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Real-time cell analysis (RTCA) is a technique based on impedance and microsensor electrodes. RTCA system
allows label-free, real-time, and continuous monitoring of cell adhesion, morphology, and rate of cell pro-
liferation. The system offers a wide range of applications, mainly in toxicological studies, new drug screening,
and microbiology. Here, we describe the usefulness of the system in different applications and compare this
technology with conventional endpoint assays based on tetrazolium salts. We present advantages and dis-

advantages of the system and endpoint methods and their limitations in cytotoxicity investigations.

1. Introduction

Real-time cell analyzer (RTCA) is a system that is based on elec-
tronic detection of biological processes. This system was used for the
first time in 2008 as a more modern technique to real-time cell elec-
tronic sensing (RT-CES) system. Both systems allow label-free, real-
time, and continuous monitoring of cellular adhesion, proliferation,
growth, and morphology states [1]. The prototype of these chip-based
techniques was an electrical biosensor — electrical cell-substrate im-
pedance sensing (ECIS) system described by Giaever and Keese [2]. This
device was equipped with small gold electrodes lying on the bottom of
culture vessels. Similarly, today’s devices are also equipped with mi-
croelectrodes that cover the area of culture wells in plates of the sys-
tems. The passage of electrons and ions on sensor surfaces is affected by
changes in properties of cells or molecules. In other words, electronic
impedance of these sensor electrodes allows detecting the attachment of
the cells on wells’ bottom and monitors their spreading at a particular
time, expressed as the cell index (CI) value. This value is defined as (Z; —
Zo ©)/15 Q, where Z, is the background impedance of the well mea-
sured with medium alone and Zi is the impedance of the well measured
at any time (t) with cells present. Thus, the CI is a reflection of overall
cell number, adhesion quality, and cell morphology, which can change
as a function of time [1]. Data are produced and collected during the
whole time of running the protocol, and hence there is a possibility of
assessing the effect of a tested compound on cells at any time of the
experiment (Fig. 1).

The system generates proliferation profiles in one single experiment
and enables to obtain IC50/ECso values. In a study of new anticancer

compounds, their profiles and data may be compared with profiles of
well-known drugs, which trigger different cellular reactions [3-5]. This
is useful in the selection of further methods for estimating compound
action and helps to better understand mechanisms of toxicity as well as
supports the selection of the best compound candidates in early drug
development before entering animal testing [3].

Real-time and impedance technology offers a wide range of appli-
cations due to the availability of different kinds of RTCA systems. The
basic system is called RTCA xCELLigence that uses 16-, 96-, or 384-well
electronic microtiter plates. A version of the system — RTCA DP (dual
purpose) analyzer — is used for measuring the kinetics of cell invasion
and migration with electrically integrated Boyden chamber (CIM-Plate
16). One of a modern and the latest type of RTCA is RTCA iCELLigence
instrument that is placed in a cell culture incubator, which transmits
data wirelessly to control unit (iPad). The well sizes in plates of this
system are larger than those in plates of xCELLigence analyzer, which
enables the use of cells for complementary assays such as sequencing
analyses, flow cytometry, western blotting, and imaging. The applica-
tion of this system is similar to xCELLigence RTCA, and both systems
are used in cell proliferation and differentiation study, cell- and com-
pound-mediated cytotoxicity, receptor-mediated signaling, and quality
control of cells [6]. Another version of the real-time system is xCELLi-
gence RTCA Cardio that monitors cardiomyocyte contractility and
viability in the presence of different drugs. This system enables the
evaluation of cardiotoxicity for clinical safety and it is often used in
research areas such as oncology drugs with short- and long-term toxi-
city, arrhythmia, and hypertrophy [7-9].
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The real-time cell analysis system has been already applied for
several purposes and used in many experimental studies such as mi-
crobiological research [10-12], plant metabolites study [13,14], en-
vironmental toxicity [15,16], cellular function [1], and investigations
of new potential anticancer drugs [17,18].

2.1. Plant extract and metabolites studies

Natural plant compounds are nowadays in focus of anticancer in-
vestigations due to the increasing interest on herbals as important
agents in cancer treatment. Therefore, in this field RTCA system has
been widely used both in study of whole plant extracts and isolated
active compounds. Wang et al. explored the effect of soybean (Glycine
max), a source of essential amino acids and flavonoids, on human breast
cancer cell lines (MCF-7 and MDA-MB-231). The growth rate of the
cells, measured by xCELLigence real-time cell analysis, was sig-
nificantly inhibited in a dose-dependent manner [19]. Kayacan et al.
used the xCELLigence system and studied the cytotoxic effect of me-
thanol extract of Centaurea nerimaniae on human cervical cancer HeLa
and MDA-MB-231 cells [20]. Harati et al. applied this system in the
assessment of proliferation and viability of soft-tissue sarcoma cell lines
after treatment with Viscum album extract. The results showed that this
extract reduced viability of most of the tested cell lines [21].

The impedance technology has also been used in cytotoxicity studies
of different plant metabolites. Many of them are focused on compounds
from groups of glycosides (flavonoids, saponins, and alkaloids), which
are widely distributed in plants.

Flavonoids are a large family of polyphenolic plant compounds.
Quercetin, a well-known flavonoid, was studied in nasopharyngeal
carcinoma cells. The results showed that this compound inhibited
proliferation of the cells and also displayed synergistic effects on the
cells in combination with cisplatin [22]. Braicu and Gherman in-
vestigated the antiproliferative effect of epigallocatechin gallate, a
compound from subclass of flavan-3-ols, on triple-negative breast
cancer cells Hs 578T. The results obtained by the RTCA analyzer that
indicated reduction of cell proliferation were confirmed by 3-(4,5-
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test [17,23]. Apigenin and luteolin from flavones have antioxidant and
antitumor effects. The activity of these compounds on cells was assessed
in the breast cell line MCF-7 cultured in plates of the RTCA system to
perform cell migration analysis [24]. Cardamonin — a compound from
another subclass of flavonoids — chalcone was assessed for cardiotoxi-
city on cardiomyocytes. The results indicated that this compound did
not inhibit contraction of the cells [13]. The flavonoid icariside II,
isolated from Herba Epimedii, was incubated with melanoma cell lines
(A375 and SK-MEL-5) and exhibited inhibitory effect on proliferation of
these cells in a dose- and time-dependent manner [14].

Saponins have been also tested on cells in vitro by using the RTCA
system, with estimation of their inhibition of cell proliferation and
cytotoxic properties. In a study with two steroidal saponins isolated
from Paris quadrifolia, strong cytotoxic activity was observed in HeLa
cells [25]. Furthermore, RTCA proliferation profiles were useful in
preliminary assessment of mechanisms of these compounds’ action in
the cells. Ginsenoside (Rg1), a type of triterpene saponin and one of the
active compounds in Panax ginseng, was tested in mouse cultured as-
trocytes in vitro. The results revealed that Rgl was non-cytotoxic to
astrocytes and also inhibited H,O,-induced apoptosis in the cells [26].

Next, from a group of alkaloids, chelidonine and homochelidonine
from Chelidonium majus were tested in human lung adenocarcinoma
A549 cells. The RTCA system was used to monitor cell adhesion, pro-
liferation, and cytotoxicity after treatment with the metabolites. Both
compounds showed antiproliferative activity; however, chelidonine
was more active [27]. Moschamine, a type of an indole alkaloid oc-
curring in Centaurea species, was tested in glioblastoma cell lines. The
xCELLigence system and MTT assay were used for examining the via-
bility and proliferation of the cells after treatment with the alkaloid
[28]. In a study of other compounds, glycoalkaloids from Solanum tu-
berosum (a-chaconine and a-solanine), the RTCA system was used to
monitor growth profile of RL95-2 estrogen receptor-positive human
endometrial cancer cell line. In this study, the system was useful in
estimating optimal cell density and the time for the compound addition
to the cells in the experiment [29]. In another study with the analyzer,
anticancer potential of Amaryllidaceae alkaloids was evaluated by
screening with a panel of 17 different human cell lines. From 22
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alkaloids, three of them (haemanthamine, lycorine and haemanthidine)
exhibited significant cytotoxicity against all the tested lines, with ICsq
values in the micromolar range. Furthermore, the RTCA system in-
dicated that these compounds suppressed cell proliferation after 10 h of
treatment [30]. xCELLigence analyzer was also appropriate for real-
time screening of the effect of alkaloids obtained from Rhizoma Coptidis
in HepG2 cells. In this study, cell growth inhibition and reduction of
cell viability were observed [31]. Similarly, scoulerine, an isoquinoline
alkaloid; a quindoline derivative; and securinine, a Securinega-type al-
kaloid were also tested in cancer cells with the RTCA system [32-37].

