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ARTICLE INFO ABSTRACT

Keywords: The in situ coating of polymer substrate with polypyrrole, described herein with detailed know-
Coatmg_ ) how, represents a novel technique of surface functionalization. The choice of oxidizing agent
Conduct1v11ty‘ and the polymerization time both affect the properties of the thin polypyrrole layer. The specific
Im,age analysis conductivity, free surface energy, thickness, topography, and FTIR spectra of polypyrrole layer
Anisotropy determined. The conducti i further used to functionalize both isotropic and
Stem cells were determined. The conductive coatings were further used to functionalize both isotropic an

anisotropic electrospun polyurethane nanofibrous mats to show their applicability and study the
bioactive effect of both the anisotropy and conductivity together. The morphology of composites
was studied by means of atomic force microscopy and scanning electron microscopy. A complex
cytocompatibility study was performed, including determining cytotoxicity by optical and fluo-
rescence microscopy, the advanced qualification of cell morphology by cell-image analysis, and a
study of stem cell behavior. The results clearly showed the significant impact of substrate
modification on cells, especially on fibroblasts while the embryonic stem cells were less affected.
This study shows not only the effective way to prepare a thin conducting layer based on poly-
pyrrole but also demonstrates its importance for the fabrication of smart biomaterials.

1. Introduction

The successful application of polymers in tissue engineering is conditioned by an understanding of their interaction with cells,
which is influenced by a number of material properties. The material’s good electrical conductivity offers notable advantages in
many tissues, especially electrosensitive ones (e.g., cardiac or neural tissue). Conductive scaffolds mimic the native conductivity of
tissues, thereby promoting cell-substrate interactions, cell-cell communication, and cell signaling, leading to improved tissue inte-
gration and functionality. Also, conductive scaffolds can provide a platform for controlled electrical stimulation, which creates an
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environment that guides cell behavior; for example, enhances cell growth and migration, expedites nerve regeneration, or promotes
cardiomyogenesis [1-4]. In this context, electrically conductive polymers (CPs) are at the center of attention, mainly thanks to their
intrinsically combined electron- and ion-based conductivity.

Among CPs, polypyrrole (PPy) is a promising representative due to its high conductivity and stability. The study by Wang et al.
(2004) confirmed that PPy extracts do not induce acute or subacute toxicity, hemolysis, allergenicity, or mutagenesis in vivo [5]. On the
other hand, Hsu et al. (2008) identified the limits of PPy cytocompatibility when PPy is in contact with various tissues [6]. In vitro
studies then showed that there are differences between the cytotoxicity and embryotoxicity of PPy salt and PPy base [7] and that low
molecular products present in PPy base can induce neurogenesis in embryonic stem cells [8]. In addition, an improvement in cell/PPy
interactions can be obtained by adjusting many factors, such as the method of synthesis (chemical or electrochemical) and the various
conditions of synthesis, the used oxidation agents and dopant ions, and even the rinsing procedure [9].

Regarding oxidation agents, iron(IlI) chloride (FeClg) [9-13], ammonium persulfate (APS) [13,14], sodium persulfate [15]
hydrogen peroxide [16], cupric chloride [17], phosphomolybdic acid [18], and many others can be used for the PPy synthesis. In the
here presented study, the former two oxidants in the list were employed and compared. The choice of oxidant has a considerable effect
on the resulting cytocompatibility and other key properties, such as the electrical conductivity [19]. Previous studies utilized PPy in
the form of powders [20-23], co-polymers [24-26], or colloidal dispersions [27-29], though, only a few studies are concerned with
PPy in situ coating [30-32] and even less are put in the connection with its cytocompatibility [33].

The surface properties of a biomaterial play a critical role in cell/material interaction. According to Ravichandran et al. (2010),
the major limitation on the cytocompatibility of PPy (and conductive polymers in general) is its hydrophobicity, which decreases the
successful entrapment of proteins to the surface [34]. Nevertheless, this disadvantage can be overcome by doping with various anionic
dopants [20] or by the coating of PPy with extracellular matrix components [35]. These allow the initial adhesion and growth of cells,
which subsequently produce their own extracellular matrix and thus colonize the surfaces more easily.

For the best results with respect to cytocompatibility, the topography of biomaterials should be modified at both the micro-scale
and nano-scale depending on the type of cultured cells [36]. The topographical treatment of materials is an economically effective way
of improving the biological activity of any biomaterial surface. The principle is that a surface structure determines the availability of
suitable binding sites for adhesive proteins, thereby affecting their surface distribution. As a result, biomaterials with topographic
modifications acquire capabilities that were originally reserved only for growth factors [37]. This is related to the fact that most types
of cells can sense the orientation, texture, and physical properties of biomaterials [38].

