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A B S T R A C T

In today's development of anticancer drugs, there is an enormous demand for sensitive, non-invasive real-time
screening technologies to identify pharmacodynamics/-kinetics of single and combined drugs with high preci-
sion. The combination of sophisticated drug sensitivity testing with advanced in vitro tumor models reflecting
heterogeneous tumor behavior in vivo is needed to more reasonably predict therapeutic outcome in vivo.

In this study, the benefits of our real-time, non-invasive multidimensional impedance platform over standard
in vitro drug sensitivity assays were demonstrated quantitatively using an advanced melanoma model. Detailed
pharmacological profiles of clinically established targeted therapeutics in single and combination treatment have
been identified in patient tissue and isolated 2D/3D cell line cultures. Impedance spectroscopy revealed sig-
nificant differences in tissue structure responsible for BRAF inhibitor pharmacokinetics in BRAFV600E tumor
microfragments and cell lines. Remarkably, BRAF-/MEK inhibitor combination treatment of direct patient-de-
rived tissue, but not melanoma cell lines, resulted in short-term antagonistic effects consistent with in vivo
findings. In contrast, the clinically validated resistance delay and thus long-term synergy of targeted therapeutics
in advanced melanoma models has been demonstrated using impedance technology.

The results demonstrate limited clinical transferability of 2D/3D cancer cell line-based chemosensitivity data
and underline the importance of in vivo-like direct patient-derived tissue for predictive drug studies. Our non-
invasive and highly sensitive multidimensional impedance platform offers great potential for quantifying short-
and long-term drug kinetics and synergies to identify the most effective drug combinations in advanced cancer
models, thereby improving personalized drug development and treatment planning and ultimately, overall
patient outcomes.

1. Introduction

In cancer research, the discovery of novel drugs is an extremely
time- and cost-intensive process (McKim, 2010), especially as more
than 95% of molecular entities fail in clinical trials because of toxicity
and poor efficacy (Unger et al., 2014; Zanoni et al., 2016). Reasons are
an inadequate simulation of in vivo tumor behavior due to the fre-
quently applied 2D cancer models and a limited information gain about
the drug-induced biological outcome through the use of standard assays
in preclinical drug development (Eichler et al., 2015; Tanner and
Gottesman, 2015).

To overcome biological drawbacks, current research focuses

primarily on 3D cultures of cancer cell lines that capture key features of
tumor tissue in terms of drug penetration, cell-cell and extracellular
matrix (ECM) interaction, cell cycle alteration and activation of
pathway signaling (Verjans et al., 2018; Zanoni et al., 2016). The use of
patient-derived explants or cell models further enhances clinical re-
levance as acquired drug resistance and inter- and intra-tumor hetero-
geneity can be modeled (Das et al., 2015).

Equally important is the use of a reliable chemosensitivity assay and
important pharmacological parameters as a prerequisite for accurate
prediction of temporal and spatial drug activity. However, standard
viability or metabolic activity analyzes, such as ATP or XTT assays, are
cumbersome endpoint measurements that fail to reflect drug-induced
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changes in cell physiology, structure and microenvironment (Celli
et al., 2014; Friedman et al., 2015). To counteract methodological
limitations, electrochemical impedance spectroscopy (EIS) has been
developed as a non-invasive, real-time, high-throughput chemosensi-
tivity read-out technique with the ability to detect cytotoxicity
(Kustermann et al., 2013), proliferation (Lei et al., 2014) and tissue
structure changes (Jahnke et al., 2013, 2014) in various tumor entities.

In the analysis of drug activity in pre-clinical in vitro research, most
studies focus mainly on IC50 values derived from dose response curves
(Eldawud et al., 2014; Lei et al., 2018). However, this measure reflects
only a small part of the pharmacokinetics and -dynamics of a substance
and is less suitable for the analysis of drug combination treatments
(Foucquier and Guedj, 2015; Santo et al., 2017).

Therefore, this study focuses on a subset of drug pharmacology
parameters including the maximum efficacy of substances and their
synergistic potential that are needed to assess short- and long-term
therapeutic success, taking into account resistance development and
tumor relapse (Cortés‐Ciriano and Bender, 2016; Han et al., 2017).

