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Abstract OBJECTIVES: Determination of cell numbers is a crucial step in studies focused on 
cytokinetics and cell toxicity. The impedance-based analysis employing electronic 
sensor array system xCELLigence System allowing label-free dynamic monitor-
ing of relative viable adherent cell amounts was compared with the most utilized 
methods for relative quantification of viable cell numbers based on a determina-
tion of cellular metabolism. 
DESIGN: Colorimetric assay based on reduction of tetrazolium salt (MTT) by 
mitochondrial enzymes and chemiluminiscent assay based on intracellular 
adenosine triphosphate (ATP) determination were compared with the impedance-
based system. Cell morphology was compared by microscopic evaluation. Normal 
human epidermal keratinocytes (NHEK) and normal human dermal fibroblasts 
(NHDF), together with 3T3 mouse fibroblast and HaCaT keratinocyte cell lines 
were employed. 
RESULTS: The progress of cell growth curves obtained by different methods dur-
ing 72 hours reflected cell type and cell seeding densities. The impedance-based 
method was found to be applicable for the determination of the cell proliferation 
of 3T3 fibroblasts, HaCaT and NHDF, since the comparison of this method with 
ATP and MTT determinations showed a comparable results. In contrast, the pro-
liferation of NHEK measured by the impedance-based method did not correlate 
with other methodological approaches. This could be accounted to the specific 
morphological appearance of these cells. 
CONCLUSION: The study shows the impedance-based detection of viable adherent 
cells is a valuable approach for cytokinetics and pharmacological studies. How-
ever, the specific morphological characteristics of cell lines have to be considered 
employing this method for determination of cell proliferation without using other 
reference methods. 
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Abbreviations & units
ATP adenosine triphosphate
DAPI 4’,6-diamidino-2-phenylindole
DMEM Dulbecco’s modified Eagle’s medium
DMSO dimethyl sulfoxide
FBS fetal bovine serum
MTT methyl thiazolyl tetrazolium
NHEK normal human epidermal keratinocytes
NHDF normal human dermal fibroblasts
PBS phosphate buffered saline
SEM standard error mean

INTRODUCTION

Currently, the commonly used cell viability assays are: 
the direct counting of live cells, the quantification of 
esterase activity, the total nucleic acid mass, the total 
protein mass, and the cell metabolism (Dong et al. 2007; 
Horvathova et al. 2008; Lojek et al. 2008). Methods based 
on the determination of cell metabolism include: the 
quantification of intracellular adenosine triphosphate 
(ATP), and the reduction of tetrazolium salts (MTT) to 
formazan in viable cells. Both of these methodological 
approaches mirror the amount of active mitochondria 
(Goodwin et al. 1995). The MTT method reflects the 
activity of mitochondrial dehydrogenases; on the other 
side, the amount of intracellular ATP directly corre-
sponds to the level of ATP formation in these organelles. 
Both the colorimetric determination of formazan dyes 
and the luminiscence determination of ATP employing 
luciferase provide robust, widely used assays suitable for 
high-throughput screening (Crouch et al. 1993; Petty et 
al. 1995).

However, these methods based on metabolic activity 
analysis are incompatible with experimental treatments 
that are directly modulating cellular metabolism, mito-
chondrial activity, or mitochondria intracellular mass. 
Further, it has been described that some substances, 
predominantly redox active compounds, directly react 
with formazan dyes, bringing misleading information 
on cell viability (Elisia et al. 2008). For these reasons, 
cell viability estimation by MTT and/or ATP based 
methods is limited, and other approaches are required. 

Nowadays, analysis of cell proliferation in a real-time 
manner could be performed using commercially avail-
able impedance-based systems including xCELLigence 
System (Roche Applied Science, Switzerland). This assay 
engages an electrical impedance cell sensor technology 
to measure the level of impedance on the surface of the 
cell culture plate/well, which corresponds to the extent 
of the cell-covered area. This label-free method offers a 
non-invasive approach to the monitoring of cell adhe-
sion, proliferation as well as the role of surface mole-
cules, and the influence of chemicals on the mentioned 
cell processes (Otto et al. 2003; Spegel et al. 2008; Xi et 
al. 2008). The advantages of label-free detection include 
a simple homogeneous assay format, the possibility of 
reuse of applied cells, less interference with normal cell 
function, kinetic measurement, and a reduced time for 

assay development. This method, by its nature, depends 
on the extent of area over which cells are spread, and 
thus also reflects the morphological properties of 
cells. Accordingly, any modulation of cell morphology 
induced by physiological conditions such as an increase 
of cell-to-cell contact, confluence status, or modulation 
of cell morphology by different chemicals as applied in 
pharmacology or toxicology would affect the measured 
impedance signal (Spegel et al. 2008). However, there is 
little awareness that applying impedance-based deter-
mination in pharmacological and toxicological studies 
for cell proliferation would be strongly dependent on 
cell type, due to different morphological properties. 