Moreover, a biomaterial’s iso/anisotropy plays a crucial role. This is related to the fact that the extracellular matrix is often
anisotropic in vivo [39]. Many studies have aimed to simulate the in vivo anisotropic structure of the myocardium through a series of
topographical features, because cardiomyocytes establish their native in vivo phenotype — aligned actin fibers, parallel sarcomeric
arrangements, and nuclear elongation [40] and the contractile properties of cardiac tissues are directly related to cellular orientation
and elongation. In fact, not only cardiomyocytes but the majority of cell types cultured on grooved profiles elongate and align
themselves along the major axis of the topographic anisotropic surface features, such as grooves [41]. In response to the anisotropic
topography, uniaxially oriented nanofibers have also been reported to induce morphological changes in many cell types, including
cytoskeletal rearrangements, nuclear elongation, and even axon extrusion from neuronal stem cells [42,43].

Iso/anisotropy can thus be considered another cell-instructive material property, especially when discussing stem cell behavior.
However, CPs, e.g. PPy, cannot form solid materials themselves and thus their topography and anisotropy cannot be controlled. The
preparation of composites, therefore, seems to be the most effective solution to this problem. Previously, cryogels of various polymers
with either PPy or polyaniline were prepared [44,45] but the adjustability of their anisotropy was limited. A more effective approach is
to prepare a composite combining an anisotropic substrate with the surface functionalization with CPs.

In the present study, electrospun polyurethane (PU) mats were combined with PPy to prepare composites (PUPPy) with
controllable anisotropy, topography, and conductivity. This study contributes to the current knowledge of substrate coating with PPy
and its impact on cytocompatibility.

As the main novelty, we present a method that makes the process of coating a substrate with PPy as simple, fast and versatile as
possible, so it is applicable to any substrate; such as the nanofibrous nonwoven mats reported here. Previously reported PPy coating
methods are certainly functional, but require the involvement of electricity in the process [46], or specific solvents [47] or stabilizers
[48], furthermore they may be limited by the long polymerization time [33] and, last but not least, the low temperature during the
reaction process [47-50]. In comparison to these, here presented PPy coating is synthesized chemically in situ in aqueous solution at
room temperature in seconds without the use of any stabilizers or modifiers, resulting in a uniform thin layer with high conductivity.
Therefore, the method allows for the use of PPy coating in a common practice or big manufacturing facility. A drawback of this method
may be its speed. Since the reaction occurs quickly, we emphasize the importance of controlling the polymerization time of PPy, as
exceeding the time has a negative effect on the topography and leads to the disruption of the PPy coating.

Another strength of our study is the quantitative and qualitative cell-image analysis, which graphically illustrates the impact of the
anisotropic topography of the nanofibrous substrate, the electrical conductivity of the PPy coatings, and their combinations on cell
morphology. On the basis of previously described knowledge, we hypothesized that coating an anisotropic substrate with conducting
PPy will lead to the preparation of a cell-instructive composite. The study presents a complex cytocompatibility experiment employing
electrospun nonwoven nanofiber PU mats both in their pristine and modified forms. Three types of modifications were tested:

1. An uniaxial orientation of fibers in the PU mats to achieve anisotropy;
2. Coating the oriented PU mats with PPy to enhance electro-conductivity;
3. Coating the PUPPy composite with gelatin and albumin to increase cytocompatibility.
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The effects of these modifications on the behavior of a mouse fibroblast cell line and a mouse embryonic stem cell line were
observed.

2. Materials and methods
2.1. Electrospinning, purification, and orientation of nanofibrous nonwoven PU mats

Desmopan 385 S (Covestro AG, Germany) was dissolved in a 3:1 solvent mixture of dimethylformamide (Brenntag, Poland) and
methylisobutylketon (Penta Chemicals, Czech Republic) to a concentration of 12.5 %. The final solution had a viscosity of 1.3 Pa s and
a conductivity of 31.5 mS/cm due to the addition of sodium chloride (Penta Chemicals, Czech Republic). Then, the solution was loaded
into syringes connected to 32 jets of the electrospinning device Nanospider (Elmarco, Czech Republic). The solution was extruded into
a high-voltage electric field (75 kV). A planar collector with a backing film drawn at a speed of 0.1 m/min was located 19 cm from the
jets. The final product had 4 deposited layers with a basis weight of 9.01 g/m?.

To remove impurities and unbound residues, such as solvents and salts, from the manufacture, the electrospun PU mats measuring
(15 x 15) cm? were immersed in 500 mL of ultrapure water and shaken for 7 d, while the water was changed every 48 h, and then dried
for 1 h at 50 °C.

Next, these isotropic PU mats with randomly oriented fibres were taped to the microscope cover glass. To obtain anisotropic PU
mats with aligned fibres, the PU mats were manually stretched 1 cm over a heat source at 150 °C and attached in the stretched state
with tape to the microscope cover glass without any delay. In both cases, overlaps were cut off to obtain a uniform area of (22 x 22)

mmz.

2.2. Synthesis of PPy coatings

PPy in situ synthesis was used to coat the surfaces of various substrates. First, cell culture dishes were coated with PPy and the
properties of PPy coatings such as topography, thickness, specific conductivity, surface free energy, and basic cytocompatibility were
analyzed on these coated dishes. Secondly, indium tin oxide (ITO) glass was used as a support suitable for FTIR spectroscopy analysis of
deposited PPy thin layers. Finally, the electrospun PU fibrous mats were coated with PPy to create PUPPy composites. The structure
and biocompatibility of the latter materials were then studied in detail.