To overcome the technical limitations in cancer drug discovery, we
developed a multielectrode (MEA) and microcavity (MCA)-based mul-
tidimensional impedance platform for quantitative, non-invasive and
real-time pharmacokinetics and -dynamics analysis of single and com-
bined MAPK-targeting therapeutics in sensitive BRAFV600E melanoma
models. While several studies have already described a specific im-
pedimetric behavior of drug-treated cell line monolayers and spheroids
(Eichler et al., 2015; Poenick et al., 2014), this work focuses for the first
time on the comparison of original patient tumor tissue with derived 2D
and 3D cell cultures to evaluate transferability of cell model data to the
in vivo situation. The application of our impedimetric screening tech-
nique and drug activity-related parameters to patient-derived un-
dissociated melanoma tissue aims to improve the predictability of
combined targeted cancer therapy in vivo by in vitro generated chemo-
sensitivity data. Predicting short- and long-term drug synergies ex vivo
provides major benefits for developing successful personalized therapy
regimes and ultimately improving melanoma patient prognosis.

2. Material and methods

For detailed procedure, please refer to Supplementary Methods.

2.1. Patient-derived melanoma cultures

Viable patient-derived tumor tissue was obtained from excisions of
cutaneous melanoma specimens. All methods were performed in ac-
cordance to the Declaration of Helsinki with local ethics committee
approval (Leipzig University Medical Centre; No. 224-11-11072011 and
No. 208-16ek). Written informed consent was always obtained from
each patient. For cell model origin, see Supplementary Table S1.

2.2. Targeted therapeutics

Vemurafenib (PLX-4032; V-2800), dabrafenib (GSK2118436: D-
5678), trametinib (GSK1120212: T-8123) all from LC Laboratories.
Encorafenib (LGX818: A13226), cobimetinib (GDC-0973: A11441), bi-
nimetinib (MEK162: A11493) all from Adooq.

2.3. ATP assay

Cell viability was quantified using the ATPLite Luminescence Assay
System (Perkin Elmer).

2.4. DNA mutational analysis

Mutation status of typical melanoma driver genes (BRAF, NRAS,
KIT, MAP2K1) was characterized. Primers are listed in Supplementary
Table S2.

2.5. Molecularbiological assays

Melanoma tissue structure and marker expression was analyzed
using immunocytochemistry. For applied antibodies, refer to
Supplementary Table S3.

2.6. EIS

For substance screening on melanoma monolayers, cells were
seeded on our self-produced 9-well interdigital electrode (9wIDE) ar-
rays (Haas et al., 2010). For measurement, 9wIDE MEAs were inserted
into our self-developed multiplexer board, which was connected to an
Agilent 4294 A high-precision impedance analyzer (Agilent Technolo-
gies, USA). Impedance spectra (500 Hz to 5MHz, 51 points, 10mV
amplitude) of cells before and after drug application were recorded
with our self-developed software IMAT v2.2.5.3 for 96 h. For all ex-
periments, controls from the same cell line/passage (2D/3D) or tumor
specimen (TMFs) were included. Control samples were treated with the
solvent of drug stocks (dimethyl sulfoxide, DMSO) in an appropriate
amount (final dilution on cells: 0.1 – 0.2%). Blank values of cell-free
9wIDE MEAs were determined. Per experiment and condition, im-
pedance of 5–7 electrodes was analyzed.

For drug testing on spheroids and TMFs, our self-developed micro-
cavity array (MCA) with pyramidal cavities (edge length 400 µm) was
used in combination with the above mentioned impedance measure-
ment platform (Krinke et al., 2010). Impedance spectra (5 kHz to
5MHz, 51 points, 100mV amplitude) were recorded before drug ad-
ministration (day 0) and thereafter every day or every three days. Per
experiment and condition, six spheroids/TMFs were used. A viability
staining was performed on completed experiments.

Data analysis was done with the self-developed IDAT software
v3.6.3, which calculates a relative impedance spectrum |Z|rel (%)
= ((|Z|covered−|Z|blank)/|Z|blank× 100) and determines its maximum.
Time traces of the relative impedance maximum were normalized to the
starting point of the experiment and the controls. In order to assess the
influence of tissue structures on relative impedance, the frequency at
impedance maximum and the impedance at 5MHz were analyzed.

