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ARTICLE INFO ABSTRACT

Keywords: Organic colorants epindolidione (EPI) and quinacridone (QUI) are commercially available hydrogen-bonded

Sel.ﬂimﬂ_dflcmr pigments semiconductor pigments. Despite their suitable properties for bioelectronic applications, their biocompatibility

gpl'ndoh.ilone has not been thoroughly examined yet. In this study, thin EPI and QUI layers were applied on well plates by
uinacridone

vacuum deposition technique followed by short and long-term in vitro biocompatibility study. In vitro testing
represents a relatively fast and cheap approach, especially suitable for screening testing and prioritization of
materials for further research. LIVE/DEAD assay, cell cycle analysis, adhesion and morphology of NIH 3T3 mouse
fibroblasts have been investigated up to 7 days using flow cytometry and fluorescent optical microscopy. In
summary, no significant differences were observed in viability, cell morphology, or attachment capabilities
between control cells and cells grown on the EPI or QUI surfaces or cells cultivated in medium harvested from
EPI- or QUI-coated wells. Our results suggest that both pigments are highly biocompatible. The absence of
adverse biological effects of EPI and QUI together with their low cost and availability indicate their high
application potential in next-generation bioelectronic devices.
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1. Introduction

Bioelectronics is currently a rapidly evolving field linking traditional
electronic devices and sensing platforms with biology and medicine by
stimulating and probing the biological cells and tissues [1-8], while
offering new trends in the treatment of various non-efficiently treated
diseases, such as neurodegenerative or chronic diseases [9,10]. Bio-
electronics has already introduced a number of biomedical devices to
monitor and manage certain health conditions [8,11-25]. The sensor
and actuator electronic devices are designed to detect, stimulate and
control bio-signals and even apply medical treatments, but the intrin-
sically different nature of these devices compared to the surrounding
living tissue brings several challenges into play. Firstly, while the bio-
logical systems work in agaueous environment utilizing electrochemical
signals and ionic conduction, electronic devices work in crystalline form
using electronic conduction only. Therefore, converging biology and
electronics requires a fundamental condition to be met: mixed ionic/
electronic conductivity [17] (see reference 17 and references therein).
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With this respect, the organic semiconductors and conductive polymers
with the ability of interconverting ionic and electronic signals efficiently
have significant advantages over their inorganic and oxide counterparts
[12-14]. Secondly, the physical incompatibility caused by the me-
chanical mismatch between the rigid bioelectronic devices based on the
inorganic materials and soft biological tissue creates undesirable cell
reactions. Organic materials offer great interfacial stability providing
better mechanical match between the flexible organic materials and soft
tissue thanks to their stress release ability [15].

Third and arguably the most important aspect of the implant is its
biocompatibility, which is essential for the fabrication of practical and
sustainable bioelectronic devices that is not cytotoxic towards the sur-
roundings cells and tissues and does not elicit undesirable cell response.
There are several strategies to enhance the biocompatibility [8], how-
ever, they usually require additional fabrication techniques, as well as
have limitations, such as poor mechanical and/or long-term stability in
real clinical applications.

Taking into account all the above-mentioned aspects, we aimed to
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evaluate the biocompatibility of hydrogen-bonded pigments epi-
ndolidione (5,11-Dihydroquinolino[3,2-b]quinoline-6,12-dione) (EPI)
and quinacridone (5,12-Dihydroquinolino[2,3-b]acridine-7,14-dione)
(QUI). Hydrogen-bonded pigments are a class of organic colorants that
break the rules for obtaining semiconducting behaviour and they can be
employed as semiconductors in various organic electronic applications
[26-43]. Two critical features of hydrogen-bonded pigments are their
low-cost availability and placement in the lowest toxicity group of
commercial colorants. This combination of properties opens the
intriguing possibility of cheap and sustainable electronic devices with
inherent biocompatibility. The two additional critical aspects of these
pigments that enable bioelectronics applications are namely the
demonstration of stable semiconducting properties in aqueous envi-
ronments (within a remarkably wide pH range of 2-10) [40] and their
straightforward bioconjugation protocols that allow direct attachment
of biomolecules to the amine groups present in hydrogen-bonded
pigment-forming molecules [41]. However, implementation of pig-
ments into bioelectronic devices requires biocompatibility evaluations.
Organic semiconductor pigments are considered non-toxic, however, no
or very few toxicological data are available for EPI. In the present study,
we carried out for the first time a comprehensive in vitro biocompati-
bility study of EPI and QUI semiconductor pigments.