The PPy in situ polymerization was conducted using pyrrole (Sigma-Aldrich, USA) as a monomer and APS (Sigma-Aldrich, USA) or
FeCls (IPL, Czech Republic) as an oxidation agent. Solutions of the monomer (0.2 M) and the oxidation agent (0.25 M) in ultrapure
water were prepared and allowed to stand for about 1 h at room temperature conditioned at 20 °C before being pipetted into cell
culture dishes (empty or containing ITO glass supports or PU mats) in a ratio of 1:1. The polymerization reaction was carried out for 15
s (t1), 30 s (t2), or 60 s (t3) at room temperature conditioned at 20 °C. To terminate the PPy coating formation, the excess reaction
mixture was discarded and the surfaces covered with PPy coatings were immediately and thoroughly rinsed with 0.2 M hydrochloric
acid (Penta Chemicals, Czech Republic), which had two roles here: It washed out the residual unreacted substances and at the same
time doped the PPy coatings. Then, the resulting substrates with PPy coatings were rinsed with methanol (Penta Chemicals, Czech
Republic) and allowed to dry overnight at room temperature conditioned at 20 °C.

The variation in polymerization time is presented here to demonstrate its significant influence on the topography of the final PPy
coatings. Besides that, all subsequent syntheses and analyses were performed on samples prepared with the same polymerization time:
(t;) = 15 s, which was chosen as the most appropriate because it resulted in the most uniform surface. Furthermore, PUPPy composites
were formed by oxidizing PPy with FeCl3 only, which was selected for its superior cytocompatibility.

2.3. Characterization of physicochemical properties

Atomic force microscopy (AFM): The surface topographies of PPy coatings synthesized on cell culture dishes using various
oxidizing agents and reaction times were measured by means of a Dimension ICON atomic force microscope (Bruker Corporation,
USA). Measurements were performed at a scan rate of 0.5 Hz with a resolution of (512 x 512) pixels in tapping mode in an air at-
mosphere at room temperature (22 °C, 50 % RH). A silicone-nitride probe with a resonant frequency of 70 + 25 kHz and a spring
constant of 0.4 N/m (ScanAsyst-Air, Bruker) was used.

The morphology of PUPPy composites was studied using an NTEGRA Prima (NT-MDT) atomic force microscope in tapping mode in
air in an atmosphere at room temperature (22 °C, 50 % RH). An NSGO1 (TipsNano) silicon probe of force constant 1.45-15.1 N/m was
used. The sample area was scanned at a rate of 0.4 Hz in (512 x 512) pixel format.

Thickness measurements of PPy coatings on cell culture dishes surfaces were scanned using AFM. A silicone rubber mask was
attached to the cell culture dishes before and during the PPy coating process. After polymerization was terminated, the silicone mask
was removed to prepare clean edges for the thin PPy layers. AFM characterization was performed using a Dimension ICON in ScanAsyst
mode using ScanAsyst-Air silicon nitride probe with a spring constant of 0.4 N/m (Bruker Corporation, USA). The measurements were
performed under laboratory conditions (temperature and atmosphere). The scanning rate was 0.5 Hz.

Images were processed using Gwyddion — Free SPM data analysis software, version 2.55 (D. Necas, P. Klapetek, Czech Metrology
Institute, Czech Republic). The images were edited using Data Levelling and Background Subtraction - functions Plane level and
Polynomial Background. Profile sections were made in the middle of the measured area. The parameters R, (the arithmetic average
surface roughness value) and R, (average peak-to-valley depth profile parameter) were obtained from 3 profile sections.
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Specific conductivity: The electric conductivity of PPy coatings deposited on cell celture dishes was determined at room tem-
perature by the four-point van der Pauw method. A Keithley 6517B electrometer, a Keithley 2410 source meter, and a Keithley 7002
switch (USA) were used.

Surface free energy: Measurements of contact angles on PPy coatings in cell celture dishes were carried out by a Theta Optical
Tensiometer (Biolin Scientific, Finland). For all PPy coatings, demineralized water, ethylene glycol, and diiodomethane (Sigma-
Aldrich, USA) were used as test liquids. The sessile static droplets with a volume of 10 pL were used and contact angles were recorded
after (10 + 2) s at room temperature. The measurement was repeated ten times for each sample. The surface free energy was
determined using the "acid-base" method.

FTIR spectroscopy: The spectra of thin PPy coatings deposited on ITO support were obtained using a Thermo Scientific Nicolet
iN10 Infrared Microscope with a Thermo Scentific Omnic Picta user interface equipped with a liquid nitrogen cooled MCT-A detector
(mercury cadmium telluride) in reflection micro-spectroscopic mode. The spectra were measured in the spectral range 4000-650 cm ™!
with the resolution 4 cm ™}, 64 scans and Happ-Genzel apodization. The aperture of the microscope was set to (150 x 150) pm?.