In this study, metabolism-based methods of relative 
cell viability determination have been compared with 
the impedance-based methodological approach in two 
types of primary culture skin cells and two correspond-
ing immortalized lines.

MATERIALS AND METHODS 

Cell lines. Spontaneously immortalized human kerati-
nocyte cell line HaCaT (a kind gift from Prof. Dr. N. 
Fusenig, Deutsches Krebsforschungszentrum, Hei-
delberg, Germany) was grown in Dulbecco’s modified 
Eagle’s medium-low glucose (DMEM) (Sigma-Aldrich, 
USA) supplemented with 10% fetal bovine serum (FBS) 
(Invitrogen, USA), glutamine (0.3 mg ml–1) (Sigma-
Aldrich) and gentamicin (50 μg ml–1) (Invitrogen) in 
5.0% CO2 at 37°C in 75 cm2 culture flask (TPP, Swit-
zerland). Swiss albino mouse fibroblasts 3T3 (Deutsche 
Sammlung von Mikroorganismen und Zellkulturen, 
Germany, DSMZ No. ACC 173) were grown in DMEM 
supplemented with 10% FBS, glutamine (0.3 mg ml–1), 
penicillin (100 U ml–1) (Sigma-Aldrich) and strep-
tomycin (0.1 mg ml–1) (Sigma-Aldrich) in 5.0% CO2 
at 37°C in 75 cm2 culture flask as recommended by 
the supplier. Normal human epidermal keratinocytes 
(NHEK) were isolated from facial skin removed during 
cosmetic plastic surgery, under the informed consent of 
the donor. NHEK cultures were prepared as described 
previously (Rheinwald & Green, 1975). NHEK were 
cultivated in DMEM (PAN-Biotech GmbH, Germany) 
and F-12 Nutrient mixture (Invitrogen) supplemented 
with 10% FBS, hydrocortisone (0.35 μg ml–1), adenine 
(0.031 mg ml–1), cholera toxin (0.85 ng ml–1), EGF 
(epidermal growth factor) (1.0 ng ml–1), insulin (5 μg 
ml–1), apotransferrin (2.5 μg ml–1) and 3,3,5-tri-iodo-
L-thyronine (0.7 ng ml–1) (all from Sigma-Aldrich) and 
antibiotic mixture (penicillin 20 U ml–1, streptomycin 
20 μg ml–1, amphotericin B 0.05 μg ml–1) (Invitrogen). 
NHEK were cultivated until 70–90% confluence and 
then sub-cultivated and grown in 7.5% CO2 at 37°C in 
75 cm2 culture flasks. (Frankova et al. 2006; Ruszova et 
al. 2008). Normal human dermal fibroblasts (NHDF) 
were also isolated from facial skin removed during 
cosmetic plastic surgery. NHDF were obtained from 
dermis by migration or digestion methods (Meske et al. 
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2005). NHDF were cultured in DMEM supplemented 
with 10% FBS, glutamine (0.3 mg ml–1), glucose (4 mg 
ml–1) (Lach-Ner, Czech Republic), penicillin (100 U 
ml–1) and streptomycin (0.1 mg ml–1) in 7.5% CO2 at 
37°C in 75 cm2 culture flasks. Primary cell lines were 
cultured till 2nd–3rd passage. Cells were seeded on 
96 well test plates (TPP) for MTT and ATP, or on 96 
well E-plates (Roche Applied Science, Switzerland) for 
impedance in the volume of 200 ul. The seeding cell 
density was 5 000–30 000 cells cm–2. All samples were 
seeded in triplicates, and blank samples were included. 
The cells were let to adhere overnight, and the cell via-
bility assays were carried out at different time-points. 
The experiments were repeated at least three times in 
their entireties. 

Colorimetric assay (MTT). The MTT assay was 
carried out according to manufacturer instructions 
(Sigma-Aldrich). Briefly, 20 ul of MTT work solution 
(5 mg ml–1) was added to each well and incubated at 
37°C, 7.5 % CO2 for 2 hours. The medium was removed 
and the cells were lysed in 220 μl of lysis solution (iso-
propylalcohol : DMSO 1:1, Triton-X, HCl) for 30 min. 
The optical density was measured every 24 hours at 570 
nm using a Versa Max Microplate Reader (Molecular 
Devices, Sunnyvale, CA, USA) and corrected by the 
690 nm reference wavelength. 