2. Materials and methods
2.1. Preparation of samples

Yellow color EPI is a heterocyclic compound and its molecular
weight is 262.26 g/mol. Magenta color QUI is an organic hetero-
tetracyclic compound and an organonitrogen heterocyclic compound
with the molecular weight of 312.3 g/mol. Both pigments are poorly
soluble in organic solvents. The pigments EPI and QUI were purchased
from 1- Material and TCI EUROPE, respectively. To achieve electronic
grade quality, the purification method was necessary [32]. It was shown
that the purity level of the organic semiconductor pigments is directly
correlated with the charge transport properties of these materials [32].
After that thin nanofilm layers (300 nm) of purified pigments have been
prepared via physical vapor deposition (PVD) process by a custom-built
organic evaporation system from Vaksis R&D and Engineering on the
standard plastic cultivation well plates used for adherent cell lines (TPP
tissue culture test plates). For the thin film deposition of the pigments
EPI and QUI, a sufficient amount of pigment powder was sequentially
placed into a crucible. The respective crucible was heated to 190 °C for
EPI and 280 °C for QUIL, where the sublimation started for the respective
pigments. The sublimation and the thin film deposition were monitored
by the quartz crystal inside the PVD system. For both pigments, when
the sublimation rate became constant at 0.2 A/s, the protective shutter
under the well plates was opened, and the evaporation started and
continued until the thickness reached 300 nm.

2.2. Cell culture

The murine cell line NIH3T3 purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) was used for cytotoxicity testing.
Cells were cultivated in DMEM (Life Technologies, Carlsbad, CA, USA).
The culture medium contained (final concentrations in medium): 10 %
fetal calf serum (FCS), L-Glutamine (2 mM), PenStrep (5 U penicillin, 50
ug streptomycin/mL). Cells were incubated at 37 °C and 5 % CO,
atmosphere.

2.3. Cell viability — direct contact

Cell viability was assessed using a LIVE/DEAD™ Viability/Cytotox-
icity Kit (Invitrogen) and a BD FACSVerse flow cytometer (BD Bio-
sciences, San Jose, CA, USA). Wells of the 24-well plate coated with the
testing materials (EPI and QUI) were sterilized by 70 % ethanol before
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the NIH3T3 cells were seeded at a density of 50,000 cells/well. Empty
wells with the same treatment were included as blank controls to eval-
uate a potential interference of the dyes with the testing method. Heat-
treated cells incubated at 60 °C for 30 min before measurements were
used as a positive control. After incubation for 24 h, the supernatant
containing detached cells was collected, cells were washed with
phosphate-buffered saline (PBS; 0.1 M, pH 7.4) and detached using 0.25
% trypsin-EDTA solution (Gibco) for 5 min. Cells were collected in cell
culture medium and added to the supernatant. PBS from the washing
step was also collected and added to the supernatant. Collected cells
were incubated with PI (10 pg/mL) and calcein-AM (in DMSO) for 30
min in the dark. Finally, the fluorescence signal was measured on a flow
cytometer using the first two scatters (Forward scatter channel vs. Side
scatter channel) and two fluorescence channels (red FL 2: ex. 488/em.
700 nm and green FL 3: ex. 488/em. 527 nm). The red PI signal marked
dead cells that lost membrane integrity, whereas the green signal indi-
cated live cells with active intracellular esterases that could catalyze the
non-fluorescent calcein-AM to highly fluorescent green calcein. Three
independent experiments were performed and mean and standard de-
viation + (SD) were calculated.

2.4. Cell viability — extracts (ISO 10993-5 guideline)

A test method to assess the in vitro cytotoxicity of medical devices
was performed according to the ISO 10993-5 guidelines. Briefly, the cell
culture medium was incubated in the wells coated with EPI and QUI
pigments. After 24 h, the extracts of the tested materials in the cell
culture medium were collected. NIH3T3 cells were seeded at a density of
50,000 cells per well in a standard 24-well plate for 24 h, then medium
was replaced with the material extracts. The cells were then cultured in
the extracts for another 24-96 h, before the LIVE/DEAD assay was
performed as described above. Medium applied to a 24-plate well
without pigments was used as a negative control.

2.5. Cell adhesion

Visual determination of the cell morphology and adhesion was per-
formed by using microscope Olympus IX 70 in a fluorescence mode. The
effect of direct contact of cells with the pigment-covered chambers on
cell adhesion ability was evaluated. Briefly, wells of 24-well plate coated
with EPI and QUI were sterilized by 70 % ethanol before seeding
NIH3TS3 cells at a density of 50,000 cells/well. Wells coated with EPI/
QUI without cells were included as blank controls to evaluate interfer-
ence of the tested materials with the method. After 24 h, cells were
detached with 0.25 % trypsin-EDTA solution (Sigma Aldrich), and
mixed with fresh cell culture medium, transferred to new wells (non-
coated with EPI/QUI) and observed under light microscopy after 24, 48,
72 and 168 h. The LIVE/DEAD assay was performed after 96 h culti-
vation. Before observation under the microscope, the medium was
aspirated, replaced with fresh medium with fluorescent labels propi-
dium iodide (PI) and calcein-AM at the final concentration of 10 ug/mL
and 50 pM, respectively, diluted in DMSO. After 30 min incubation in
the dark, the medium was replaced with PBS bulffer.