Real-time monitoring system is also successfully used in estimation
of herbal effects on non-cancer cells. For example, Kikowska et al. in-
vestigated the effect of callus extract of Chaenomeles japonica on via-
bility, morphology, and proliferation of normal human skin fibroblasts.
The results showed that the extract caused a significant increase in the
proliferation rate of the cells in comparison to control cells, which in-
dicated that this extract may be potentially used as a cosmetic in-
gredient on human skin [38]. In another study, plant extracts from
Syzygium aromaticum, Cinnamomum zeylanicum, and Salvia triloba were
tested in dental pulp stem cells using real-time monitoring [39]. The
investigation revealed that these extracts could be used with bio-
composites in dentistry as a promising osteogenic inducer and anti-in-
flammatory agent.

2.2. Drug screening

The RTCA system has been widely used in the study of both new and
well-known cytostatic and cytotoxic drugs. Caltova and Cervinka de-
termined the effect of selected cytostatics — cisplatin, paclitaxel, car-
boplatin, gemcitabine, topotecan, and etoposide — on the human
ovarian cancer cell line A2780. This line showed different sensitivity
toward the selected cytostatics, and the highest antiproliferative effect
was associated with paclitaxel and topotecan [40]. Paclitaxel and cis-
platin as nanotechnological drugs (nab-paclitaxel and liposomal cis-
platin) were also studied in breast cancer cell lines with RTCA instru-
ment [41]. Atienzar et al. evaluated impedance-based technology in
pharmacology investigations by comparing RTCA profiles of different
drugs such as calcium modulators, antimitotics, DNA damaging and
nuclear receptor agents in human hepatocellular carcinoma (HepG2)
cell line, as well as mouse neuroblastoma, cardiomyocytes and fibro-
blasts [42]. In this kind of study, the RTCA technology appeared to be a
valid tool to assess drug effect on cells and discriminate cytostatic from
cytotoxic activity. Furthermore, the authors highlighted that the RTCA
proliferation profiles should help to better understand mechanisms of
toxicity of tested drugs and select compounds for further in vivo study.

Real-time cell analysis is also used in studies that are based on ex-
ploration of better treatment of cancer diseases and limitation of side
effects of drugs. For example, Kaya et al. tested motesanib, a small
molecule inhibitor of vascular endothelial growth factor receptors that
is administered orally. The xCELLigence system was used for testing
motesanib alone and in combination with the selective DuP-697 COX-2
inhibitor in a human colorectal cancer cell line (HT29). The results
showed that motesanib can be used in the treatment of colorectal tu-
mors, and the combination with the inhibitor raises the possibility of
using lower doses of the drug, therefore minimizing the side effects in
the treatment [43]. Another colorectal carcinoma cell line (HCT116)
was used to study the sensitivity of the cells to the anticancer drugs 5-
fluorouracil and oxaliplatin [44]. In these cells, translationally con-
trolled tumor protein (TCTP), an anti-apoptotic factor, was significantly
overexpressed and the level of the protein increased in response to the
drug treatment. However, when TCTP was knocked down in the cells,
they were more sensitive to the tested drugs.

In the study of side effects of drugs, one of the most common effects
is related with cardiotoxicity. Thus, many investigations have focused
on this issue. Cardiotoxic side effects of drugs such as isoproterenol,
carbachol, terfenadine, sotalol, ouabain, and doxorubicin were assessed
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with impedance technology using xCELLigence RTCA Cardio
Instrument [33,45,34,35]. The system has interdigitated electrodes that
detect the impedance changes of rhythmic contractions of cardiomyo-
cytes [8]. These cells, isolated from pluripotent stem cells, were used in
the study of cardiotoxicity profile of etoposide [9].

RTCA technology has been also applied in the assessment of safety
of drug delivery systems — emulsions, liposomes, and lecithin disper-
sions [46]. This kind of investigation revealed that impedance tech-
nology is a useful tool for monitoring cell viability during treatment
with drug systems, especially that some systems may interfere with
reagents used in conventional assays [47-49].

Another useful application of RTCA system in cytotoxicity screening
of compounds used in human treatment was reported by Urcan et al.
[50]. The authors monitored the proliferation of human gingival fi-
broblasts (HGFs) treated with the most common components of dental
resin materials: bisphenol-A-glycidylmethacrylate (BisGMA), hydro-
xyethylenemethacrylate (HEMA), triethyleneglycoldimethacrylate
(TEGDMA), and urethanedimethacrylate (UDMA). The results indicated
that HEMA was the least toxic among the tested monomers/comono-
mers. The study showed that the impedance system can be used as a
rapid diagnostic tool in cell-based assays.

Most of reported studies with use of RTCA system describe toxicity
tests on traditional immortalized cell lines in vitro. Recently, studies
regarding the efficacy of molecular targeted drugs on tumor organoids
and cells from patients [51,52] have also been described. Patient-de-
rived tumor organoids (PDOs) are a preclinical model of cancer and are
much better than traditional cell culture models due to their greater
similarity to cancer diseases. Takahashi et al. evaluated in vitro different
drugs such as: monoclonal antibodies, an anti-antibody-drug conjugate,
and small-molecule inhibitors using lung PDOs [52]. In this study, the
xCELLigence RTCA system was applied for testing the immune-check-
point inhibitors — nivolumab and pembrolizumab on the lung cells in
the presence or absence of peripheral blood mononuclear cells
(PBMCs). The drugs caused cytolysis of the lung cells and induced death
much stronger in the PBMC-mediated cells. These results showed that
the system was suitable in selecting the most optimal therapy.

Other studies with RTCA system also showed the application of cells
obtained from healthy patients or with cancers. These examples include
malignant melanoma cells [53], patient — derived primary human
breast cancer epithelial cells [54], ovarian cancer cells from a patient
with serous ovarian cancer and endometrioid peritoneal cancer [55],
chondrocytes [56], and mesenchymal stromal/stem cells [57,58]. In
these papers, the impedance system was applied to establish culture
conditions, monitor viability and migration of the cells, epithelial bar-
rier function or cardiomyocyte beating. All these studies also confirm
the usefulness of RTCA technology in a range of applications to patient
samples [51].

2.3. Environmental toxicity investigations

Environmental toxicity studies are increasingly significant and
widely conducted by many laboratories. In these investigations, both
conventional cytotoxicity tests and RTCA technology are used. Leme
et al. tested biodiesel and diesel blends in human T-cell leukemia
(Jurkat) and human hepatocellular carcinoma (HepG2) cells and as-
sessed their hazardous effects (xCELLigence system was used only in the
case of adherent HepG2 line). Cytotoxicity was observed for waters
contaminated with pure diesel and a blend with 5 % of biodiesel [15].
Otero-Gonzalez et al. tested a collection of inorganic nanomaterials in
human bronchial epithelial cells (16HBE140). The data obtained by the
authors from RTCA analyzer were compared with results obtained by
MTT assay [59]. Generally, there was a good correlation in cytotoxicity
results between these two methods, which indicates that the RTCA
technique is useful to rapidly screen nanoparticle (NP) toxicity. How-
ever, the authors observed significant differences in ICso values from
both assays for Al,O; nanoparticles what can be caused by complex
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biological changes in the tested cells with the alumina nanomaterial,
such as: subtle membrane altering effects or membrane depolarization
detected by RTCA system but not by MTT assay [59].