2.7. Drug synergy analysis

Drug synergy was analyzed using the freeware CompuSyn 1.0
(combosyn.com/index.html) that is based on the combination index
(CI) algorithm of Chou/Talalay (Chou and Talalay, 1984). Two drugs
can have an antagonistic (CI> 1), additive (CI = 1), slightly synergistic
(0.7 <CI<1), synergistic (0.3 <CI ≤ 0.7) or strongly synergistic
(0 <CI ≤ 0.3) mode of action. In clinical tumor treatment, the pro-
portion of inhibited cells must be high in order to increase therapeutic
success (Zhao et al., 2014). Thus, CIs at IC75 (concentration inducing an
inhibition of 75% of cells) were used.

2.8. Statistical analysis

All statistical analyzes were performed using Graphpad Prism 5.0.
Relative IC50 values were determined by nonlinear sigmoidal curve
fitting. For drug kinetics, curve upper plateau and logarithmised IC50

values were plotted over time and fitted non-linearly. Drug kinetics
were shown with 95% confidence intervals. All other values were
shown as means± s.e.m. Multiple group comparisons were done by a
two-way ANOVA and Bonferroni post hoc test. Comparisons between
two groups were analyzed by t-test. Differences between two means
with p < 0.05 were considered significant (*), p < 0.01 very sig-
nificant (**) and p < 0.001 highly significant (***). For monolayers
and spheroids, four experiments were analyzed. For TMFs, 4–6 re-
plicates per condition were shown.

Correlation coefficients (r2) of multiple method data was de-
termined applying two-tailed Pearson correlation and color-coded with
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Fig. 1. Impedance spectroscopy is an accurate measure of chemosensitivity and drug kinetics with highest correlation to standard ATP assay. BRAF inhibitor
vemurafenib was applied to different BRAF mutated melanoma models. (a) Normalized concentration-response curves of a 2D cell line (left). Potency and efficacy
plotted over time (right). (b) Concentration-response curves in 3D cell cultures (left) and tumor microfragments (TMF, right) applying the methods EIS, ATP assay
and size detection (cross-section area). Viability stainings visualize drug effects. Scale bar 200 µm. (c) Correlation analysis. Highest correlation (black framed boxes).
n= see figure.
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red (rare:< 0.5), yellow (medium: 0.5–0.8), light green (strong:
0.8–0.95) and green (very strong:> 0.9).

For synergy analysis, CI values were calculated using the mean of
replicate experiments to allow for a higher accuracy and were thus
shown without standard error.

3. Results and discussion

3.1. Strong correlation of EIS and standard assay data of melanoma drug
kinetics

As viability assays such as ATP measurement are widely used in in
vitro drug development, advanced chemosensitivity analyzes should
yield similar results to be applicable in this area.

Therefore, the activity of BRAF inhibitor vemurafenib was in-
vestigated in patient-derived BRAFV600E (2D and 3D cell lines) and
BRAFK601E (tumor microfragments, TMF) melanoma using ATP quan-
tification and impedance spectroscopy. For in-depth in vitro pharma-
cology analysis, efficacy (maximum inhibitory effect) and potency (IC50

value) were determined and plotted over time to reveal drug activity
(Fig. 1a). For melanoma monolayers, concentration-response curves
showed a similar progression for ATP assay and impedance data. No
significant difference was observed between efficacy (ATP:
78.4 ± 2.1%; EIS: 84.8 ± 7.8%) and IC50 values (ATP:
80.5 ± 1.1 nM; EIS: 151.1 ± 1.47 nM). Underlining the measured
data, the viability staining showed a decrease of viable cells and in-
crease of dead cells in a concentration-dependent manner (Fig. 1a, left).