2.6. Cell cycle

Changes in cell cycle phase were monitored using DNA kit (BD
CycletestTM Plus DNA kit, Becton Dickinson, East Rutherford, NJ, USA)
and BD FACSVerse flow cytometer (BD biosciences, East Rutherford, NJ,
USA) after 24 h incubation on EPI/QUI layers. The fluorescent intensity
of Propidium Iodide (PI) was measured using excitation 488 nm/emis-
sion 586 nm.

2.7. Endotoxin evaluation

The endotoxin lipopolysaccharide (LPS) quantification was
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Fig. 1. (up) Pictures of well plates covered by thin layer of EPI (left) and QUI
(right); (down) Viability of NIH3T3 cells after 24 h of incubation on EPI and
QUI coatings. Results are expressed as a percentage of control (unexposed)
cells. The values represent the mean + standard deviation of three indepen-
dent replicates.

performed according to the manufacturer’s instructions using the
Thermo Scientific, Pierce™ Chromogenic Endotoxin Quant Kit (Catalog
number A39553, Waltham, MA). All reagents were equilibrated to room
temperature prior to use, and great care was taken to use only
endotoxin-free materials. A standard curve was generated using known
endotoxin concentrations ranging from 0 to 1 EU/mL and run in parallel
with the test samples. The test materials were incubated in phosphate-
buffered saline (PBS) for 24 h at 37 °C before analysis. Standards and
samples were maintained at 37 °C during the test. The colorimetric
change in the wells of the 96-well microplate was measured at a
wavelength of 405 nm using a Tecan Infinite M200 Pro Absorbance
Spectrophotometer.

3. Results and discussion

Today’s novel and exciting biomedical technologies are available in
the market and influencing our daily lives by changing the way of our
interaction with novel bioelectronic technologies. Organic semi-
conducting materials are already recognized for integrated, cost-
effective application due to their ease of use, especially with regard to
production processes. They represent one of the most intense scientific
developments in the field of bioelectronics over the past three decades.
Organic technology relies on carbon-based semiconductor materials that
deliver electronic devices with unique properties. The ability of elec-
troactive materials to conduct ions, electrons, and holes opens up a new
communication channel in life sciences and enables the fabrication of a
large variety of biomedical devices.

Amon them, hydrogen-bonded organic pigments such as EPI and QUI
are commercially available materials mostly used in the colorant in-
dustry, especially in robust outdoor paints, cosmetics, and printing inks.
This class of materials are not normally produced for the electronic
applications. Therefore, in this study, to achieve electronic grade qual-
ity, the purification method has been used, after that thin nanofilm
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Fig. 2. Cytotoxicity of extracts of EPI and QUI tested according to the ISO
standard for biocompatibility of medical devices after 24, 48 and 96 h. Results
are expressed as a percentage of control (unexposed) cells. The values represent
the mean =+ standard deviation of three independent replicates.

layers (300 nm) of purified pigments have been prepared via PVD pro-
cess and covered homogenously the whole surface of the commercial
plastic 24 well plates chambers, see Fig. 1. This preparation method is
advantageous not only from the perspective of following applications
where it can be used for manufacturing of various types of bioelectronic
devices (implants) but also from the point of view of easy handling
during the in vitro experiments [44]. We could thus easily use com-
mercial standard plastics coated with EPI and QUI as studied samples
and the non-coated chambers as controls.

In vitro testing represents a relatively fast and cheap approach,
especially suitable for screening testing and prioritization of materials
for further research. First, we had to established the appropriate assays
for studying biocompatibility of the pigments in general. The coloration
of both EPI and QUI (see Fig. 1, upper line) caused interference with
traditional absorbance-based assays using tetrazolium dyes, such as
MTT or MTS (data not shown), leading to false positive or false negative
results [45,46]. To minimize these interferences, we employed the LIVE/
DEAD viability assay evaluated using flow cytometry. Flow cytometry is
a fast, highthroughput and highly accurate technique providing infor-
mation about each individual cell in the whole population with statis-
tics. The fluorescence-based LIVE/DEAD assay reduced the risk of the
interference of EPI/QUI in comparison to absorbance-based
measurements.