In another study, a bronchial epithelial line and RTCA technology
were used for the evaluation of the toxicity of arsenite (As(IIl)) ad-
sorbed onto cerium dioxide (CeO,) NPs [60]. The results showed that
this adsorbed As diminishes the inhibitory effect of As on the cells in
comparison to As alone in aqueous solution.

In a study of toxic effects of pesticides that are approved as herbi-
cidal products for commercial use, RTCA analyzer and MTT assay were
applied. Three benzonitrile herbicides — bromoxynil, chloroxynil, and
ioxynil — showed strong toxic effect in liver carcinoma HepG2 and
kidney epithelial HEK 293T cells [16]. Furthermore, RTCA was also
useful in evaluation of the toxicity risks of metabolic products formed
by microorganisms from the tested herbicides in the environment.

Another environmental pollutant tested toward toxicity was di-
chlorodiphenyltrichloroethane (DDT) - widely used as an organo-
chlorine pesticide for decades and is still present in environment due to
its long-term persistence and low degradability [61]. The study of this
compound was evaluated with positively and negatively charged na-
nomicelles on mouse fibroblast cells (NIH 3T3). The results obtained by
the label-free real-time analysis clearly indicated that nanomicelles
significantly decreased the toxic effect of DDT on the cells. This effect
could be caused by reducing the amount of the pollutant in the culture
medium due to its interactions with nanomicelles and/or detoxification
during endocytosis of nanomicelle-DDT complexes in the cells [62].
Previous studies about DDT or other compounds and nanoparticles
confirmed that this kind of complexes may change bioavailability and
toxicity of pollutants [63,64]. One of these compounds is bisphenol A
which is an endocrine disruptor. It is used in production of food con-
tainers, plastic bottles and other products useful in daily life. The
compound is an environmental pollutant and is harmful for living or-
ganisms by induction of genotoxic effect - DNA double-strand breaks
[65]. Furthermore, bisphenol A is an antagonist of an androgen re-
ceptor and generally affects male reproduction. The RTCA iCELLigence
system was applied to analyze the effect of this compound on the mouse
Sertoli cell TM4 viability [66]. The proliferation of the cells was in-
hibited after treatment with bisphenol A and this effect was caused by
its anti-androgenic action. Other study performed also on the mouse
cell line showed that a well-known pesticide — cypermethrin inhibited
the proliferation of Sertoli cells and has the anti-androgenic effect [67].

RTCA analyzer was used in the testing of cytotoxicity of di(2-
ethylhexyl)phthalate (DEHP) — a plasticizer and an endocrine disruptor
which cause reproductive or developmental toxicity in humans. The
inhibition effect on human embryonic stem cells (H9-hESCs) pro-
liferation by DEHP was observed [68].

Black phosphorus (BP), which is used in industry, was also in-
vestigated and its toxicity was estimated on mouse fibroblast (NIH
3T3), human colonic epithelial (HCoEpiC), and human embryonic
kidney cells (293T) [33-35]. This study revealed that toxicity of BP is
size-dependent and the compound with the largest thickness and lateral
size has the strongest toxicity. The results provided useful data for safe
environmental and biomedical applications of black phosphorus espe-
cially that it is a promising compound in human cancer therapy.

2.4. Microbiological research

The technology based on impedance is widely used in virological
and bacterial studies. One of these applications is quantitative mea-
surement of infectious viruses that is based on virus-induced cytopathic
effect (CPE). Conventional methods assessing virus replication are
based on endpoint measurements, which are time consuming and do
not provide information on the initiation of CPE. In comparison to these
assays, the RTCA system monitors the changes in the virus propagation
rate during the whole experiment [69]. For example, the system was
used in the analysis of CPE of African swine fever virus [70], human
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enterovirus (HEV71) [71], West Nile virus, and St. Louis encephalitis
virus [72]. Similarly, Piret et al. analyzed CPE of herpes simplex virus
and human cytomegalovirus in Vero cells and human foreskin fibro-
blasts [73]. They also estimated concentrations of different antiviral
drugs (acyclovir, foscarnet, ganciclovir) to reduce the effect of the pa-
thogens in the cells. In other study, chikungunya virus and RTCA were
used in the assessment of inhibitory activity of ribavirin on the pa-
thogen replication [69].

Real-time analysis has also been successfully used in the detection of
bacterial toxins. Jin et al. studied Vibrio cholerae toxin (CT) by mon-
itoring CT-mediated cytotoxicity in four different cell lines — Y-1 mouse
adrenal tumor cells, Chinese hamster ovary, small intestine epithelial
cells, and mouse adrenal gland cells [11]. This study showed that the
RTCA system may be applied for a rapid quantitative detection and
identification of CT in comparison to conventional biochemical and
immunological assays where CT detection is completed only after
bacterial isolation. Similar research was done with Clostridium difficile
[74]. In this study, the RTCA system was used for the detection of the
bacterial toxins from stool.

The selected examples of the system application in toxicological,
pharmacological, environmental and microbiological studies are pre-
sented in Table 1.

3. RTCA system versus endpoint assays
3.1. Introduction

Toxicity endpoint tests are used mainly in the detection of the
biological activity of tested compounds and can be used in different cell
lines. These tests are based on basal or specialized functions of the cells
that are connected with synthesis or release of specific molecules, ac-
tivity of enzymes, alterations of metabolic pathways, or membrane
functions [76]. One of the most common quantitative methods useful in
cytotoxicity studies are tetrazolium reduction assays, which detect vi-
able cells with active metabolism ranging from microbial origin to
mammalian [77,78]. These assays are based on reaction with NADH or
similar reducing molecules that directly or indirectly transfer electrons
to the salts and reduce them to formazan products. Tetrazolium com-
pounds used in the assays include MTT, 5-[3-(carboxymethoxy)
phenyl]-3-(4,5-dimethyl-2-thiazolyl)-2-(4-sulfophenyl)-2H-tetrazolium
inner salt (MTS), sodium 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
[(phenylamino)-carbonyl]-2H-tetrazolium inner salt (XTT), and sodium
5-(2,4-disulfophenyl)-2-(4-iodophenyl)-3-(4-nitrophenyl)-2H-tetra-
zolium inner salt (WST-1) or sodium 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium salt (WST-8). They
are widely popular in histochemistry, cell biology, biochemistry, and
biotechnology academic labs as evidenced by a large number of pub-
lished articles [75,77,79,80].

Endpoint assays are useful in testing both suspended and adherent
cell lines, while the RTCA system is dedicated to adherent cells.
However, Martinez-Serra et al. adapted the methodology based on the
pre-coating of the cell culture surface with specific substrates and
showed the possibility of using the system with leukemia/lymphoma
suspension cells [81]. They also compared the cytotoxicity results ob-
tained in the MTT assay and RTCA and showed that both data were
similar in the two methods.

Protocols with testing of non-adherent cells by RTCA system de-
scribe covering the plates with fibronectin, laminin, collagen or gelatin
[81,82]. Also, selected antibodies may be used to immobilize liquid
cells (e.g. K562, Raji, MEC2 or Daudi) on the plate bottom, what is
recommended by the RTCA manufacturer [83]. The coating substrates
can also be used in experiments with adherent cells to improve their
attachment to RTCA plates [42]. However, coating conditions should be
selected and optimized depending on a cell line due to the fact that they
have influence on cell adhesion and spreading, and eventually on RTCA
results.
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Table 1 (continued)

Refs

Kind of study

Cell line

Example

Category

study on CPE
study on CPE

African green monkey kidney fibroblast-like cells COS-1

human rhabdomyosarcoma (RD) cells

African swine fever virus

Microbiological studies

human enterovirus HEV71

viruses

study on CPE and antiviral activity of drugs

African green monkey kidney (Vero) cells, human fibroblasts

African green monkey kidney (Vero) cells

herpes simplex virus, human cytomegalovirus

chikungunya virus

study on CPE and antiviral activity of ribavirin
monitoring of CT-mediated cytotoxicity

mouse adrenal tumor cells, hamster ovary cells, intestine epithelial

cells, mouse adrenal gland cells
human skin fibroblasts HS27

Vibrio cholera toxin

bacteria

[74]

detection of the bacterial toxins from stool

Clostridium difficile toxins

* Studies showing limitations in the use of RTCA system.
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3.2. Advantages and disadvantages of real-time monitoring of cells and
endpoint tetrazolium salt assays

The endpoint assays are rapid, simple, relatively inexpensive
methods to screen a large number of compounds over a wide range of
concentrations. The results are apparent visually, which is very useful if
rapid qualitative results are required [84]. Despite of these advantages,
there are a lot of problems with the assays. One of the major dis-
advantages is optimization of whole experiment at various time points
to choose the best point for final reading. Many cell lines could pro-
liferate after selecting of too short endpoint time [85]. Additionally,
toxic substances in low concentrations can stimulate cell activity. That
is why in some experiments the value of ICso for a 24-hr incubation
period is totally different from 48-hr incubation. This makes the end-
point-dependent toxicity much less reliable than generally anticipated
[86]. In the tetrazolium salts methods, the obtained results show cy-
totoxicity only in one time point and there is no possibility to see any
cellular changes between time points during an experiment.