Chemiluminiscent assay (ATP). The culture medium 
was replaced with 100 μl media with 20 μl of CellTiter-
Glo® reagent (Promega, USA) and shaken for 30 minu-
tes. Afterwards, cell lysate was let stand for 5 minute to 
equilibrate the luminiscence signal. 100 μl of cell lysate 
was placed onto a black 96well test plate (NUNC, Den-
mark), and the luminiscence signal was measured every 

24 hours by a Fluorescent reader INFINITE M200 
(Tecan Group Ltd., Switzerland).

Impedance-based assay. Impedance analyses were 
carried out using the xCELLigence System (Roche 
Applied Science) in E-Plates 96 (Roche Applied Sci-
ence), according to the manufacturer’s instructions. 
Briefly, the background signal of culture medium was 
set up in E-plate, firstly. The cells were seeded into 
E-plate in 200 μl culture medium and signal was meas-
ured every 3 minutes for 72 hours, immediately after 
the seeding. 

Cell culture staining. Cells were seeded in concentra-
tion 10 000 and 20 000 cells per cm2 into 2 cm2 wells 
and cultured for 72 hours. Cells were washed with phos-
phate buffered saline (PBS), fixed in 2.5% formaldehyde 
in PBS for 5 minutes, washed with PBS, and permeabi-
lized by methanol. Cells were washed and F-actin and 
cell nuclei were stained with fluorescein-labelled phal-
loidin (20 μg ml–1) and DAPI (0.1 μg ml–1) in PBS (both 
from Sigma-Aldrich) at 4°C for 1 h, respectively. Cells 
were washed twice with PBS, mounted, F-actin and cell 
nuclei were visualised using a fluorescent microscope 
(Olympus IX-70, Fluoview II CCD camera), and cell 
morphology was documented on the same microscope 
by phase-contrast.

Statistical analysis. At least three independent repeats 
were performed for each experimental setup. All data 
are reported as means ± standard error of mean (SEM). 
Pearson’s correlation coefficients were calculated for 
detected signal, cell seeding density, and time period of 
cell cultivation (Microsoft Office Excel 2003). 

Table 1. The Pearson’s correlation coefficients describing the correlation of signal value and the time course. The mean values of 
Pearson’s coefficient obtained in three independent experimental repeats are shown, supplied with SEM. 

HaCaT NHEK

cells cm2 MTT ATP Imp MTT ATP Imp

5 000 0.89 ± 0.09 0.96 ± 0.01 0.98 ± 0.00 0.55 ± 0.42 0.95 ± 0.01 –0.24 ± 0.12

10 000 0.99 ± 0.01 0.93 ± 0.06 0.99 ± 0.01 0.60 ± 0.39 0.90 ± 0.06 –0.30 ± 0.31

15 000 0.88 ± 0.10 0.99 ± 0.01 0.93 ± 0.06 0.39 ± 0.58 0.84 ± 0.08 0.07 ± 0.42

20 000 0.97 ± 0.02 0.96 ± 0.01 0.88 ± 0.11 0.43 ± 0.55 0.51 ± 0.41 –0.37 ± 0.18

25 000 0.95 ± 0.03 0.84 ± 0.08 0.65 ± 0.22 0.44 ± 0.55 0.80 ± 0.12 –0.27 ± 0.34

30 000 0.75 ± 0.13 0.87 ± 0.08 0.69 ± 0.23 0.63 ± 0.25 0.99 ± 0.00 –0.05 ± 0.14

3T3 NHDF
cells cm2 MTT ATP Imp MTT ATP Imp

5 000 0.77 ± 0.21 0.90 ± 0.03 •0.30 ± 0.58 0.96 ± 0.01 0.94 ± 0.04 0.96 ± 0.01

10 000 0.92 ± 0.04 0.96 ± 0.03 0.91 ± 0.06 0.83 ± 0.17 0.89 ± 0.04 0.98 ± 0.00

15 000 0.79 ± 0.19 0.93 ± 0.02 0.99 ± 0.01 0.98 ± 0.46 0.95 ± 0.03 1.00 ± 0.00

20 000 0.86 ± 0.01 0.96 ± 0.03 0.95 ± 0.00 0.99 ± 0.00 0.95 ± 0.02 1.00 ± 0.00

25 000 0.85 ± 0.01 0.94 ± 0.01 0.95 ± 0.01 0.90 ± 0.05 0.93 ± 0.04 1.00 ± 0.00

30 000 – – 1 00 ± 0.00 0.90 ± 0.09 0.99 ± 0.00 0.99 ± 0.00
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RESULTS