Therefore, we tested biocompatibility of the EPI and QUI pigment
coatings of cell culture plate wells by flow cytometry using LIVE/DEAD
assay (LIVE/DEAD™ Viability/Cytotoxicity Kit (Invitrogen)) and a BD
FACSVerse flow cytometer (BD Biosciences, San Jose, CA, USA) with
two fluorescence probes (Propidium Iodide (PI) and Calcein-AM) to
distinguish between the populations of dead and live cells. PI is able to
intercalate into DNA of dead cells with a ruptured cell membrane, while
live cells dispose active esterases that catalyse the non-fluorescent cal-
cein-AM to highly fluorescent calcein.

Prior to cytotoxicity testing, cells were seeded onto the sterilized
pigment-covered 24-well plates and incubated for 24 h. As shown in
Fig. 1 (down), 24 h of direct contact with the studied materials did not
cause decrease in cell viability compared to control cells grown in non-
coated wells. To assess potential cytotoxic effects of extracts of the tested
materials, we followed ISO standard protocol for testing biocompati-
bility of medical devices. The pigments-covered plates were incubated
with cell culture medium only (without cells) for 24 h. Then, this me-
dium was collected and further used for the cultivation of cells seeded in
commercial plastic chambers without the pigment layer. After 24, 48
and 96 h of incubation, the LIVE/DEAD assay was performed using flow
cytometry. Results presented in Fig. 2 show that extracts of any of the
two tested pigments did not affect cell viability.

Other important parameters depicting normal physiological func-
tions of the cells are changes in the cell morphology and cell adhesion.
Cells grown on the pigments-covered plates for 24 h were detached by
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Fig. 3. Representative pictures of adhesion ability and morphology of NIH3T3 cells pre-incubated on EPI and QUI coating layers for 24hrs. Pictures show cells (up)
24 h, and (down) 168hrs after reseeding and incubation in standard non-coated wells.

control

Fig. 4. Representative fluorescence optical microscopy pictures of NIH3T3 cells that were first grown on EPI and QUI coated plate wells for 24 h and then reseeded
and cultivated in non-coated wells for 96 h. Green fluorescence from calcein in cytosol indicates live cells, no red signal from PI confirming no dead cells in the
samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Cell cycle phases in NIH3T3 cell after 24 h incubation with (a) EPI/QUI layers or (b) 24 h extracts of EPI/QUI in cell culture medium. Results are expressed as
mean =+ standard deviation of three independent replicates.

trypsinization and seeded on the commercial 24-well plate plastics.
Then, adhesion ability and morphology of these cells were monitored
after 24, 48, 72 and 168 h using optical microscopy. Representative
images of cells keeping their adhesion capability after growing on the
pigment layers 24 and 168 h are shown in Fig. 3. Moreover, proliferation
rate/number of the cells was the same in the cells pre-incubated on the

wells coated with the studied samples as in control cells that were
originally seeded on the commercial (non-coated) plastics.

Viability of these cells was not affected for up to 96h days of incu-
bation (Fig. 4). Moreover, no significant difference in the cell cycle
profile in individual cell cycle phases between cells incubated on EPI or
QUI layers and control cells has been observed which means that also
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subcellular biocompatibility of the EPI and QUI pigments has been
proven (Fig. 5).

At the end of this study we also tested if the materials contain
endotoxin or are endotoxin-free. From the results (data not shown) the
EPI and QUI showed the lower level of endotoxin than the absorbance
achieved for the lowest tested endotoxin concentration (0.1 EU/ml),
which means that both materials EPI and QUI prepared for this study are
endotoxin-free and could be use as safe biocompatible materials in
various bioelectronic and biomedical application in future.

4. Conclusion

In summary, a series of in vitro viability/cytotoxicity assays as well
as cell morphological and adhesion assessment on EPI and QUI pigments
were carried out on murine NIH3T3 cell line, a well-established cell line
for biocompatibility screening. No differences were observed in
viability, cell morphology or adhesion capability between control cells
and cells grown on the EPI or QUI thin layers or cells cultivated with the
medium harvested from EPI or QUI layers. The obtained results prove
that these commercially available low cost pigments are highly
biocompatible and are suitable for their further bioelectronic
applications.

Extending our findings to the foundation for highly stable (without
encapsulation) and biocompatible bioelectronic devices will be the next
avenue of the research. This is yet an unsettled field with very high
potential impact. It will explore avenues to grow novel bioelectronic
devices. Furthermore, it will lead to bio-compatible electronic and op-
toelectronic biomedical implants and sensors. With the potential to
monitor and improve the health of people, animals, plants, and eco-
systems, there is room for vast academic and industrial growth in this
sector.
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