cell–substrate
impedance sensing (ECIS) for real-time measurement of cellular
events in 1984.2 The ECIS technology has been used to
monitor epithelial cell–matrix attachment,3,4 cell movement and
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spreading,2,5 the endothelial response under fluid shear stress,6

the alteration of the barrier function of bronchial epithelial cells
after antigen exposure,7 and the capacity of acetylcholinesterase
(AChE) to increase the cell–substrate adhesion.8 The advances
in the development and application of such cell impedance
biosensors are summarized in a recent review.1

Another technique called real-time cell-electronic sensing
(RT-CES)9–11 uses similar principles as ECIS: the major differ-
ence between these two systems is the microelectrode design. The
RT-CES system uses arrays of circle-on-line electrodes, whereas
the ECIS consists of one large reference electrode and one or
more small working electrodes that account for <0.1% of the
surface area on the bottom of a well. Because the circle-on-line
microelectrodes cover the entire bottom surface of a microwell in
the RT-CES system, the majority of the cells are monitored and
the signal reproducibility is improved. A number of applications
of RT-CES, including measuring cell proliferation, cytotoxicity,
and other cellular events, have been demonstrated.9–12 However,
no study has demonstrated the application of the cell impedance
sensing techniques for testing particulate matter. To this end, we
will use the RT-CES system to develop a cell-microelectronic
sensing method for the cytotoxicity testing of air particulates
and to demonstrate the application of the cell-microelectronic
sensing technique in biomonitoring of air quality.

Airborne particulate matter has been associated with a series
of adverse health effects including cardiopulmonary disorders,
and immunological and developmental toxicity.13–15 Assessment
of air quality is often based on tedious and expensive analysis
of chemical contaminants in air particulates. Little information
is available on air quality monitoring based on the cytotoxicity
of air particulates due to the lack of biomonitoring techniques.
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Reliable and rapid air quality screening methods are useful for
human exposure and health risk assessment.

Conventional cytotoxicity assays are often based on col-
orimetric and fluorimetric measurements, such as the acid
phosphatase (AP) test, neutral red intake assay, lactate de-
hydrogenase (LDH) assay, and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliumbromide (MTT) assay.16 Cytotoxicity
is measured based on the alteration of plasma membrane
permeability, or the consequent release of cellular content into
the cytoplasm or the inability of dead cells to metabolize
various tetrazolium salts. Some of these methods involve
multiple steps, which makes them time-consuming, and can
provide data from only one time-point, which may result
in missing information due to improper exposure time. To
address these problems, we will explore an alternative label-
free high-throughput method using the RT-CES technique. Two
commonly used lung epithelial carcinoma cell lines (A549 and
SK-MES-1) are chosen for sensing because of the association
of air particulates with lung diseases. Because quartz-induced
silicosis is well-documented,13–15 this method will be tested first
with quartz particles of known physical and chemical properties,
followed by more complex air particulate matter.

Experimental

Materials and reagents

Quartz particles (BCR R© certified Reference Material) with
two different average particle diameters, Q66 (0.35–3.50 lm)
and Q70 (1.2–20.0 lm), were purchased from Sigma-Aldrich
(Oakville, ON, Canada); the details on the characterization
of these particles are available from the supplier. Urban dust
(SRM 1649a) and diesel exhaust particle (SRM 2975) standard
reference materials were purchased from the National Institute
of Standards and Technology (Gaithersburg, MD, USA). The
quartz particles were suspended in regular culture media before
being added into the cultures. The urban dust and diesel exhaust
particles were first dissolved in methanol to 200 and 50 mg mL−1,
respectively, followed by dilution to the desired concentration
with regular culture media.

Cell culture conditions

Two human lung epithelial cells, A549 [CCL-185; American
Type Culture Collection (ATCC), Manassas, VA, USA] and SK-
MES-1 (HTB-58; ATCC) were cultured in standard 10 cm cell
culture Petri dishes (Corning) at 37 ◦C with 5.5% CO2 in RPMI
1640 medium (Sigma-Aldrich), supplemented with 10% fetal
bovine serum (Sigma-Aldrich) and 1% penicillin/streptomycin
(Invitrogen, Burlington, ON, Canada). When the cells reached
60% confluence, they were prepared for the subsequent RT-CES
experiments as follows: the cells on the Petri dish were washed
twice with 5 mL phosphate buffered saline (PBS) (pH 7.2),
then 1 mL of 0.25% Trypsin/EDTA (Invitrogen) was added
immediately followed by incubation for 3 min to detach the cells
from the Petri dish. An aliquot of 5 mL RPMI 1640 medium
was added and carefully mixed by gentle pipetting. The cells
were collected by centrifugation for 3 min at 300 g. The cell
pellets were prepared in fresh RPMI 1640 medium and then
diluted to the desired population for the RT-CES experiments.