Besides pharmacological parameters, the kinetics of a drug are of
major importance to assess its activity profile. The slope (linear re-
gression) or half-life (non-linear regression) measures if an active sub-
stance enhances its activity over time. In combination, the y-axis in-
tercept (linear regression) and the plateau (non-linear regression)
provide information on general efficacy or potency. The pharmacoki-
netics of vemurafenib in 2D melanoma cells again showed a comparable
progression for ATP assay and EIS data (Fig. 1a, right). The efficacy
increased linearly during the four-day incubation period. For both
methods, a constant slope of 12 and an insignificant variation of the y-
intersect (ATP: 31.9 ± 4.3%; EIS: 41.2 ± 5.1%) were determined.
Potency data followed a non-linear increase (decrease of logarithmised
IC50). Maximal potency was reached after two (ATP) and three days
(EIS), respectively. Curves showed half-lives of 0.78 (ATP) and 1.77
days (EIS) and similar plateaus of 70.8 ± 1.2 nM (ATP) and
79.1 ± 1.8 nM (EIS).

For 3D cultures, ATP and impedance measurements were compared
to the size of 3D cultures (expressed as change in cross-section area)
(Fig. 1b, left). Viability staining of spheroids indicated a vemurafenib
concentration-dependent decrease in size and viability. Concentration-
response curves, in turn, showed similar IC50 values of ~ 550 nM for
ATP assay and EIS data, while demonstrating a 3.5-fold increased po-
tency for size measurement. A strongly reduced comparability of ATP
assay and EIS data with 3D culture size was evident for TMF chemo-
sensitivity analysis (Fig. 1b, right). Even with high drug effects that
caused complete cell destruction (30 µM vemurafenib), 3D structures
did not change size because of the substantial fraction of extracellular
matrix in patient-derived non-dissociated tissue (see also Fig. 2;
Supplementary Fig. S1). This result was also reflected in the con-
centration-response curves, where regression was not possible for size
measurement, while ATP analysis and impedance data showed a similar
progression.

To quantify the comparability of chemosensitivity methods in
melanoma culture models, a correlation analysis was performed
(Fig. 1c). Impedance and ATP assay data were highly correlative
(0.8 < r2< 1.0), while the size showed moderate (spheroids:
0.7 < r2< 0.9) or no correlation (TMF: r2< 0.1) to the standard ATP
assay. Hereby, we prove for the first time the strong quantitative cor-
relation of drug kinetics, which was determined by EIS and standard

viability assay. Since results were independent of the applied cell/tissue
culture model, we were also able to qualify our impedance platform for
the use in industrial drug screening applications for the study of com-
plex organotypic cultures such as TMFs.

3.2. Melanoma tissue structure-dependent differences in BRAF inhibitor
sensitivity

Following quantitative validation for a meaningful in-depth phar-
macokinetics analysis, impedance spectroscopy was used to identify
culture model-dependent differences in BRAF inhibitor efficacy and
potency over time. All cultures treated with BRAF inhibitor reacted
non-linearly (Fig. 2; Supplementary Fig. S1). Highest efficacy was
visible for 2D (100.4 ± 10.1%) and 3D cell cultures (89.0 ± 8.6%),
whereas it was much lower for TMFs (67.5 ± 7.3%). Furthermore,
half-life increased with the complexity of the culture form from 1.8 to
3.9 days (Fig. 2a, left).

If real impedimetric data of all tested BRAF inhibitors was compared
among melanoma models at day three, highly significant differences
were visible between 2D/3D cell line cultures and TMFs (Fig. 2b, left).
At this early stage, potency of the three BRAF inhibitors also varied
significantly between cultures, with TMFs always showing the highest
IC50 values (lowest potency). Interestingly, the described effect turned
at late incubation periods, when potency kinetics were fitted. While
monolayers and TMFs had similar plateaus below 100 nM, spheroids
were characterized by a decreasing drug potency over time and even-
tually reached a five-fold higher IC50 value (Fig. 2a, right). The de-
scribed cell culture-dependent efficacy and potency developments were
also evident for the use of other BRAF inhibitors (Supplementary Fig.
S1a).

To identify the reason for the differing pharmacological parameters,
tissue structure and composition were examined. Partial insensitivity to
inhibitors and thus reduced overall efficacy in patient-derived orga-
notypic TMFs was caused by their cellular heterogeneity. Fibroblast and
endothelial marker CD90 staining showed expression in TMFs, but not
isolated cell line cultures (Fig. 2e). Several studies confirm the effect of
mixed cell cultures consisting of tumorous and non-tumorous as well as
intrinsically resistant and sensitive cancer populations on drug efficacy
(Santo et al., 2017; Tanner and Gottesman, 2015).