Scanning electron microscopy (SEM): Surface images of PUPPy composites were obtained by a Phenom Pro SEM, (Phenom-
world BV). For SEM observation, the PUPPy composites were cut into pieces (4 x 4) mm?, fixed on stubs by conductive tape, and
coated with gold and palladium. Samples were observed at an acceleration voltage of 10 kV in backscattered electron mode with a
magnification of 4000 x . Images were processed in ImageJ software, version 1.53k (W. Rasband, National Institutes of Health, United
States).

2.4. Preparation for and conditions of biological testing

Sterilization: The sterilization of all PPy coatings and PUPPy composites was accomplished by UV radiation for 30 min of each
side.

Coating with bio-substances: To enhance the cytocompatibility of PPy coatings and PUPPy composites, solutions of bovine serum
albumin (Sigma-Aldrich, USA) (40 mg/mL) and bovine gelatin (Sigma-Aldrich, USA) (0.1 %) in ultrapure water were applied to their
surface. Three types of protein coatings were created on PPy coatings on cell culture dishes: 1) 1 mL of albumin solution only (Alb), 2)
1 mL of gelatin solution only (Gel), or 3) 0.5 mL of albumin solution and 0.5 mL of gelatin solution together (Alb/Gel). The last one was
also used for coating PUPPy composites. The proteins from the solutions were allowed to adhere to the surfaces for 20 min. Then, the
solutions with residual proteins were aspirated and surfaces were allowed to dry at room temperature for at least another 20 min.

Used cell lines: To describe the cytocompatiblity of the composites comprehensively, two cell lines were utilized. First, the mouse
fibroblast cell line NIH/3T3 (ECACC 93061524, England) was applied. As a basis for the culture medium for fibroblats, Dulbecco’s
modified eagle’s medium (DMEM) (BioSera, France) and sodium hydrogen carbonate (Penta, Czech Republic) were used. Then, calf
serum (BioSera, France) (to the amount of 10 % of the total volume of the medium) and the antibiotics Penicillin/Streptomycin
(BioSera, France) at a concentration of 100 pg/mL (to the amount of 1 % of the total volume of the medium with the serum together)
were added to the DMEM. The second utilized cell line was the R1 mouse embryonic stem cell line [51]. For the cultivation for
embryonic stem cells in an undifferentiated state, a culture medium based on DMEM (Gibco™, USA) was used. To the DMEM, the
following supplements were added: fetal calf serum (BioSera, France) (to the amount of 16.5 % of the total volume of the medium), the
antibiotics Penicillin/Streptomycin (BioSera, France) at a concentration of 100 pg/mL (to the amount of 1 % of the total volume of the
medium with the serum together), 100 mM of non-essential amino acids (Gibco™, USA), 0.05 mM f-mercaptoethanol (Sigma-Aldrich,
USA), and leukemia inhibitory factor (Chemicon, USA) at a concentration of 5 ng/mL.

Cell cultivation: Cells were cultivated in a biological incubator HERAcell 150i (Thermo Scientific, USA) with a controlled at-
mosphere of 5 % CO,, temperature 37 °C, and constant relative humidity. Fibroblasts or embryonic stem cells at a concentration of 1 x
10° cells/mL of complete culture medium were seeded onto the surface of the PU mats, PUPPy composites, and references. As ref-
erences, cell culture dishes were used for fibroblasts; however, for embryonic stem cells, cell culture dishes were gelatinized with 0.1 %
porcine gelatin (Sigma-Aldrich, USA) in water. When cells had adhered to the surface (after 2 h), the aliquot part of the medium was
added to achieve a volume of 2 mL. The samples with cells were then put in the incubator for 4 d with medium restitution every 2 d.

2.5. Evaluation of biological testing

Optical microscopy: In addition to regular visual checks of the cells, a phase contrast optical microscope (Olympus IX51, Japan)
supplemented with a digital camera (Olympus E—450, Japan) was employed to obtain cell proliferation results from coated and seeded
cell culture dishes. An optical microscope generally enables the quick and easy observation of living cells; however, the possibility of
using it here was limited by the opacity of PU. Therefore, the PU mats and PUPPy composites were analyzed by fluorescence
microscopy.

Fluorescence microscopy: Fluorescence microscopy was used for the further determination of cell morphology. Cells grown on
the surfaces were rinsed with phosphate-buffered saline (BioSera, France), fixed with 2 mL of 4 % formaldehyde (Penta Chemicals,
Czech Republic) in ultrapure water, and then permeabilized by 2 mL of 0.5 % Triton X 100 (Sigma-Aldrich, USA) in phosphate-buffered
saline. Finally, the cells were stained with two fluorescent dyes: 1) ActinRed 555 or ActinGreen 488 (Life Technologies, USA) (1 drop/
mL), which binds to the proteins in cytoskeletons, and 2) Hoechst 33258 (Sigma-Aldrich, USA) (20 pL/mL), which penetrates the
nuclei where it binds to the DNA. The stained cells were observed by an Olympus IX 81 phase-contrast inverted fluorescence mi-
croscope (Olympus, Japan) with a Leica DFC480 camera (Leica Microsystems, Japan).