The numbers of cells were counted using a hemocytometer. A
seeding population of 3000 cells well−1 for A549 and 10 000 cells
well−1 for SK-MES-1 in a total volume of 150 lL well−1 was
used.

The RT-CES system

The real-time cell-electronic sensing (RT-CES) system (ACEA
Biosciences, San Diego, CA, USA) has previously been de-
scribed in detail.9–12 Briefly, this system is comprised of three
components: an electronic sensor analyzer, a device station, and
a 16-well E-plate. The circle-on-line electrode array is fabricated
on glass slides (the bottom of the microwells), to which the
cells are attached. These electrode sensor arrays detect changes
in impedance in response to changes in cell attachment to the
electrodes. The device station (analyzer) holds six E-plates in
parallel, and it is placed inside a CO2 (5.5%) incubator. Gener-
ally, A549 and SK-MES-1 cells in the microelectronic sensor
wells grow readily under the common conditions described
above. However, the content of CO2 required for incubation is
5.5% rather than the 4% that is commonly used for mammalian
cell culture. Changes in impedance corresponding to individual
microwells are recorded in parallel, the signals are collected
by the computer, and the impedance data are automatically
converted to the cell index (CI) using a built-in calibration.

The cell index (CI) is a unitless value obtained from measuring
the ratio of the electrical impedance in the presence of cells over
that of the background. The equation of the CI is:
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where Rcell(f ) and Rb(f ) are the frequency-dependent electrode
impedance with and without cells present, respectively.17 The
parameter N represents the number of frequency points mea-
sured (N = 3 for 10 kHz, 25 kHz, and 50 kHz). Thus, CI is
a quantitative measurement that reflects the numbers of cells
attached to the microelectrode surface as well as the nature of
the cells (e.g. cell morphology).

An initial population of 3000 A549 cells or 10 000 SK-MES-
1 cells in a 150 lL volume was seeded separately into the
individual microwells. CI values were automatically recorded
once per hour. As the cells grew on top of the microelectrodes
in the microwells, the CI increased. When the CI reached 1
(approximately 24 h of incubation), the culture medium was
replaced with the particle suspension (200 lL) containing 0.03–
0.8 mg mL−1 of the testing particles that were prepared in the
culture medium. Control cells without treatment on the same E-
plate were maintained in parallel. When the air particulates were
tested, the controls treated with the same amounts of methanol
were also included in addition to the cell controls without
any treatment (Fig. S1, ESI†). The cultures were continuously
monitored for 72–80 h. The CI data were used to calculate dose
response curves using the Prism 4 software (Graphpad Software,
San Diego, CA, USA).

Scanning electron microscope study

A549 cells and SK-MES-1 cells were treated with quartz
particles (0.2 or 0.1 mg mL−1) for 8 and 24 h, respectively. The
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treated cells were pre-fixed in 2.5% glutaraldehyde in Millonig’s
buffer solution (pH 7.2) for 1.5 h at room temperature. The
treated cells were then washed with the same buffer and were
post-fixed with 1% of osmium tetraoxide in the same buffer for
1.5 h. The samples were briefly washed with distilled water and
dehydrated with a graded series of ethanol solutions (50, 70, and
90%, 10 min each grade) before the final two 10 min treatments
with absolute ethanol. The fixed cells were then dried in a critical-
point dryer (Seevac, Hialeah, FL, USA) at 31 ◦C for 5 min and
mounted on stubs for sputter-coating (Edwards Vacuum, S150B,
UK) with gold. The samples were examined with a Hitachi
scanning electron microscope S-2500 (Tokyo, Japan).

Acid phosphatase (AP) test

The procedures of the AP test were similar to those described
previously.16 A549 (5000 cells well−1) and SK-MES-1 (10 000
cells well−1) cells were seeded on 96-well plates and treated with
quartz particles for 24 h. After treatment, the medium was
removed and the cells were washed with 200 lL of PBS and
100 lL of PBS containing 0.1 M sodium acetate (pH 5.5). Then
0.1% (v/v) Triton X-100 and p-nitrophenyl phosphate (Sigma-
Aldrich) (10 mM) were added to the cells. After 1 h of incubation
at 37 ◦C, NaOH (10 lL of 1 M) was added to each well and the
absorbance was measured at 405 nm using a microplate reader
(Bio-Rad, Mississauga, ON, Canada).