The impedance-based technology enables to measure an entire ex-
periment through many time points and creates curves that reflect
cellular proliferation, growth, and morphological changes before and
after adding a compound. The obtained data enable to calculate ICsq as
well as ECgq in every time point of the experiment. This is why the
system is very useful in screening new potential cytotoxic drugs since it
overall shows the effect of a compound on cells in real time [1,3].

For calculating IC50/ECso value, the RTCA software uses the sig-
moidal dose-response equation to apply curve fitting to the experi-
mental data points [5]. A few curve types are generated in the system
and present CI values at a time point/period versus compound con-
centrations (Fig. 2).

While endpoint assays can only provide a single ICso value, the
calculation of the time-dependent ICs is one of the important features
of RTCA, allowing the user to determine and derive the kinetic de-
pendency parameter for compound effectiveness and potency [4]. The
second type of curves generated by the system - the dose response
curves — reflects the dependency of the CI value on the compound
concentration. The choice of the curve type for analyzing data depends
on the type and condition assay such as cytotoxicity, receptor activa-
tion, or cell adhesion.

A significant disadvantage of the tetrazolium salt assays is the fact
that formazan products are sometimes reduced by the chemicals or
materials that are present or generated in the culture media during the
assay. Substances with intrinsic reductive potential reduce tetrazolium
reagent and therefore may give false-positive results [47-49]. One of
well-known compounds interfering with tetrazolium salts are anti-
oxidants. Bruggisser et al. tested selected flavonoids (kaempferol, re-
sveratrol), vitamins (ascorbic acids, vitamin E), and plant extracts
(Hypericum perforatum and Cimicifuga racemosa). They observed that all
these agents led to direct reductive potential in a cell-free system.
Furthermore, when cells treated with kaempferol were washed before
addition of MTT tetrazolium, the reduction of the dye was reduced
significantly [47]. Other authors also showed interactions between
different compounds and tetrazolium salt. Interference has been re-
ported with whole serum and serum proteins [49,87,88], im-
munoglobulin, and heparin [49]. Also, lipids or liposome particles may
interfere with tetrazolium salt and final results may be affected [89].
Thus, it is extremely important to perform a cell-independent chemical
reaction before every experiment with tetrazolium salt and tested
compounds.

Some substances may also inhibit the activities of different enzymes
such as dehydrogenases and therefore it is important to consider what
effect is expected and what cell death mechanism is predicted in these
assays [90]. On the other hand, many non-mitochondrial dehy-
drogenases and flavin oxidases are able to reduce tetrazolium salt
[91,92]. It has been shown that cells with inactivated mitochondria can
also produce the same amount of formazan compared to cells with
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Fig. 2. Calculation of ICs value of vinblastine in HeLa cells based on sigmoidal dose response and area under curve in a time period vs concentration. The presented

results come from the authors own research. R? - the coefficient of determination.

3.0
25 |
. E
B 20 [
=
3 3 40000 cells
O 315 E
2 20000 cells
I E
'TEu 10 E 10000 cells|
5 E 5000 cells
2
05
E 1000 cells
0.0 B R s s sassssssssrsnsrannsnsssoenes 500 cells
E medium without cells
S05E . . o [ S | | PR | | S | P
0.0 7.0 14.0 21.0 28.0 35.0 42.0 49.0

Time (in Hour)

Fig. 3. The RTCA proliferation curves of HeLa cells in different densities. The presented results come from the authors own research.

operative mitochondria [85]. However, for most viable cells, mi-
tochondrial activity is constant and thereby an increase or decrease in
the number of viable cells is linearly related to mitochondrial activity.

In MTT assay, cellular reduction of MTT yields an aqueous insoluble
formazan, with visible crystals contained both in the surrounding
medium and within the cells. For this reason, removal of the culture
medium and addition of a solvent are required to dissolve and disperse
the formazan to generate maximum absorbance [93]. The step of re-
moval of medium should be carried out with care due to risk of dis-
lodging of formazan crystals especially if an aspirator is used. Fur-
thermore, color of the residual medium with phenol red may interfere
with the color of formazan solution and this can also produce false-
positive results. Recently, the latest and more convenient modifications
of MTT test have been described (MTS, XTT, and WST assays). In these
assays, tetrazolium reagents are reduced to generate formazan products
that are directly soluble in cell culture medium, which makes the pro-
tocols easier [78]. However, false-positive results may also be gener-
ated in these tests due to interactions between the formazan product
and an investigated compound. Colorimetric assays based on tetra-
zolium salts should not be used in testing of colored compounds/drugs,
especially with less pronounced therapeutic effects. Cai et al. confirmed
this by testing curcumin on HeLa and A549 cell lines [75]. The ICso
values obtained by CCK-8 assay significantly differed from the values in
RTCA experiments. On the other hand, the cytotoxicity of doxorubicin
hydrochloride (which is colored, but it has strong pharmaceutical ef-
fect) was similar in both CCK-8 assay and RTCA analysis. To obtain
toxic effect in the cells, less amount of doxorubicin was used which
resulted in a lack of significant differences in the ICs, results.

Finally, in all the end-point assays result of absorbance measure-
ment is dependent not only on type and color of a tested compound but
also on tetrazolium salt concentration added to cells as well as on cell
density because they directly impact on the amount of produced for-
mazan [93].

The xCELLigence system does not have these disadvantages. The
technology enables accurate real-time monitoring of cell behavior
without any need to manipulate the medium during the experiment or
addition of any labels, which may alter cell function. Despite the fact
that the system is label free, fluorescent labeling can be done during the
experiment or cells can be stained post-experiment. Furthermore, cells
could be harvested from the plates for subsequent analysis [1].

Density of cells is an important factor in both endpoint assays and
the RTCA system. First of all, in both methods it is required to de-
termine the optimal cell count for every cell line. In endpoint tests, the
absorbance value of control cells without a tested compound should be
between 0.75 and 1.25. Then, both stimulation and inhibition of cell
proliferation can be measured after addition of a drug. In the RTCA
system, the manufacturer recommends reaching a CI of 1 or higher,
with a minimum CI of at least 0.5 (Fig. 3) [42,94].

Determination of cell numbers is a crucial step in studies focused
especially on cytokinetics and cell toxicity [95]. The concentration of
cell seeding in plates and time between seeding and adding a compound
to cells may be different for every cell line. The wide range of cell lines
and compounds that can be tested with the system makes it difficult to
design a universal protocol suitable for each type of cells. A few pro-
tocols for different cell lines have been optimized and described re-
cently [10,42]. Furthermore, in the case of cells that are not strongly
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Table 2
The comparison of tetrazolium salt assays and RTCA system.