Quantification using CellProfiler software: Since all PUPPy composites had a unified surface area of (22 x 22) mm?, it was
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possible to perform a proper quantification of grown cells. As references, pre-cut bottoms of cell culture dishes with the same (22 x 22)
mm? surface area were used. After 2 d of mouse fibroblast cultivation, the cells were fixed, stained, and photographed using the
fluorescence microscope. Forty images of cell nuclei with 40 x magnification were manually acquired from the surface of each
observed sample for further quatification. Five images of cytoskeletons and five images of cell nuclei with 100 x magnification were
acquired from the surface of each observed sample for further morphology qualification. Image analysis was then performed using the
open-access CellProfiler software 4.0.7 [52]. For the identification of stained nuclei and cytosceletons, the images were converted to

grayscale, and any white regions caused by structural inequalities were excluded.
3. Results and discussion
3.1. Synthesis and characterization of PPy coatings

As commonly known and understood, the chemical synthesis is facile and relativelly quick procedure for producing CPs. The rate of
chemical reaction can be, however, modified by several variables, such as the type and concentration of the oxidation agent, presence
of dopants, change of temperature and reaction time [53]. The last factor is crucial, especially in the process of PPy coating synthesis.
To create a uniform PPy layer, stopping the polymerization reaction at the right time is essential. Otherwise, PPy aglomerates start to
grow as time progresses and break free from the surface, and eventually a poorly adhering powder is created instead of a thin PPy
coating.

Topography: The PPy coatings prepared with different oxidation agents and reaction times on cell culture dishes were investigated
by AFM. The obtained AFM visualization (Fig. 1) shows PPy particles within the thin coating layer that grow in size as the chemical
reaction progresses. Coatings prepared at longer reaction times are difficult to observe by AFM, because the movement of detached
particles causes defects in the pictures. This phenomenon was significantly worse in PPy coatings prepared using APS. The reason lies
in the considerably higher reaction rate of the polymerization initiated by APS.

The fact that the topography of PPy coatings depends on the reaction time is also supported by the roughness analysis, as shown in
Table 1. The R, parameter, which represents the height difference between the highest and the lowest points of the surface, increases
gradually with the reaction time length. This dependence is valid for both PPy*"S and PPy"C!®, The average surface roughness
parameter Ry is also the lowest for both PPy coatings prepared in the shortest time (t;) of 15 s. Also when comparing the measured
values, the surface roughness of PPy”FS is significantly higher than that of PPyFeCls, which corresponds to the discussion of the AFM
images in Fig. 1.

Based on these results, it is clear that the most uniform coating is obtained by the shortest reaction time. Since this setting has the
greatest potential for further studies, the following experiments and measurements were performed on PPy coatings synthesized with
the reaction time (t;) = 15 s only. These PPy coatings on cell culture dishes were further studied to better understand their physi-
ological properties and to distinguish between the effects of two various oxidizing agents.

Thickness: The PPy coatings were prepared with different oxidation agents on cell culture dishes with an attached silicon mask
used to create clean edges observable by AFM. As can be seen in Fig. 2, AFM profilometry indicated the PPy*?S and PPyFeCl3 coatings to
have different thicknesses. The former, PPy2"® coating, has the thickness of approximately 50 nm, while the later, PPy" % coating, is
about 30 nm thick.

Specific conductivity: Conductivity measurements on PPy coatings deposited on cell culture dishes prepared with various
oxidation agents (reaction time (t;) 15 s) were performed by the four-point van der Pauw method, which is a commonly used technique
for measuring the resistivity and conductivity of thin film or sheet-like samples [54-56]. Results of this measurement are strongly

0.0um 0.1 02 03 04

Fig. 1. AFM of PPy coatings on cell culture dishes (0.5 x 0.5) pmz. PPyAPS (up A to C), PPyFeC13 (down D to F). Reaction times: (t;) 15 s (left
column), (tz) 30 s (middle column), (t3) 60 s (right column).
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Table 1
Roughness analysis of PPy*?S and PPy™*“!® coatings prepared in (t;) 15 s, (tz) 30 s, and (t3) 60 s. The errors represent standard deviations.
(t) 15 s (t2) 30 s (t3) 60 s
R, [nm] R, [nm] R, [nm] R; [nm] R, [nm] R; [nm]
PPy~PS 2.26 12.8 2.6 14.0 2.52 16.5
+0.04 +1.4 +0.3 +1.7 +0.17 +0.4
ppyFecis 1.79 9.4 1.92 10.9 1.87 11.7
+0.13 +0.7 +0.11 +0.6 +0.04 +0.3
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Fig. 2. AFM profilometry of the edges of PPy coatings on cell culture dishes (10 x 10) pmz. PPyAPS (A,B), PPyFeC13 (C,D). Reaction time: (t;) 15 s.

dependent on the coating thickness, so it was necessary to calculate the actual measured thicknesses from Fig. 2 to obtain comparable
data and that highlighted some differences. According to the results, PPy"S demonstrated higher specific conductivity, concretely
85.03 + 0.05 S/cm, in comparison to PPyFeCB, which had a specific conductivity of 67.22 + 0.01 S/cm.