Measurement of apoptotic cells using flow cytometry

Cell cycle analysis using flow cytometry was performed to de-
termine the fraction of apoptotic cells.18 The cells were cultured
in 5 cm Petri dishes. When the cells reached 60% confluence, the
medium was replaced with 5 mL of the medium containing
particle suspensions. After 24 h of treatment, the cells were

trypsinized, washed with PBS, and collected by centrifugation
at 300 g for 3 min. The cell pellets were further washed with
5 mL ice-cold PBS and collected by centrifugation. The cells
were then fixed in 70% ethanol overnight at 4 ◦C, followed by
washing with 5 mL ice-cold PBS. The cells were collected and
re-suspended in freshly prepared propidium iodide (PI) staining
solution containing 0.1% Triton X-100 (VWR, Edmonton, AB,
Canada), 100 lg mL−1 RNase A (Sigma-Aldrich), and 330 lg
mL−1 PI (Sigma-Aldrich) in PBS. After incubation for 30 min at
37 ◦C in the dark, the stained cells were analyzed using a Becton
and Dickinson FACScanTM (Mountain View, CA, USA). Data
analysis was processed using the CellQuestTM software (Becton
and Dickinson).

Results and discussion

We first established the optimum growth of A549 and SK-MES-
1 cells on the microelectrodes in the microwells and evaluated
the linear relationship between the cell index and cell numbers
without particle treatment in order to develop a quantitative
measurement of cell response to particles. A549 is a lung carci-
noma cell line while SK-MES-1 is derived from a lung squamous
cell carcinoma. There are no previous studies investigating
particle toxicity in these cell lines; however, A549 cells have
previously been shown to be more sensitive to benzo[a]pyrene.19

Fig. 1 shows the sensing curves of cell index versus incubation
time, demonstrating typical cell growth curves of (A) A549
and (B) SK-MES-1 cells with initial seeding cell numbers
ranging from 3000 to 20 000 under optimized conditions for
the RT-CES experiments. At time zero, no cells are attached
to the microelectrodes so the cell index is zero. With increasing
numbers of cells attaching to the microelectrodes over time, the
cell index increases. During the log phase of the cell growth,

Fig. 1 Cell quantification on the RT-CES system. The top panels show the RT-CES growth curves of (A) A549 and (B) SK-MES-1 cells at different
starting numbers ranging from 3000 to 20 000. The slope of the growth curve indicates the different cell-specific growth rates. The lower panels show
the relationship between the cell index (CI) and the numbers of initial seeding cells of (C) A549 and (D) SK-MES-1 at 24 or 48 h after plating.
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the cell index increases in linear proportion to the number of
cells with different seeding populations. In addition, a linear
relationship between the cell index and the number of seeding
cells is observed for both A549 at 24 h and SK-MES-1 cells
during a period of 24–48 h, as shown in Fig. 1C and 1D. During
the log phase, the linear relationship between the cell index and
cell numbers is the basis for quantitative measurement of cell
response to a substance. When the cells reach confluence, the
microelectrodes in the wells are completely covered by the cells,
and the cell index reaches a plateau. The time for the cell growth
to reach a plateau is dependent on the number of initial seeding
cells and the types of cells. A549 cells grow faster than SK-
MES-1 cells; therefore, the A549 cells reach a plateau faster than
SK-MES-1 cells with the same number of initial seeding cells.

Fig. 1 also demonstrates that it is important to use a proper
number of initial seeding cells in order to establish a wider
dynamic response range, as expected. When the number of
seeding cells is too small, the cell index increases very slowly,
resulting in low signal and low sensitivity. When the number
of seeding cells is too large, the cells reach confluence rapidly,
resulting in limited dynamic response range due to the saturation
of the signal. This is probably the case for the results shown in
Fig. 1C when A549 cells were incubated for 48 h. Different
types of cells grow at different rates; therefore, the numbers of
initial seeding cells required for various cell types are different.
Based on the results in Fig. 1, the numbers of initial seeding
cells for A549 and SK-MES-1 were chosen as 3000 and 10 000,
respectively, for the following RT-CES studies.