The diminished potency progression over time in spheroids was
most likely triggered by a change in the number of available receptors
(Srinivasarao et al., 2015). A diffusion study with Calcein-AM, which
mimics the penetration of small-molecule BRAF inhibitors, showed only
staining of the outer cell layer in spheroids (Fig. 2e). A gradual killing of
cells in the periphery caused a shrinkage of the spheroid and thus the
number of cells available to the drug (i.e. number of receptors). A high
cell density in spheroid sections was also validated by DAPI staining. In
contrast, TMFs were easily penetrated and showed loosely packed tissue
consisting of cell islands interspersed by extracellular matrix made of
Collagen I and N-Cadherin. Using tissue structure-specific impedance
parameters, the visualized 3D cell organization was also quantitatively
validated (Supplementary Fig. S2b). The shift of the relative impedance
maximum to lower frequencies, and in particular the significantly
higher relative impedance at 5MHz, contrasted the homogeneous dis-
tribution of densely packed cells in spheroids with the irregular cell
cluster arrangement in TMFs (Jahnke et al., 2013, 2014).

The identified half-life increase in complex tissue structures corre-
lated with a strong expression of extracellular matrix molecules such as
metastasis-specific N-Cadherin and dermis-abundant Collagen I
(Fig. 2e). Several studies describe an absorption of active substances by
extracellular matrix proteins and mechanical barriers as the main rea-
sons for delayed drug-receptor binding. (Au et al., 2016; Seo et al.,
2014; Theocharis et al., 2016).

The observed significant differences in BRAF inhibitor pharmaco-
kinetics demonstrate the importance of patient-derived organotypic
tissue models for drug discovery in in vitro pre-clinical research and
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prove that 3D cell line cultures, unlike recent studies (Verjans et al.,
2018; Zanoni et al., 2016), do not adequately reflect the human situa-
tion. In addition to the screening of active substances, impedance
spectroscopy can be used to measure tissue organization. This broad
application range is strongly superior to the read-out abilities of stan-
dard industrial chemosensitivity assays.

3.3. Comparability of in vitro and in vivo BRAF inhibitor pharmacokinetics
in melanoma

In addition to the tissue properties affecting drug activity, the in-
trinsic potency and efficacy of each BRAF inhibitor were examined. In
TMFs, all BRAF inhibitors showed similar efficacy plateaus of ~ 70%
(Fig. 2c). However, dabrafenib by far developed the fastest half-effect

Fig. 2. Drug kinetics and efficiency are indicative for differences in melanoma model tissue structure. (a) Vemurafenib efficacy and potency kinetics in monolayer
cells (2D), spheroids (3D) and tumor microfragments (TMF). (b) Efficacy and potency values of all BRAF inhibitors at treatment day 3. (c) Drug-dependent efficacy
and potency kinetics in TMFs. (d) Drug-dependent pharmacology parameters at treatment day 4 (2D), 7 (3D) and 14 (TMF). (e) Calcein-AM penetration assay,
staining of CD90, Collagen I and N-Cadherin in melanoma models. DAPI cell nuclei staining (blue). Scale bar 100 µm. vemurafenib (Vemura), dabrafenib (Dabra),
encorafenib (Encora).
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(2.6 days). These drug-specific efficacy patterns were also reproduced
in the other melanoma models (Supplementary Fig. S1c). Consistently,
no significant differences were observed in comparing the efficacies of
BRAF inhibitors at highest activity (2D: 4 days; 3D: 7 days; TMF: 14
days), while potencies varied widely at these time points (Fig. 2d).
Vemurafenib was characterized by the significantly highest IC50 data
ranging from 150 to 500 nM, while encorafenib and dabrafenib showed
comparable, 100-fold smaller values. Potency differences were also
evident in the proportions of vital and dead cells in viability staining
(Supplementary Fig. S1d).