In general, the conductivity of PPy strongly depends on many factors (discussed in the introduction), mainly the synthesis method,
conditions, and especially doping. Therefore, thin PPy layers prepared through chemical synthesis of monomer and oxidant exhibit
conductivity in a wide range from zero or very low conductivity (~1071° S/cm) to nearly 2 x 10% S/em [47,53,54,57-59].

Surface free energy: The contact angles measured on PPy coatings on cell culture dishes prepared with various oxidation agents
for the reaction time (t;) 15 s are shown in Table 2. On both PPyA*S and PPy"®®, water contact angles were slightly above the Berg
limit of 6 = 65° [60,61]; thus, both may be considered mildly hydrophobic. The results further indicate very close values for the total
surface energy (y7°7) of all samples: 43.9 + 2.0 mJ/m? for PPyFECB, and 44.5 + 0.9 mJ/m? for PPy*"S, However, the dispersive
Lifshitz-van der Waals component (%) and the polar acid-base component (") showed variations of around 6 mJ/m?. In both cases,
the electron-acceptor parameter () was almost negligible. On the other hand, the electron-donor parameter (y ) was twice as high for
PPy"*“B _ in numerical values, 16.0 =+ 2.5 mJ/m>.

Table 2
Contact angles and surface free energy of PPy”" and PPy™"® coatings on cell culture dishes prepared in (t;) 15 s. The errors represent standard
deviations.

Contact angles ¢ = [deg] Surface energy components y = [mJ/m?]

water ethylene glycol diiodo-methane yoT 7 B y* a
PPyAPS 70+8 30.3£1.7 44.1+0.7 44.5+0.9 37.5+0.4 7.0+£0.8 1.6+0.8 8+4
ppyFecis 67+3 4143 32.0+1.4 44+2 43.4+0.4 0.5+1.7 0.00+0.06 16+3
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FTIR spectra: FTIR spectroscopy was performed to confirm the successful polymerization of PPy. Since cell culture dishes are made
of polystyrene which is unsuitable for FTIR spectroscopy, ITO glass was used as a substrate for the PPy coating. As shown in Fig. 3, the
FTIR spectra of PPy obtained in reflection mode on an ITO substrate prepared in situ using APS or FeCl3 oxidant for the reaction time
(t7) 15 s are weak, but practically identical to the spectrum of granular PPy dispersed in KBr used as a reference. They exhibit bands
situated at 1543 cm ™! (C-C stretching vibrations in the pyrrole ring), at 1454 cm ™! (C-N stretching vibrations in the ring), the broad
band with a maximum at about 1305 cm™! (C-H or C-N in-plane deformation modes), and a maximum at 1166 em! (breathing
vibrations of the pyrrole rings). The band at 1042 cm ™! corresponds to C-H and N-H in-plane deformation vibrations, while the peaks
with maxima at about 894 and 786 cm ™! correspond to the C-H out-of-plane deformation vibrations of the ring [62].

3.2. Cytocompatibility optimization of PPy coatings

Although many studies report PPy to be a cytocompatible material [5,63], this study shows its limitations. The cell response to
polymer surface may be negatively affected by its hydrophobicity [34] and low values of the electron-donor component of free surface
energy [64]. These features of PPy coatings may be controlled through different factors, such as the used oxidizing agents and dopants,
the conditions of synthesis, and post-synthesis fate. In this study, the resulting water contact angles for both PPyA"S and PPyFeCl3
(Table 2) were decreased almost down to the Berg limit of 6 = 65° [60,61]. As shown in Fig. 4 B and F, NIH/3T3 mouse fibroblasts
tended to die on these PPy surfaces. Slightly better cytocompatibility was observed on PPyFeCls which has somewhat higher
electron-donor component (Table 2); however, the results were still not sufficient for successful cell adhesion and proliferation.

According to Satriano et al. (2003), the presence of serum proteins reduces the impact of the electron-donor component and the cell
response is rather dependent on the total value of the surface free energy [64]. Furthermore, Azioune et al. (2002) report that elec-
trochemically synthesized PPy films (with values of surface free energy components close to ours) demonstrate hydrophobic in-
teractions with human serum albumin and that such PPy films strongly adsorb proteins [20].

Therefore, the PPy coatings prepared on cell culture dishes with the reaction time (t;) 15 s were further biofunctionalized by the
adhesion of selected bio-substances Alb and Gel as these change the biological activity of the treated surface [35,65]. As the results in
Fig. 4 show, the presence of Alb or Gel on the PPy-coating increased its cytocompatibility; however, the combination of both Alb/Gel
together led to the most significant cytocompatibility improvement. These positive results, which were likely achieved due to func-
tional carboxyl and amino groups of proteins and peptides, comply with studies by Wu et al. (2020) [66] and Van Vlierberghe et al.
(2011) [67], which confirmed the biocompatibility and cell-interactive properties of albumin and gelatin.

3.3. Anisotropy of PUPPy composites

Further in this study, PPy™!® and Alb/Gel were used to coat electrospun PU fibrous mats to prepare cytocompatible PUPPy
composites with controlled conductivity and topography at the same time. Modification and control of topography can improve
material bioactivity as it imitates natural cellular environment. In the case of nanofibrous scaffolds, the uniaxial orientation of fibers
can be advantageous since the extracellular matrix of soft tissues are mostly anisotropic, except for, for example, the basal lamina.
Nevertheless, attention should also be paid to mechanical anisotropy, which increases with fiber alignment [68].