Having established the RT-CES testing conditions, we inves-
tigated the capability of the RT-CES for testing particle-induced
cytotoxicity. The pure quartz particles of known chemical and

physical properties that are associated with silicosis14,15 were
tested on A549 and SK-MES-1 cells. Parallel experiments were
performed on the six E-plates (16 microwells/plate). In order
to control the cell population for testing different doses of
particles, the seeding cells were allowed to grow until the cell
index reached 1, which was approximately 24 h after seeding.
The cells in individual microwells were then treated with an
aliquot of 200 lL quartz particle (size range 0.35–3.5 lm)
suspension at concentrations from 0.003 to 0.8 mg mL−1 and
the cell index was continuously monitored for another 72 h for
A549 cells and 80 h for SK-MES-1 cells. Fig. 2A and 2B show
the growth curves of A549 and SK-MES-1, respectively, after the
cells are treated with different concentrations of quartz particle
suspensions. Fig. 2A and 2B demonstrate the concentration-
dependent inhibitory effects of quartz particles on the growth
of A549 and SK-MES-1 cells, respectively. These are the first set
of experimental results showing that the cell-electronic sensing
can measure dose-dependent cellular response to particles.

Dose response curves are generated based on viability, which
is the relative cell index of the treated cells to that of the control
cells at a given time. For example, Fig. 2C and 2D show the dose
response curves after the cells were exposed to the particles for
12, 24, and 36 h. IC50, a concentration causing 50% reduction
in viability, is obtained from the dose response curves. After
12, 24, and 36 h of exposure, IC50 values for A549 cells are
1.97, 0.33, and 0.21 mg mL−1, and IC50 for SK-MES-1 cells
are 0.40, 0.06, and 0.04 mg mL−1, respectively. The estimate of
IC50 is accurate only during the log phase or within the linear
range of the cell index versus cell numbers. Therefore, at 24 h
after exposure to quartz particles, the IC50 values for A549 and
SK-MES-1 cells that are 0.33 and 0.06 mg mL−1, respectively,

Fig. 2 Dynamic monitoring of cytotoxic response of A549 and SK-MES-1 cells to quartz particles (particle size 0.35–3.5 lm). The initial cells,
3000 for A549 cells and 10 000 for SK-MES-1 cells, were seeded into the 16× E-plates, and cell proliferation was monitored hourly. Once the cells
reached the exponential growth phase, approximately 24 h later when the cell index increased to 1, they were treated with a quartz particle suspension
at different concentrations as indicated. The control here indicates cells without quartz treatment. The cytotoxic response was then monitored
dynamically. Figures A (A549) and B (SK-MES-1) show the RT-CES response curves; the time-point zero indicates the time when the quartz particle
suspension was added into the E-plate. Figures C (A549) and D (SK-MES-1) show the dose response analysis of quartz-induced cytotoxicity.
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are useful for comparison. These results show that SK-MES-
1 cells are more sensitive than A549 cells to quartz particles.
SK-MES-1 is a non-small lung cancer cell line while A549 is
a lung carcinoma cell line. The difference of the two cell lines
in response to particles or environmental contaminants has not
been reported. Our results demonstrate that SK-MES-1 cells
may serve as a more sensitive cell mode for screening the toxicity
of particles.

To confirm the toxicity of quartz particles on the cells,
we used scanning electron microscopy to examine the quartz
particle-induced morphological changes in A549 and SK-MES-
1 cells after treatment with 0.2 and 0.1 mg mL−1 quartz
particles, respectively. Fig. 3 shows the representative SEM
results obtained at 8 and 24 h after treatment that show the
distinct morphological changes on the A549 and SK-MES-1
cells. The SK-MES-1 cells started rounding up and shrinking
in size at 8 h after quartz exposure and their size dwindled
to 5 lm after 24 h compared to the size of the control cells,
around 30 lm (Fig. 3A, 3B, 3C). The morphological change of
the A549 cells was not as prominent as that of the SK-MES-
1 cells (Fig. 3D, 3E, 3F). The A549 cells still retained their
polyangular shape, and there was no obvious change in their
size. However, cellular damage was observed, including the loss
of normal microvilli on the surface and small lesions on the
cells. Their well-maintained morphology allows the A549 cells
to keep attaching to the electrodes and thus generate higher
impedance. However, the degree of attachment of the SK-MES-
1 cells decreased as they rounded up and shrank in size, and thus
the cell index dropped more rapidly. The morphological changes
at least partly explained the differences in the response curves
measured by the RT-CES method.

Fig. 3 Morphological changes observed by scanning electron mi-
croscopy. A549 and SK-MES-1 cells were treated with 0.2 and 0.1 mg
mL−1 quartz, respectively; the morphological changes were detected
after 8 and 24 h of exposure. The top panels show the morphological
changes of SK-MES-1 cells after quartz treatment: (A) control; (B) 8 h;
(C) 24 h. The bottom panels demonstrate the changes of A549 cells: (D)
control; (E) 8 h; (F) 24 h.