Toxicology Reports 7 (2020) 335-344

Cytotoxicity assays

Tetrazolium salt assays

RTCA system

Kind of cells
Monitoring of cells
Obtain results
Labeling reagent
Detection principles

Adherent and suspension

Under a microscope at selected time points
At one selected time point

Tetrazolium salts

Spectrophotometric measuring absorbance

of formazan solution produced by living cells with

active dehydrogenases

Contamination with assay reagent Yes
Use of cells after experiment No possibility to use
Optimization of cell density prior Required
to experiment
Cost Low cost
Use of plates Disposable and single use
Applications ® Cytotoxicity test of natural and synthetic

compounds, drugs, plant extracts

Limitations of application with ® Colored compounds
® Compounds that interfere with tetrazolium

reagents (e.g. antioxidants)

Mostly adherent (suspension cell lines after pre-coating of the plate bottom)

Real time and continuous

At every time point of the experiment

No reagents

Recording the electrical impedance from the arrayed gold microchips covered the
bottom of RTCA plates. Changes in impedance values reflect changes in cellular
physiology and proliferation. CI - the basic obtained parameter

No

Use of cells for other assays (western blotting, imaging, etc.)

Required

Costly
Disposable and single use, but possible regeneration and re-use
® Monitoring of cell adhesion, viability, and proliferation rate
® Cytotoxicity test of natural and synthetic compounds, drugs, plant extracts
® Assessment of cell migration and invasion
Measuring of cardiomyocyte contractility and viability
Differentiating cytostatic from cytotoxic effect of drugs
RTCA proliferation profiles are useful in study of mechanism action of new drugs by
comparison with profiles of well-known drugs
Drugs with electroactive additives
Less adherent and suspension cell lines

adherent to the substrate and are easily to detach, even in small dif-
ferences of temperatures in the environment, cytotoxicity results from
the RTCA system should be confirmed by other methods. This is due to
the high sensitivity of the impedance technology and presence of mi-
croelectrodes in the RTCA plates. This feature of the system may result
in detection of toxicity effects of tested drugs with higher sensitivity in
comparison to tetrazolium salts assays [40,46]. Moreover, Atienzar
et al. pointed out that a decrease in cell index values is not always
associated with cell death effect and may be caused by rapid changes in
cellular morphology, size or attachment to RTCA plates [42].

The application of RTCA system in cytotoxicity tests should also be
considered when drugs containing additives such as: sorbitol, lactate,
and sodium hydroxide are studied [75]. These compounds from drug
formulation may alter the impedance due to their dielectric properties.
Therefore, RTCA system is suitable in testing of pure compounds or
drugs without any electroactive components.

Despite the disadvantages of the endpoint assays and RTCA system,
both methods are reliable and suitable in cytotoxicity investigations,
and they generate mostly comparable results. Braicu and Gherman in-
vestigated the effect of epigallocatechin gallate in triple-negative breast
cancer cells (Hs578 T). The dynamic real-time monitoring of the cells
treated with the compound confirmed the antiproliferative effects ob-
tained by MTT test [23]. Vistejnova et al. examined cell proliferation of
3T3 mouse fibroblasts, HaCaT keratinocytes, normal human epidermal
keratinocytes (NHEK), and normal human dermal fibroblasts. Only for
NHEK cell line, the results obtained from the xCELLigence system were
not comparable with those from MTT assay. This could be accounted to
the specific morphological characteristics of NHEK cells [95]. Many
other authors compared the impedance-based method with tetrazolium
salt assays [18,21,22,40,59,69,81].

In spite of more and more use of the RTCA technology, the main
limitation of this system is the cost of experiments. E-plates are ex-
pensive, single use, and disposable. However, some authors indicate
that E-plates can be regenerated and reused several times without sig-
nificantly affecting experimental results [36,]. Other studies also show
that gold microelectrodes can be used more than one time [96,97]. The
regeneration process includes trypsin digestion, rinsing with ethanol
and water, and a spinning step. Previously studies on regeneration of
metal chips (gold or silver/aluminum/nickel) were done with regarding
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to the surface plasmon resonance (SPR) technique that enables label-
free and in real-time detection of biomolecular interactions [98,99]. All
these protocols show that the regenerated chips can be applied to ob-
tain repeatable and reproducible results.

The characteristics of the RTCA technology and endpoint assays are
presented in Table 2.

4. Conclusions

The real-time cell analysis system is a modern and useful technique
applied in many areas of research. Despite high costs of experiments
and some limitations, the system provides a high throughput and
quantitative method for continuous and real-time monitoring of cell
proliferation and cellular morphological changes. The system is used in
pharmacological, toxicological, and microbiological studies, mainly to
evaluate cytotoxicity of new drugs and improve the effects of different
therapies. However, it is worth emphasizing that classical endpoint
assays, due to low cost and simplicity, will still be widely applied as
basic methods in many in vitro studies, especially in the need to confirm
the RTCA results.

Declaration of Competing Interest

The authors declare that there is no conflict of interest regarding the
publication of this paper.

Acknowledgment

This work was supported by Medical University of Gdaisk (statu-
tory funds).

References

[1] R.J. Keogh, New technology for investigating trophoblast function, Placenta 31 (4)
(2010) 347-350.

I. Giaever, C.R. Keese, A morphological biosensor for mammalian cells, Nature 366
(1993) 591-592.

S. Kustermann, F. Boess, A. Buness, et al., A label-free, impedance-based real time
assay to identify drug-induced toxicities and differentiate cytostatic from cytotoxic
effects, Toxicol. In Vitro 27 (2013) 1589-1595.

Y.A. Abassi, B. Xi, W. Zhang, et al., Kinetic cell-based morphological screening:

[2]

[3]

[4]


http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0005
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0005
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0010
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0010
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0015
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0015
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0015
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0020

J. Stefanowicz-Hajduk and J.R. Ochocka

[5]

[6]

[7]

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

prediction of mechanism of compound action and off-target effects, Chem. Biol. 16
(7) (2009) 712-723.

N. Ke, B. Xi, P. Ye, et al., Screening and identification of small molecule compounds
perturbing mitosis using time-dependent cellular response profiles, Anal. Chem. 82
(15) (2010) 6495-6503.

L.T. Sener, G. Albeniz, B. Dinc, I. Albeniz, iCELLigence real time cell analysis system
for examining the cytotoxicity of drugs to cancer cell lines (Review), Exp. Ther.
Med. 14 (2017) 1866-1870.

S.D. Lamore, C.W. Scott, M.F. Peters, Cardiomyocyte impedance assays, 2015, in:
G.S. Sittampalam, N.P. Coussens, K. Brimacombe (Eds.), Assay Guidance Manual
[Internet], Eli Lilly & Company and the National Center for Advancing Translational
Sciences, Bethesda (MD), 2004.

H.M. Himmel, Drug-induced functional cardiotoxicity screening in stem cell-de-
rived human and mouse cardiomyocytes: effects of reference compounds, J.
Pharmacol. Toxicol. Methods 68 (2013) 97-111.

H. Nemade, U. Chaudhari, A. Acharya, et al., Cell death mechanisms of the anti-
cancer drug etoposide on human cardiomyocytes isolated from pluripotent stem
cells, Arch. Toxicol. 92 (2018) 1507-1524.

H. Slanina, A. Konig, H. Claus, M. Frosch, A. Schubert-Unkmeir, Real-time im-
pedance analysis of host cell response to meningococcal infection, J. Microbiol.
Methods 84 (2011) 101-108.

D. Jin, Y. Luo, M. Zheng, et al., Quantitative detection of Vibrio cholera toxin by real-
time and dynamic cytotoxicity monitoring, J. Clin. Microbiol. 51 (12) (2013)
3968-3974.

S. Lebourgeois, A. Fraisse, C. Hennechart-Collette, et al., Development of a real-time
cell analysis (RTCA) method as a fast and accurate method for detecting infectious
particles of the adapted strain of hepatitis A virus, Front. Cell. Infect. Microbiol. 8
(2018) 335.

S. Wang, C. Zhai, Y. Zhang, et al., Cardamonin, a novel antagonist of hTRPA1 cation
channel, reveals therapeutic mechanism of pathological pain, Molecules 21 (2016)
1145.

J. Wu, J. Xu, E.A. Eksioglu, et al., Icariside II induces apoptosis of melanoma cells
through the downregulation of survival pathways, Nutr. Cancer 65 (1) (2013)
110-117.