The identified similar efficacies of all drugs justify their use in
melanoma therapy for BRAFV600 melanoma patients. In the clinic, the
efficacy of a drug is fundamental as it indicates the proportion of cancer
cells killed and cannot be easily predicted using drug potency
(Whitebread et al., 2005). In contrast, potency is an essential measure
of receptor specificity and therefore of safety pharmacology (Hennes
et al., 2014). High-potency drugs achieve the same response at much
lower concentrations than low-potency drugs and have an increased
affinity for their given target, indicating a reduced risk of side effects
(Chari, 2008). The clinically observed potencies of vemurafenib
(31 nM) and dabrafenib (0.6 nM) and the concurrent significantly
milder toxicity of dabrafenib in BRAFV600 melanoma quantitatively
prove the in vitro impedimetric pharmacokinetics and –dynamics. In
this context, the novel BRAF inhibitor encorafenib showing enhanced
efficacy and potency constitutes a valuable active substance for the
treatment of specifically mutated BRAF in the future (Dummer et al.,
2018).

3.4. Quantitative validation of drug synergies using impedance spectroscopy

Since tumor cells can easily adapt to targeted therapeutics through
bypass survival signaling, current cancer treatment strategies focus
primarily on the use of combinatorial agents to circumvent resistance
formation (Gatzka, 2018). In this study, the efficacy of combined versus
single drugs was assessed by synergy analysis. The combination index
(CI) was used to quantify drug synergy over the entire range of action
(Chou, 2010).

To validate the applicability of our impedance platform for drug
combination studies, impedance and ATP assay data of BRAF-/MEK
inhibitor co-treatment were compared in different melanoma models.
For monolayer cells, impedance data showed synergistic behavior (CI
≤ 0.7) until 70% of cells were inhibited (Fig. 3a). For higher fractions
affected, additive to antagonistic BRAF-/MEK inhibitor behavior was
detected. ATP assay data indicated an additive effect (CI ~ 1) over the
complete concentration range.

In cancer therapy, synergistic behavior should ideally be de-
termined for high levels of inhibited cells, guaranteeing near complete
destruction of the tumor. Synergistic effects for small amounts of af-
fected cells are not clinically relevant, as this promotes a relapse of
cancer (Zhao and Bader, 2017). Therefore, CI values of impedance and
ATP assay data were contrasted at 75% of inhibited cells (IC75, con-
centration affecting 75% of cells) over time (Fig. 3b). Both methods
showed comparable CI values of additive drug behavior, with the
greatest divergence on day two (CIATP: 1.1; CIEIS: 0.73). A similar but
more synergistic CI progression was observed for spheroids co-treated
with vemurafenib and cobimetinib (CIATP: 0.18, strong synergy; CIEIS:
0.77, slight synergy) (Fig. 3c). In contrast, TMFs receiving BRAF-/MEK
inhibitor co-treatment showed a reversed trend from strong antag-
onistic to additive behavior for high levels of affected cells (CIATP: 1.66;
CIEIS: 1.34) (Fig. 3d). These results demonstrated a sensitive char-
acterization of drug synergy using impedance spectroscopy and ATP
assay. In contrast, synergy classification was not possible by simple
viability staining that showed no changes in viable and dead cell pro-
portions when comparing single and combined drug treatment (Fig. 3a,
c, d).

To validate impedance spectroscopy for drug synergy studies, a

quantitative correlation analysis with ATP assay data was performed
(Fig. 3e). Irrespective of the melanoma model used, a high correlation
was found between the two chemosensitivity methods
(0.85 < r2<0.98), indicating the suitability of impedance spectro-
scopy for advanced drug combination analysis in in vitro pre-clinical
pharmaceutical development. Reviewing the applicability of EIS for co-
treatment studies is of particular importance as combination therapies
will become increasingly important in the future to overcome intrinsic
and acquired cancer resistance (Herbst et al., 2018; Ribas and Wolchok,
2018).