To confirm that the changes in the cell index detected by RT-
CES (Fig. 2) are also associated with the changes in the number
of live cells, we used flow cytometry to determine the percentage
of apoptotic cells resulting from the quartz particle treatment.
At 24 h after treatment with 0.2 and 0.4 mg mL−1 of quartz

particles, the percentages of apoptotic cells in the treated SK-
MES-1 cells increased to 35 and 89%, respectively, compared
with 0.3% of apoptotic cells in the SK-MES-1 controls. Only
7 and 30% of treated A549 cells became apoptotic compared
with 0.3% of A549 controls. The fact that quartz particles cause
larger numbers of apoptotic SK-MES-1 cells than A549 cells
is consistent with the RT-CES data that the cell index of SK-
MES-1 cells reduced to near 0, whereas the cell index of the A549
cells reached a plateau after the same quartz treatment for up
to 72 h after treatment. Cell index is an overall measure of cell
attachment to the microelectrodes, which is dependent on the
cell number and cell morphology. Both the flow cytometry (cell
number) and SEM (morphology) data are consistent with the
cell index results obtained from the RT-CES method, to monitor
cell-specific toxicity resulting from particle treatment.

The results from the RT-CES, flow cytometry, and SEM
demonstrate that SK-MES-1 cells are more sensitive to quartz
particle treatment, and thus the following experiments were
carried out with this cell line. SK-MES-1 cells were used to
evaluate and compare the IC50 obtained from the RT-CES
method and the standard acid phosphatase (AP) assay. IC50

values (n = 3) obtained by the RT-CES method (0.06 ± 0.01 mg
mL−1) were consistent with the values obtained by the AP assay
(0.08 ± 0.03 mg mL−1) using SK-MES-1 cells. The RT-CES
method showed less variation compared to the AP tests, evident
from the lower relative standard deviation of the RT-CES results
(17%) compared to the AP assay results (37%). In addition, the
interference of quartz particles on RT-CES measurements was
also examined. As shown in Fig. S2 (ESI†), no interference
was generated by quartz particles alone, without cells, when
the RT-CES system was used, whereas AP tests show that the
signal intensity of the particles is concentration-dependent with
a correlation coefficient of 0.73 in the concentration range tested
(0.05–0.6 mg mL−1). At higher concentrations, the particles may
interfere with the AP test.

The RT-CES technique was further used to test the cytotox-
icity of particulate matter (PM): four types of particles, Q66,
Q70, SRM 1649a, and SRM 2975, were tested on SK-MES-1
cells. Q66 and Q70 are quartz particles of different sizes. SRM
1649a is a standard reference material for urban dust mixture
that contains at least 120 chemicals, including 44 or more pol-
yaromatic hydrocarbons (PAHs), 29 polychlorobiphenyl (PCB)
congeners, chlorinated pesticides, and inorganic constituents.20

SRM 2975 is a standard reference material for diesel exhaust
particles (DEP). DEP are generated by the use of diesel engines
in various industries, and form a major component of PM in
many urban environment and occupational settings. DEP size
is generally between fine and ultrafine PM upon emission into
the atmosphere, i.e. <2.5 lm.21 These fine particles can remain
in the air for a relatively long time and are associated with lung
diseases and adverse health effects.20 After 10 000 SK-MES-1
cells were seeded into individual microwells of the E-plates, the
cell growth was continuously monitored. When the cell growth
reached the cell index 1 (at 24 h after seeding), the cells were
treated with different concentrations of the PM suspensions.
The four types of particles inhibited the cell growth in a dose-
dependent manner (data not shown), from which the IC50 values
were calculated. Fig. 4 shows the IC50 values of the four types
of PM to SK-MES-1 cells at 24, 36, and 48 h after exposure.
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Fig. 4 IC50 values of four types of particulate matter after exposure for
24, 36, and 48 h.

The IC50 values show the relative toxicity in SK-MES-1 cells
as SRM 2975 > SRM 1649a > Q66 > Q70. The IC50 of diesel
exhaust particle SRM 2975 is approximately eight times lower
than that of quartz particles (Q70). Both SRM 1649a and SRM
2975 induce higher cytotoxicity than the simple quartz particles,
suggesting that chemicals in the PM may be responsible. The
successful detection of the cytotoxicity of SRMs demonstrates
the potential application of this technique for the biomonitoring
of air quality.

In summary, the RT-CES method based on electrical
impedance measurement can provide real-time assessment of
the cytotoxic activity induced by particulate matter without
interference from the insoluble particles. The fully automated
measurement without any labeling materials and reagents is
potentially useful for large scale screening of particle-induced
cytotoxicity. This provides a unique approach for biomonitoring
of air quality as demonstrated by the SRM testing results.
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