D.M. Leme, T. Grummt, R. Heinze, et al., Cytotoxicity of water-soluble fraction from
biodiesel and its diesel blends to human cell lines, Ecotoxicol. Environ. Saf. 74
(2011) 2148-2155.

P. Lovecka, M. Thimova, P. Grznarova, et al., Study of cytotoxic effects of benzo-
nitrile pesticides, Biomed Res. Int. 2015 (2015) 381264.

C. Braicu, C.D. Gherman, A. Irimie, I. Berindan-Neagoe, Epigallocatechin-3-Gallate
(EGCGQ) inhibits cell proliferation and migratory behaviour of triple negative breast
cancer cells, J. Nanosci. Nanotechnol. 13 (2013) 632-637.

P.L. Wei, C.C. Tu, C.H. Chen, et al., Shikonin suppresses the migratory ability of
hepatocellular carcinoma cells, J. Agric. Food Chem. 61 (2013) 8191-8197.

Y. Wang, L. Liu, F. Ji, et al., Soybean (Glycine max) prevents the progression of
breast cancer cells by downregulating the level of histone demethylase JMJD5, J.
Cancer Res. Ther. 14 (2018) S609-645.

S. Kayacan, L.T. Sener, G. Melikoglu, et al., Induction of apoptosis by Centaurea
nerimaniae extract in HeLa and MDA-MB-231 cells by a caspase-3 pathway, Biotech.
Histochem. 93 (5) (2018) 311-319.

K. Harati, B. Behr, A. Daigeler, et al., Curcumin and Viscum album extract decrease
proliferation and cell viability of soft-tissue sarcoma cells: an in vitro analysis of
eight cell lines using real-time monitoring and colorimetric assay, Nutr. Cancer 69
(2) (2017) 340-351.

M. Daker, M. Ahmad, A.S.B. Khoo, Quercetin-induced inhibition and synergistic
activity with cisplatin — a chemotherapeutic strategy for nasopharyngeal carcinoma
cells, Cancer Cell Int. 12 (2012) 34.

C. Braicu, C. Gherman, Epigallocatechin gallate induce cell death and apoptosis in
triple negative breast cancer cells Hs578T, J. Drug Target. 21 (3) (2013) 250-256.
C.H. Lin, C.Y. Chang, K.R. Lee, et al., Flavones inhibit breast cancer proliferation
through the Akt/FOXO3a signaling pathway, BMC Cancer 15 (2015) 958.

J. Stefanowicz-Hajduk, R. Bartoszewski, S. Bartoszewska, et al., Pennogenyl sapo-
nins from Paris quadrifolia L. induce extrinsic and intrinsic pathway of apoptosis in
human cervical cancer HeLa cells, PLoS One 10 (8) (2015) e0135993.

C. Sun, X. Lai, X. Huang, Y. Zeng, Protective effects of ginsenoside Rg1 on astrocytes
and cerebral ischemic-reperfusion mice, Biol. Pharm. Bull. 37 (2) (2014)
1891-1898.

R. Havelek, M. Seifrtova, K. Kralovec, et al., Comparative cytotoxicity of chelido-
nine and homochelidonine, the dimethoxy analogues isolated from Chelidonium
majus L. (Papaveraceae), against human leukemic and lung carcinoma cells,
Phytomedicine 23 (3) (2016) 253-266.

G.A. Alexiou, D. Lazari, G. Markopoulos, et al., Moschamine inhibits proliferation of
glioblastoma cells via cell cycle arrest and apoptosis, Tumour Biol. 39 (5) (2017)
1-12.

A.K.K. Arslan, M.B. Yerer, A-chaconine and a-solanine inhibit RL95-2 endometrium
cancer cell proliferation by reducing expression of Akt (Ser473) and ERa (Ser167),
Nutrients 10 (2018) 672.

R. Havelek, D. Muthna, P. Tomsik, et al., Anticancer potential of Amaryllidaceae
alkaloids evaluated by screening with a panel of human cells, real-time cellular
analysis and Ehrlich tumor-bearing mice, Chem. Biol. Interact. 275 (2017)
121-132.

Z. Le-Le, M. Li-Na, Y. Dan, et al., Dynamic monitoring of the cytotoxic effects of
protoberberine alkaloids from Rhizoma Coptidis on HepG2 cells using the
xCELLigence system, Chin. J. Nat. Med. 12 (6) (2014) 0428-0435.

K. Habartova, R. Havelek, M. Siifrtova, et al., Soulerine affects microtubule struc-
ture, inhibits proliferation, arrest cell cycle and thus culminates in the apoptotic

343

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Toxicology Reports 7 (2020) 335-344

death of cancer cells, Sci. Rep. 8 (2018) 4829.

X. Zhang, Z. Zhang, S. Zhang, et al., Size effect on the cytotoxicity of layered black
phosphorus and underlying mechanisms, Small 13 (2017) 1701210.

Y. Zhang, D. Zeng, J. Cao, et al., Interaction of quindoline derivative with telomeric
repeat-containing RNA induces telomeric DNA-damage response in cancer cells
through inhibition of telomeric repeat factor 2, BBA Gen. Subj. 1861 (2017)
3246-3256.

L. Zhang, M.X. Xu, Q.S. Yin, et al., Screening, verification, and analysis of bio-
markers for drug-induced cardiac toxicity in vitro based on RTCA coupled with PCR
Array technology, Toxicol. Lett. 268 (2017) 17-25.

J. Stefanowicz-Hajduk, A. Adamska, R. Bartoszewski, J.R. Ochocka, Reuse of E-
plate cell sensor arrays in the xCELLigence Real-Time Cell Analyzer, BioTechniques
61 (2016) 117-122.

J. Stefanowicz-Hajduk, B. Stefanowska-Sparzak, M. Krauze-Baranowska,

J.R. Ochocka, Securinine from Phyllanthus glaucus induces cell cycle arrest and
apoptosis in human cervical cancer HeLa cells, PLoS One 11 (10) (2016) e0165372.
M.A. Kikowska, M. Chmielewska, A. Wiodarczyk, et al., Effect of pentacyclic tri-
terpenoids-rich callus extract of Chaenomeles japonica (Thunb.) Lindl. ex spach on
viability, morphology, and proliferation of normal human skin fibroblasts,
Molecules 23 (2018) 3009.

A. Mendi, B.G. Yagci, M. Kiziloglu, et al., Effects of Syzygium aromaticum,
Cinnamomum zeylanicum, and Salvia triloba extracts on proliferation and differ-
entiation of dental pulp stem cells, J. Appl. Oral Sci. 25 (5) (2017) 515-522.

K. Caltova, M. Cervinka, Antiproliferative effects of selected chemotherapeutics in
human ovarian cancer cell line A2780, Acta Medica 55 (2012) 116-124.

1. Cetin, M.R. Topcul, In vitro antiproliferative effects of nab-paclitaxel with lipo-
somal cisplatin on MDA-MB-231 and MCF-7 breast cancer cell lines, J. BUON 22 (2)
(2017) 347-354.

F.A. Atienzar, K. Tilmant, H.H. Gerets, et al., The use of real-time cell analyzer
technology in drug discovery: defining optimal cell culture conditions and assay
reproducibility with different adherent cellular models, J. Biomol. Screen. 16
(2011) 575-587.

T.T. Kaya, A. Altun, N.H. Turgut, H. Ataseven, G. Koyluoglu, Effects of a multikinase
inhibitor motesanib (AMG 706) alone and combined with the selective DuP-697
COX-2 inhibitor on colorectal cancer cells, Asian Pac. J. Cancer Prev. 17 (3) (2016)
1103-1110.

U.-A. Bommer, K.L. Vine, P. Puri, et al., Translationally controlled tumour protein
TCTP is induced early in human colorectal tumours and contributes to the re-
sistance of HCT116 colon cancer cells to 5-FU and oxaliplatin, Cell Commun. Signal.
15 (2017) 9.

F. Nguemo, T. Saric, K. Pfannkuche, et al., In vitro model for assessing ar-
rhythmogenic properties of drugs based on high-resolution impedance measure-
ments, Cell. Physiol. Biochem. 29 (2012) 819-832.