The orientation of fibers in native electrospun PU mats is random, which makes the substrate isotropic. To obtain the uniaxial
orientation of fibers, the PU mats were stretched by hand over a 150 °C heat source. After cooling in the stretched state, the PU mats
retain their fibre orientation even after the stretching force is removed. The SEM and AFM images of the PUPPy composites presented
in Fig. 1 show the effectiveness of this modification. As can be seen, the isotropic PUPPy composites (Fig. 5 A, C, E) consist of randomly
oriented fibers. Topographic measurements of their cross-sections showed that irregularities of up to 3 pm in size were formed on the
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Fig. 3. FTIR spectra of PPy obtained in reflection mode on ITO support prepared in situ using APS or FeCl3 oxidant for the reaction times (t;) 15 s.
The spectrum of granular PPy dispersed in KBr is included for comparison.
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Fig. 4. Optical microscopy images of NIH/3T3 mouse fibroblasts cultivated on PPy-based coatings on cell culture dishes: (A) Reference, (B) PPy""S,
(C) PPy”?S with Alb, (D) PPy”PS with Gel, (E) PPy”"S with Alb/Gel, (F) PPy™*“3, (G) PPy™"® with Alb, (H) PPy"*"'® with Gel, (I) PPy"*“!® with Alb/
Gel. Reference cells were cultivated in cell culture dishes. All the images were captured after 72 h of cell culture at magnification 40 x .

surface, while the fiber diameter was approximately 0.5 pm. In contrast, fibers in the anisotropic PUPPy composites (Fig. 5 B, D, F)
appear to be highly oriented, the heights of topographic features remaining similar. The surface roughness analysis also showed no
significant differences between isotropic and anisotropic PUPPy. The roughness parameters of isotropic PUPPy were R, = (0.38 +
0.02) nm and R, = (2.16 + 0.09) nm, while anisotropic PUPPY had R, = (0.31 + 0.03) nm and R, = (2.4 £+ 0.3) nm. In general,
although some fibers were torn after the manual stretching, the majority of the fibers lie in one direction. Therefore, this quick and easy
way of aligning fibers may be considered successful.

3.4. Cytocompatibility of PUPPy composites

The impact of iso/anisotropic properties and conductivity on the morphology of NIH/3T3 mouse fibroblasts and R1 mouse em-
bryonic stem cells was observed by means of fluorescence microscopy.

Fig. 6 shows how PPy coatings (with Alb/Gel) and fiber alignment affect the mouse fibroblast NIH/3T3 cell line. The effect of fiber
orientation on the cytoskeleton is significant. Cells grown on isotropic PU mats (Fig. 6 B) primarily show a stellate-like morphology,
similar to the shapes of fibroblasts cultivated as the reference in cell culture dishes (Fig. 6 A). In contrast, cells grown on anisotropic PU
mats (Fig. 6 C) adopt distinctly prolonged shapes in the exact direction of the orientation of fibers. Further, many of these cells also
possess elongated nuclei compared to the rounded cell nuclei on isotropic PU mats.

These results confirm the claim made by Yin et al. (2010) that cells respond to fiber orientation with cytoskeletal changes and the
elongation of nuclei [43]. The explanation probably lies in contact guidance and cell-matrix interactions, whose amounts and dis-
tributions are influenced by the nanofiber alignment, which plays an important role in regulating cell functions, including proliferation
and migration (distribution).

With respect to the conductive surface coating, it also significantly influences cell morphology, as can be seen, for example, in the
case of isotropic PUPPy composites (Fig. 6 D). Cell cytoskeletons preferably assume rounded and lenticular shapes with a random
direction because of the randomly oriented fibers in the substrate; the nuclei of these cells are classically rounded. The observed
rounding of the fibroblast cytoskeletons may have been due to altered focal adhesion dynamics or cytoskeletal remodeling in response
to the conductive coating of PPy. However, it should be noted that other factors, such as the change in the physical and mechanical
properties of the PU substrate after coating with PPy and Alb/Gel, may also have an influence. The composition and distribution of the
proteins bound to the substrate surface can affect the morphology of various cell lines [69]. The cultivation of fibroblasts on anisotropic
PUPPy composites (Fig. 6 E) leads apparently to more spindle-shaped cytoskeletons; however, the surface coating prevents nuclei
elongation; nevertheless, the orientation of cells is still according to the fiber orientation. In addition, it can be observed a reduction in
protrusion formation in fibroblasts seeded on PUPPy composites. This may indicate a modulation of cell motility towards a more
targeted and controlled behavior that is essential for processes in tissue regeneration and wound healing.