3.5. Sharp differences of short-term drug synergy in ex vivo and in vitro
models

Based on the promising performance in drug combination analysis,
impedance spectroscopy was used to assess the combined potential of
BRAF-/MEK inhibitors in the advanced patient-derived melanoma
model. The combination index of vemurafenib/cobimetinib at IC75 was
plotted over time (Fig. 4a). While monolayer (0.76 <CI<1.05) and
spheroid cell line cultures (0.29 <CI< 0.82) exhibited quite constant
combination indices of additive and synergistic behavior throughout
the treatment period, TMFs were characterized by drug antagonism
(1.17 <CI< 2.2). The described BRAF-/MEK inhibitor activity pat-
terns were specific for the culture forms and independent of the applied
drug combination (Fig. 4b; Supplementary Fig. S2a, b). For strong an-
tagonistic behavior, effects were also confirmed qualitatively by a de-
crease in dead and an increase in vital cells in the viability staining
(Supplementary Fig. S2b, top). In contrast, synergism led to a pro-
nounced decrease in 3D culture size (Supplementary Fig. S2b, bottom).

Comparing melanoma models on the third day of treatment for
various drug combination effects, 2D/3D melanoma cell cultures re-
acted synergistic, while melanoma patient tissue showed antagonism
(Fig. 4c). The lack of synergy of encorafenib/binimetinib and dabra-
fenib/trametinib after short-term incubation was due to an already
substantial activity of the individual treatments, so that the combina-
tion treatment could not increase effects (Supplementary Fig. S2a,
right). Data indicated that the activity of co-treatment depended on
complexity of the cultures. Even at the time of maximum drug effects,
2D cultures were characterized mainly by additive BRAF-/MEK in-
hibitor behavior (0.69 <CI< 1.32), spheroids exhibited synergistic
drug response (0.26 <CI< 0.81) and TMFs (1.59 <CI< 3.78) re-
tained an antagonistic reaction regardless of the BRAF-/MEK inhibitor
combination used (Fig. 4d).

Beyond synergy potential analysis, impedance spectroscopy was
used to assess the efficacy and potency of BRAF-/MEK inhibitor com-
binations. While combined treatments had similar efficacy levels in the
respective melanoma models, potency (IC50 values) varied significantly
(Fig. 4e; Supplementary Fig. S2c). As already observed in the individual
treatments, vemurafenib/cobimetinib had the lowest overall potency.
In cell line cultures, encorafenib/binimetinib and dabrafenib/trame-
tinib achieved a 7-fold and 20-fold potency increase compared to the
latter. Only TMFs were characterized by an insignificant difference in
activity between encorafenib/binimetinib and dabrafenib/trametinib
treatment and a low 3-fold potency gain of the latter over vemurafenib/
cobimetinib, making all combinations a valuable choice for melanoma
therapy. In the clinic, the impedimetrically observed similar activities
of targeted drug combinations in organotypic cultures are reflected in
comparable response rates and progression free survival (Eroglu and
Ribas, 2016).

Considering the substantial melanoma model-dependent differences
in combined BRAF-/MEK inhibitor efficiency, a clear need for more in
vivo-like cultures in cancer drug research exists as therapeutics can have
synergistic behavior in artificial cell models, whereas being antagonists
in vivo. It is actually known from clinical research of BRAF- and MEK
inhibitor combinations that drugs do not mutually reinforce each other
during an acute treatment, but are able to slow down chronic resistance
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emergence (Flaherty et al., 2012; Larkin et al., 2014). With our mela-
noma microfragment-based impedance technology, we provide a highly
sensitive platform that allows the chemosensitivity analysis of viable
excised tumor entities independent of the melanoma grade (level of
skin depth) or stage (primary tumor, node, and metastasis).

3.6. Impedimetric resistance monitoring of single and combined BRAF-/
MEK inhibitors

To validate the known clinical effect of delayed resistance emer-
gence through BRAF-/MEK inhibitor combination treatment, cellular
impedance was recorded of patient-derived melanoma spheroids
treated with dabrafenib/trametinib alone or in combination over 60
days. Micrographs and viability staining after day 7 acute treatment
showed equally sized spheroids with similar levels of viable and dead
cells, regardless of the treatment regime (Fig. 5a). Prolonged incubation
with dabrafenib for 60 days led to a sharp increase in spheroid size and

viable cell number, while trametinib and the combined treatment re-
sulted in a constant but significantly lower 3D culture diameter
(69.9 ± 6.3% and 72.8 ± 12.2%) and a low level of vital cells
(Fig. 5b, right).