The methodological approach based on impedance 
measurement was compared with the measurement of 
intracellular ATP and formazan reduction for determi-
nation of proliferation of fibroblasts and keratinocytes 
in concentration range 5 000 – 30 000 cells per cm2 over 
a period of 72 h. Each cell type revealed its own curve 
shape, which was dependent on cell characteristics, 
seeding density, and a particular method (Fig. 1). The 
shape of curves obtained from the determination of cell 
proliferation by the impedance-based method showed 
an increasing trend for all cell types, except for kera-
tinocytes, in which case even a slight decrease in the 
detected signal was observed.

To further describe a linear relation between the rela-
tive signal obtained from each method and the number 
of seeded cells, Pearson’s correlation coefficients were 

determined for each cell type and method. There was 
a very good correlation in most sample sets. The high-
est coefficients were obtained at 24 hours after seeding 
(all correlation coefficients were over 0.91). At 48 and 
72 hours after seeding, slightly lower coefficients were 
obtained (all correlation coefficients were over 0.88 and 
0.75, respectively).

The correlation of the value of signal and the time 
course (24, 48, 72 hours) was expressed using the 
Pearson’s correlation coefficient. The coefficients were 
determined for all seeding densities, methods and cell 
types (Table 1). All coefficients for NHDF were very 
high for all seeding densities and methods. The correla-
tion coefficients for the HaCaT cell line were very high 
till 20 000 cells/cm2. Both cell types displayed linear 
progress over time. In the case of 3T3 fibroblasts, there 
was a satisfactory correlation between the values in all 
data sets, with an exception of the impedance-based 

Figure 1. Growth curves of 
four cell types measured by 
three methods – formazan 
detection, ATP detection, and the 
impedance-based method. The 
cells were seeded at densities 
5 000–30 000 cells/cm2 and 
left to adhere overnight; the 
examinations were carried out 
24 hours after seeding and in 
the following 24-hour intervals. 
Curves represent the means of 
values of detected signal done 
from three independent repeats. 
(OD = optical density,  
RLU = relative luminiscence units, 
CI = cell index)
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method at the lowest seeding density. Interestingly, the 
impedance-based method completely failed to mirror 
the proliferation of NHEK over time. In comparison, 
the ATP values reflected the linear progress at the most 
seeding densities, and the MTT correlation coefficients 
show a low degree of linearity in MTT values over the 
incubation time. 

To clarify the discrepancy between the metabolic 
activity of NHEK and the impedance measurements, 
morphological differences among cell lines and mor-
phological changes during cell proliferation from the 
time of seeding up to the confluent layer of cells was 
evaluated using phase contrast microscopy and phalloi-

din labelling of the actin cytoskeleton. Morphological 
analysis showed that 3T3 (Fig. 2a) and NHDF (Fig. 2c, 
e) cells grow in a circle or spindle shape, respectively, 
and form a regular cell monolayer. A similar situation 
can be seen with the HaCaT cell line (Fig. 2b), which 
grows in a coble-stone shape and gives rise to one flat 
layer of tightly connected cells. In contrast, NHEK are of 
a polygonal shape; and, with increased confluence, they 
grow irregularly, with significant overlapping within 
proximal cells and together with the uncovered spaces 
that appear between cells. In later stages of growth, the 
cells are distributed in patches, and tend to grow over 
each other (Fig. 2d, f).

Figure 2. Phase contrast (a-d) and phalloidin/DAPI (e, f ) pictures of 3T3 (a), NHDF (c, e), HaCaT (b) and NHEK (d, f ) after 72-hour 
cultivation are shown. Both types of fibroblasts and HaCaT cell line cover the plate surface as a monolayer, whereas NHEK 
tend to overlap each other and create gaps in the cell layer (original magnification 10x).
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DISCUSSION

The impedance-based method for assessment of cell 
proliferation was shown to be comparable with other 
methods based on determination of cell metabolism in 
both fibroblast primary culture (NHDF) and cell line 
(3T3) and immortalized human keratinocytes HaCaT. 
On the other side, NHEK proliferation monitored by 
metabolic activity and by impedance did not signifi-
cantly associate. Cell morphology analysis of NHEK 
showed that this phenomenon could reside in the dif-
ferent growth patterns of these cells. 