M. Placzek, D. Watrébska-Swietlikowska, J. Stefanowicz-Hajduk, et al., Comparison
of the in vitro cytotoxicity among phospholipid-based parenteral drug delivery
systems: emulsions, liposomes and aqueous lecithin dispersions (WLDs), Eur. J.
Pharm. Sci. 127 (2019) 92-101.

R. Bruggisser, K. von Daeniken, G. Jundt, W. Schaffner, H. Tullberg-Reinert,
Interference of plant extracts, phytoestrogens and antioxidants with the MTT tet-
razolium assay, Planta Med. 68 (2002) 445-448.

M. Natarajan, S. Mohan, B.R. Martinez, M.L. Meltz, T.S. Herman, Antioxidant
compounds interfere with the (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenylte-
trazolium bromide cytotoxity assay, Cancer Detect. Prev. 24 (2000) 405-414.

C. Rollino, S. Borsa, G. Bellone, G. Piccoli, G. Emanuelli, False positive results with
MTT assay, J. Imnmunol. Methods 185 (1995) 141-143.

E. Urcan, U. Haertel, M. Styllou, et al., Real-time xCELLigence impedance analysis
of the cytotoxicity of dental composite components on human gingival fibroblasts,
Dent. Mater. J. 26 (2010) 51-58.

J.M. Hillger, W.L. Lieuw, L.H. Heitman, A.P. IJzerman, Label-free technology and
patient cells: from early drug development to precision medicine, Drug Discov.
Today 22 (12) (2017) 1808-1815.

N. Takahashi, H. Hoshi, A. Higa, et al., An in vitro system for evaluating molecular
targeted drugs using lung patient-derived tumor organoids, Cells 8 (2019) 481.

J. Li, Y. Cui, Q. Wang, et al., The proliferation of malignant melanoma cells could be
inhibited by ranibizumab via antagonizing VEGF through VEGFR1, Mol. Vis. 20
(2014) 649-660.

K. Mandel, D. Seidl, D. Rades, et al., Characterization of spontaneous and TGF-f3-
induced cell motility of primary human normal and neoplastic mammary cells in
vitro using novel real-time technology, PLoS One 8 (2013) e56591.

F. Jacob, M. Anugraham, T. Pochechueva, et al., The glycosphingolipid P, is an
ovarian cancer-associated carbohydrate antigen involved in migration, Br. J. Cancer
111 (2014) 1634-1645.

N. Hopper, F. Henson, R. Brooks, et al., Peripheral blood derived mononuclear cells
enhance osteoarthritic human chondrocyte migration, Arthritis Res. Ther. 17
(2015) 199.

G. Rajaraman, J. White, K.S. Tan, et al., Optimization and scale-up culture of human
endometrial multipotent mesenchymal stromal cells: potential for clinical applica-
tion, Tissue Eng. C Methods 19 (2013) 80-92.

J. Skopalik, K. Polakova, M. Havrdova, et al., Mesenchymal stromal cell labeling by
new uncoated superparamagnetic maghemite nanoparticles in comparison with
commercial Resovist-an initial in vitro study, Int. J. Nanomed. Nanosurg. 9 (2014)
5355-5372.

L. Otero-Gonzalez, R. Sierra-Alvarez, S. Boitano, J.A. Field, Application and vali-
dation of an impedance-based real time cell analyzer to measure the toxicity of
nanoparticles impacting human bronchial epithelial cells, Environ. Sci. Technol. 46
(18) (2012) 10271-10278.


http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0020
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0020
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0025
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0025
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0025
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0030
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0030
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0030
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0035
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0035
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0035
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0035
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0040
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0040
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0040
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0045
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0045
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0045
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0050
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0050
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0050
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0055
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0055
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0055
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0060
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0060
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0060
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0060
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0065
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0065
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0065
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0070
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0070
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0070
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0075
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0075
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0075
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0080
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0080
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0085
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0085
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0085
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0090
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0090
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0095
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0095
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0095
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0100
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0100
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0100
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0105
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0105
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0105
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0105
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0110
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0110
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0110
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0115
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0115
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0120
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0120
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0125
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0125
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0125
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0130
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0130
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0130
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0135
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0135
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0135
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0135
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0140
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0140
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0140
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0145
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0145
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0145
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0150
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0150
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0150
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0150
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0155
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0155
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0155
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0160
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0160
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0160
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0165
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0165
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0170
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0170
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0170
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0170
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0175
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0175
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0175
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0180
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0180
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0180
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0185
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0185
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0185
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0190
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0190
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0190
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0190
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0195
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0195
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0195
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0200
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0200
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0205
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0205
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0205
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0210
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0210
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0210
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0210
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0215
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0215
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0215
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0215
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0220
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0220
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0220
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0220
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0225
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0225
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0225
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0230
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0230
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0230
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0230
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0235
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0235
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0235
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0240
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0240
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0240
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0245
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0245
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0250
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0250
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0250
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0255
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0255
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0255
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0260
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0260
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0265
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0265
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0265
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0270
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0270
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0270
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0275
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0275
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0275
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0280
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0280
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0280
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0285
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0285
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0285
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0290
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0290
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0290
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0290
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0295
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0295
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0295
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0295

J. Stefanowicz-Hajduk and J.R. Ochocka

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

C. Zeng, S. Boitano, J.A. Field, F. Shadman, R. Sierra-Alvarez, Cerium dioxide
(Ce02) nanoparticles decrease arsenite (As(III)) cytotoxicity to 16HBE140- human
bronchial epithelial cells, Environ. Res. 164 (2018) 452-458.

J.C. Van Dyk, H. Bouwman, L.E.J. Barnhoorn, M.S. Bornman, DDT contamination
from indoor residual spraying for malaria control, Sci. Total Environ. 408 (2010)
2745-2752.

X. Zhang, L. Lei, H. Zhang, et al., Interactions of polymeric drug carriers with DDT
reduce their combined cytotoxicity, Environ. Pollut. 241 (2018) 701-709.

D. Zheng, N. Wang, X. Wang, et al., Effects of the interaction of TiO, nanoparticles
with bisphenol A on their physicochemical properties and in vitro toxicity, J.
Hazard. Mater. 199 (2012) 426-432.

R. Deng, D. Lin, L. Zhu, et al., Nanoparticle interactions with co-existing con-
taminants: joint toxicity, bioaccumulation and risk, Nanotoxicology 11 (2017)
591-612.

1. Durovcova, J. Spackova, M. Puskar, E. Galova, A. Sevcovicova, Bisphenol A as an
environmental pollutant with dual genotoxic and DNA-protective effects, Neuro
Endocrinol. Lett. 39 (4) (2018) 294-298.

H. Wang, Z. Ding, Q.M. Shi, et al., Anti-androgenic mechanisms of Bisphenol A
involve androgen receptor signaling pathway, Toxicology 387 (2017) 10-16.

Q. Wang, H.X. Wang, J.Y. Shen, et al., The anti-androgenic effects of cypermethrin
mediated by non-classical testosterone pathway activation of mitogen-activated
protein kinase cascade in mouse Sertoli cells, Ecotoxicol. Environ. Saf. 177 (2019)
58-65.

H. Fang, W. Fang, H. Cao, et al., Di-(2-ethylhexyl)-phthalate induces apoptosis via
the PPARY/PTEN/AKT pathway in differentiated human embryonic stem cells,
Food Chem. Toxicol. 131 (2019) 110552.

S. Marlina, M.-H. Shu, S. AbuBakar, K. Zandi, Development of a real-time cell
analysing (RTCA) method as a fast and accurate screen for the selection of chi-
kungunya virus replication inhibitors, Parasit. Vectors 8 (2015) 579.

G. Burmakina, K. Bliznetsov, A. Malogolovkin, Real-time analysis of the cytopathic
effect of African swine fever virus, J. Virol. Methods 257 (2018) 58-61.

Z. Teng, X. Kuang, J. Wang, X. Zhang, Real-time cell analysis — a new method for
dynamic, quantitative measurement of infectious viruses and antiserum neu-
tralizing activity, J. Virol. Methods 193 (2013) 364-370.