Being able to measure tissue structure and ECM alterations that are
known to accompany resistance emergence (Afasizheva et al., 2016;
Hirata et al., 2015), EIS revealed significant differences for not only
dabrafenib (122.3 ± 13.1%), but also trametinib (110.5 ± 9.5%)
versus combined drug (61.5 ± 8.7%) chronic application. More strik-
ingly, comparable temporal resistance emergence patterns were iden-
tified for the other BRAF-/MEK inhibitor single and combination
treatments (Supplementary Fig. S3a).

Comparable to clinical findings, these results again demonstrate the
advantages of impedance spectroscopy over standard industrial end-
point measurements for real-time monitoring of resistance emergence
in patient-derived cell line spheroids. Because TMFs remain viable in ex
vivo cultures for more than 100 days (Supplementary Fig. S3b), these

Fig. 3. EIS predicts BRAF-/MEK inhibitor synergy with high precision in all melanoma culture forms when compared to standard viability assay. Vemurafenib
(Vemura, V) and cobimetinib (Cobi, C) synergy analysis in (a) 2D cultures. (b) Combinational indices (CI at IC75) kinetics over time for 2D cultures. (c) Synergy
analysis of V+C-treated spheroids (3D), and (d) dabrafenib (Dabra, D) and trametinib (Trame, T) synergy analysis in tumor microfragments (TMF). Combination
index plotted against the inhibitory effect of the drug combination at day 4 (2D), 7 (3D) and 14 (TMF). Viability stainings visualize drug effects. Scale bar 100 µm. (e)
CI correlation analysis. Highest correlation (black framed boxes). n= see figure.
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organotypic tissue models are of considerable interest in conducting
relevant studies of in vivo resistance development.

4. Conclusion

Here, we described for the first time the use of our self-developed
multidimensional impedance platform for an in-depth pharmacology
analysis of targeted therapeutics in an advanced patient-derived mela-
noma model. The quantified close correlation of ATP assays with im-
pedimetrically obtained pharmacokinetics and –dynamics prove the
high value of sensitive and non-invasive real-time EIS for pharmaco-
logical screenings of single drugs and combinations in short- and long-
term setups. Moreover, substantial differences in drug response patterns
between organotypic ex vivo and artificial in vitro 2D/3D cell cultures
highlight the importance of in vivo-like cell models in drug develop-
ment. This is particularly true since clinically observed responses to
BRAF-/MEK inhibitors were very similar to the results of this study for
TMFs. Superior to standard industrial assays, impedance spectroscopy
is not only able to measure chemosensitivity patterns with high preci-
sion in a non-invasive and real-time manner, but also to identify tissue
structure changes.

Several studies show the successful ex vivo culture of different pa-
tient-derived cancerous tissues such as head and neck squamous cell

carcinoma (Kross et al., 2008), colorectal cancer (Weeber et al., 2015)
and glioblastoma (Hubert et al., 2016), making the platform a valuable
choice for the chemosensitivity analysis of various tumor entities. To be
even more significant for pharmaceutical screenings, the microcavity
prototype is currently scaled to a 96-well microtiter plate-assisted im-
pedance platform for an automated, standardized and paralleled ana-
lysis of cancer therapeutics on in vivo-like TMFs.
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Fig. 4. Antagonistic-additive effects of BRAF-/MEK inhibitors on BRAFV600E TMFs are different from synergistic-additive actions in artificial 2D/3D melanoma cell
models. (a) Combination index (CI) kinetics of vemurafenib/cobimetinib (Vemura + Cobi, V+C) treatment and (b) kinetics of all BRAF/MEK inhibitor combinations
in tumor microfragments (TMF) measured with EIS. (c) At day 3 and (d) drug screening end, CIs of combination treatments at IC75 are compared. (e) EIS con-
centration-response curves in spheroids (day 7) and TMFs (day 14) with significant differences in potency (IC50 values). dabrafenib/trametinib (D+T), encorafenib/
binimetinib (E+B).
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Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.bios.2018.08.049.
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