The assessment of cell proliferation by the impedance 
method is applicable to adherent cells and the method 
is based on the assumptions that current flows radially 
through the growth surface (the plastic plate with elec-
trode surface) between cells and through the junctions 
between adjacent cells (Bik et al. 2008; Giaever & Keese 
1991; Heiskanen et al. 2008; Ye et al. 2003). Previously, 
a high correlation between impedance-based determi-
nation of viable adherent cells and MTT determina-
tion was described in macrophages (Zhu et al. 2006), 
3T3 fibroblasts (Ceriotti et al. 2007; Xing et al. 2005), 
Chinese hamster ovarian cells K1 (Xing et al. 2005), 
H1080 human fibrosarcoma cell line (Atienza et al. 
2006), and H460 adenocarcinoma cell line (Atienza et 
al. 2006). However, these experiments mostly focused 
on short-term tests up to 24 h and were designed for 
cytotoxic studies that did not follow an increase of 
impedance, but rather a decrease of impedance based 
on cell dying (Ceriotti et al. 2007; Kirstein et al. 2006; 
Xi et al. 2008; Xing et al. 2005). Interestingly, in some 
cases these authors even observed a transient increase 
of cell impedance after the addition of highly toxic 
compounds, which did not mirror an increase of cell 
numbers but a transient change in cell morphology, as 
was shown by the evaluation of cell morphology (Xing 
et al. 2005). No other systematic comparison of the 
impedance-based determination of cell proliferation 
with conventional metabolic-based assays has ever been 
conducted. This study has shown that these methods 
provide comparable results in longer time periods, up 
to 72 hours for most cell types.

As was suggested previously, each cell type has 
its own unique signature pattern of attachment and 
growth, as demonstrated by the kinetic trace of the 
cell index curves as observed by the impedance-based 
technique (Xing et al. 2005). The characteristics of the 
trace are determined by the number of cells seeded, the 
overall size and morphology of the cells, and the degree 
to which the cells interact with the sensor surface 
(Atienza et al. 2006; Bik et al. 2008). In this study, the 
metabolic assays did not accord with impedance-based 
method when employing NHEK. The impedance-based 
method assumes that the current density between the 
growth surface and the cells does not change in the 
vertical direction and the height of the space between 
the electrode and the lower cell membrane (Heiskanen 

et al. 2008). These factors are generally dependent on 
changes in cellular morphology as well as interaction 
between the growth substrate and the cells. Both fibro-
blast cell lines and HaCaT evenly covered the surface of 
the cell culture plate from single cells to confluent cell 
layer. The cellular shape and the array of the particu-
lar cell cover did not significantly change from single 
cell stage to confluent layer. In contrast, NHEK grew 
over each other with uneven morphology forming both 
short and long membrane protrusive structures that 
attach the cell culture plate. Thus, we could speculate 
that the discrepancy between the impedance signal and 
cell metabolism, together with the visually increasing 
number of cells during the incubation period, was due 
to the irregular grown pattern of NHEK. This assump-
tion is supported by authors who applied an imped-
ance-based method for determination of transient and 
permanent changes in cell morphology (Atienza et al. 
2006; Bik et al. 2008; Heiskanen et al. 2008; Reddy et al. 
1998; Xing et al. 2005). Recently, for their cell imped-
ance applications, most of the authors predominantly 
employed cells that show good adherence to the growth 
surface and form tight junctions to the adjacent cells, 
e.g., fibroblasts, making them an appropriate model 
for applications relying on impedance measurements 
(Heiskanen et al. 2008). However, cells that are poorly 
adherent give a low response in impedance measure-
ments, which complicates long-term monitoring of 
proliferation, as was reported of poorly adherent cells 
PC-12 (Slaughter et al. 2004). Our data further support 
the notion that the application of the impedance-based 
method to access cell proliferation is also problematic 
in cell lines which do not form a regular single cell layer 
over the culture wells. 

The impedance-based method was found to be appli-
cable for determination of cell proliferation in fibroblast 
cell lines and HaCaT cell line over a wide range of cell 
concentrations. However, our data suggest that the 
impedance-based method is not suitable for the deter-
mination of the cell proliferation of cells with uneven 
cellular growth morphological patterns, particularly 
NHEK. The use of the impedance-based method for 
high throughput screening in drug discovery should 
be preceded by a careful evaluation of cell morphology, 
especially in long-term experiments. A valuable appli-
cation of this method could lie in toxicology research 
employing compounds that react with MTT and bring 
artificial results. 
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