Y. Fang, P. Ye, X. Wang, X. Xu, W. Reisen, Real-time monitoring of flavivirus in-
duced cytopathogenesis using cell electric impedance technology, J. Virol. Methods
173 (2) (2011) 251-258.

J. Piret, N. Goyette, G. Boivin, Novel method based on real-time cell analysis for
drug susceptibility testing of herpes simplex virus and human cytomegalovirus, J.
Clin. Microbiol. 54 (2016) 2120-2127.

B. Huang, D. Jin, J. Zhang, et al., Real-time cellular analysis coupled with a spe-
cimen enrichment accurately detects and quantifies Clostridium difficile toxins in
stool, J. Clin. Microbiol. 52 (4) (2014) 1105-1111.

L. Cai, X. Qin, Z. Xu, et al., Comparison of cytotoxicity evaluation of anticancer
drugs between real-time cell analysis and CCK-8 method, ACS Omega 4 (2019)
12036-12042.

B. Ekwall, V. Silano, A. Paganuzzi-Stammati, F. Zucco, Toxicity tests with mam-
malian cell cultures, in: P. Bourdeau (Ed.), Short-Term Toxicity Tests for Non-
Genotoxic Effects, John Wiley & Sons, 1990.

M.V. Berridge, P.M. Herst, A.S. Tan, Tetrazolium dyes as tools in cell biology: new
insights into their cellular reduction, Biotechnol. Annu. Rev. 11 (2005) 127-152.
T.L. Riss, R.A. Moravec, A.L. Niles, et al., Cell viability assays, 2016, in:

G.S. Sittampalam, N.P. Coussens, K. Brimacombe (Eds.), Assay Guidance Manual
[Internet] — NCBI Bookshelf, Eli Lilly & Company and the National Center for
Advancing Translational Sciences, Bethesda (MD), 2004.

344

[791]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]
[90]
[91]

[92]

[93]

[94]

[95]

[96]
[97]
[98]

[99]

Toxicology Reports 7 (2020) 335-344

C. Williams, O.A. Espinosa, H. Montenegro, et al., Hydrosoluble formazan XTT: its
application to natural products drug discovery for Leishmania, J. Microbiol.
Methods 55 (3) (2003) 813-816.

A. Rath, M. Eichhorn, K. Tréger, F. Paulsen, U. Hampel, In vitro effects of benn-
zalkonium chloride and prostaglandins on human meibomian gland epithelial cells,
Ann. Anat. 222 (2018) 129-138.

J. Martinez-Serra, A. Gutierrez, S. Munoz-Capé, et al., xCELLigence system for real-
time label-free monitoring of growth and viability of cell lines from hematological
malignancies, Onco. Ther. 7 (2014) 985-994.

A. Obr, P. Roselova, D. Greberiova, K. KuZelova, Real-time monitoring of hemato-
poietic cell interaction with fibronectin fragment, Cell Adh. Migr. 7 (2013)
275-282.
www.aceabio.com/www.aceabio.com/wp-content/uploads/IMT-Kits-Brochure-1.
pdf. Data access: 10 Jan 2020.

T. Mosmann, Rapid colorimetric assay for cellular growth and survival: application
to proliferation and cytotoxicity assays, J. Immunol. Methods 65 (1-2) (1983)
55-63.

B.E. Loveland, T.G. Johns, L.R. Mackay, et al., Validation of the MTT dye assay for
enumeration of cells in proliferative and antiproliferative assays, Biochem. Int. 27
(1992) 501-510.

T. Pan, B. Huang, W. Zhang, et al., Cytotoxicity assessment based on the AUCsq
using multi-concentration time-dependent cellular response curves, Anal. Chim.
Acta 764 (2013) 44-52.

F. Denizot, R. Lang, Rapid colorimetric assay for cell growth and survival, J.
Immunol. Methods 89 (1986) 271.

M.B. Hansen, S.E. Nielsen, K. Berg, Re-examination and further development of a
precise and rapid dye method for measuring cell growth/cell kill, J. Immunol.
Methods 119 (1989) 203.

F. Angius, A. Floris, Liposomes and MTT cell viability assay: an incompatible affair,
Toxicol. In Vitro 29 (2015) 314-319.

J. Weyermann, D. Lochmann, A. Zimmer, A practical note on the use of cytotoxicity
assays, Int. J. Pharm. 288 (2005) 369-376.

F.P. Altman, Tetrazolium salts and formazans, Prog. Histochem. Cytochem. 9
(1976) 1-56.

R.H. Burdon, V. Gill, C. Rice-Evans, Reduction of tetrazolium salt and superoxide
generation in human tumor cells (HeLa), Free Radic. Res. Commun. 18 (1993)
369-380.

A.L. Niles, R.A. Moravec, T.L. Riss, Update on in vitro cytotoxicity assays for drug
development, Expert Opin. Drug Discov. 3 (6) (2008) 655-669.

G. Ramis, L. Martinez-Alarcén, J.J. Quereda, et al., Optimization of cytotoxicity
assay by real-time, impedance-based cell analysis, Biomed. Microdevices 15 (6)
(2013) 985-995.

L. Vistejnova, J. Dvorakova, M. Hasova, et al., The comparison of impedance-based
method of cell proliferation monitoring with commonly used metabolic-based
techniques, Neuro Endocrinol. Lett. 30 (2009) 121-127.

Z. Xu, X. Shi, H. Jiang, et al., A general method to regenerate arrayed gold mi-
croelectrodes for label-free cell assay, Anal. Biochem. 516 (2017) 57-60.

Z. Xu, Y. Song, H. Jiang, et al., Regeneration of arrayed gold microelectrodes
equipped for a real-time cell analyzer, J. Vis. Exp. 133 (2018) €56250.

S.K. Vashist, A method for regenerating gold surface for prolonged reuse of gold-
coated surface plasmon resonance chip, Anal. Biochem. 423 (2012) 23-25.

T.T. Nguyen, S.O. Bea, D.M. Kim, et al., A regenerative label-free fiber optic sensor
using surface Plasmon resonance for clinical diagnosis of fibrinogen, Int. J.
Nanomed. Nanosurg. 10 (2015) 155-163.


http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0300
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0300
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0300
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0305
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0305
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0305
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0310
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0310
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0315
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0315
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0315
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0320
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0320
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0320
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0325
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0325
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0325
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0330
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0330
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0335
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0335
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0335
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0335
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0340
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0340
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0340
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0345
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0345
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0345
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0350
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0350
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0355
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0355
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0355
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0360
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0360
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0360
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0365
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0365
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0365
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0370
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0370
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0370
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0375
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0375
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0375
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0380
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0380
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0380
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0385
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0385
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0390
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0390
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0390
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0390
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0395
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0395
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0395
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0400
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0400
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0400
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0405
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0405
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0405
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0410
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0410
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0410
http://www.aceabio.com/wp-content/uploads/IMT-Kits-Brochure-1.pdf
http://www.aceabio.com/wp-content/uploads/IMT-Kits-Brochure-1.pdf
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0420
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0420
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0420
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0425
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0425
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0425
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0430
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0430
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0430
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0435
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0435
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0440
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0440
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0440
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0445
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0445
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0450
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0450
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0455
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0455
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0460
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0460
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0460
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0465
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0465
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0470
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0470
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0470
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0475
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0475
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0475
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0480
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0480
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0485
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0485
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0490
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0490
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0495
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0495
http://refhub.elsevier.com/S2214-7500(19)30557-8/sbref0495

	Real-time cell analysis system in cytotoxicity applications: Usefulness and comparison with tetrazolium salt assays
	Introduction
	RTCA system in cytotoxicity investigations
	Plant extract and metabolites studies
	Drug screening
	Environmental toxicity investigations
	Microbiological research

	RTCA system versus endpoint assays
	Introduction
	Advantages and disadvantages of real-time monitoring of cells and endpoint tetrazolium salt assays

	Conclusions
	mk:H1_11
	Acknowledgment
	References