To determine the impact of the prepared PU mats and PUPPy composites on NIH/3T3 mouse fibroblast proliferation, a comparative
quantitative assay was conducted. An analysis of 200 images was performed using CellProfiler software [52]. The results are shown in
Fig. 7. As can be seen in the graph, the cells proliferated least on the isotropic PU mat (0.22), while on the anisotropic PU mat (0.87),
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Fig. 5. Surface characterization of PUPPy composites: (A, C, E) Isotropic form with randomly oriented fibers; (B, D, F) Anisotropic form with
uniaxially oriented fibers; (A, B) SEM images; (C, D) AFM images; (E, F) Profile sections.

the relative cell viability was comparable to the reference (1.00). It thus seems that the alignment of fibers itself has a significant
impact on fibroblast well-being. On the other hand, the PPyFeC13 coating with Alb/Gel used to create PUPPy composites removed this
dependence, as cell viability was the same on both isotropic and anisotropic PUPPy composites (0.62). From this it can be concluded
that the conductive PPy coating provides a uniform semi-favorable surface for fibroblast proliferation irrespective of the substrate
underneath. This ensures a controlled and homogeneous cell spreading and attachment and thus the formation of a more stable cell
network, similarly to the article by Tringides and Mooney (2024), where the formation of a uniform cell network was achieved with
increased conductivity of their hydrogel scaffolds [70]. The results were verified using a one-way ANOVA with post-hoc Tukey’s test,
which showed whether the means of the measured values were statistically significantly different at the levels of significance p < 0.05
(*), p <0.01 (**), or p < 0.001 (***).

In addition to the quantitative assay, a qualitative analysis of 50 images of NIH/3T3 mouse fibroblasts was also carried out using
CellProfiler software [52]. Results in the form of four graphs are shown in Fig. 8, together with an explanatory scheme of crucial cell
characteristics. First, each observed object (a cell or a nucleus) was translated into the best-fitting ellipse with the same second mo-
ments and statistical properties as the original area. The morphology of the cells, especially their elongation (Fig. 8 B), was then
depicted by the length of the major and minor axes of the best-fitting ellipse and their comparison. The resulting median values of the
measured cells clearly show that the fibroblasts grown on the anisotropic PU mat possessed the most prolonged shapes - the greatest
lengths (major axes) and the thinnest widths (minor axes). In contrast, a comparatively rounded cell morphology was induced by PPy
coatings, as may be observed for both the isotropic and anisotropic PUPPy composites.

The orientation of cells (Fig. 8 C) is displayed as an angle, written as 6 in the explanatory scheme, between the x-axis and the major
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Fig. 6. Fluorescence microscopy images of NIH/3T3 mouse fibroblasts cultivated on: (A) Reference; (B) isotropic PU mat; (C) anisotropic PU mat;
(D) isotropic PUPPy composite with Alb/Gel; (E) anisotropic PUPPy composite with Alb/Gel. Reference cells were cultivated in cell culture dishes.
Green color: ActinGreen — actin. Magnification: 100 x . (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

50 m

axis of the best-fitting ellipse. For example, reference fibroblasts cultivated in cell culture dishes show random orientations, meaning
randomly various angles from -n/2 to +n/2, which lead to a median close to 0 with a wide deviation. Very similar values were also
obtained for cells grown on all other substrates except one — the anisotropic PU mat. Here, most cells were oriented uniaxially along the
fiber direction, resulting in a given orientation and a very small standard deviation.

The morphology of cell nuclei (Fig. 8 E) was also analyzed. In the graph, the nucleus shape is described by an eccentricity defined as
the ratio of the distance between the foci, written as F; and F in the explanatory scheme, of the best-fitting ellipse and its major axis
length. Values can vary from 0 (an ideal circle) to 1 (a line segment). As can be seen, the observed cells have relatively elongated nuclei,
as is usual for fibroblasts — however, some more than others. Anisotropic PU mats established nuclei with higher eccentricity (0.73)
than other observed substrates (around 0.63). These results suggest a correlation in the elongation of cell cytoskeleton and nuclus. The
analysis of nuclei orientation (Fig. 8 F) was consistent with the orientation of cells (Fig. 8 C). This implies that the PPy coating pre-
vented both the elongation and uniaxial orientation of fibroblasts and their nuclei.

All these outputs of the qualitative analysis of fibroblasts are in accordance with the morphological differences observed by
fluorescence microscopy described in Fig. 6. The results were verified using one-way or two-way ANOVA tests with post-hoc Tukey’s
test, which showed whether the means of the measured values were statistically significantly different at the levels of significance p <
0.05 (%), p < 0.01 (**), or p < 0.001 (***).

Images of mouse embryonic stem cells cultivated on PU mats and PUPPy composites are shown in Fig. 9. No significant differences
in cell behavior were found on any of the tested samples. Cells did not differ in proliferation, managed to survive in an undifferentiated
state (in the presence of a medium containing leukemia inhibitory factor), and did not tend to grow apart on the surface at all;
contrarywise, they clustered. Embryonic stem cells typically form dense clusters of various sizes and shapes when cultured in cell
culture dishes (Fig. 9 A). The same behaviour of embryonic stem cells was observed on all tested substrates (Fig. 9 B — E). Clusters of
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Fig. 7. Results of image analyses performed by CellProfiler software referring to the cytocompatibility of iso/anisotropic PU mats and PUPPy
composites with the NIH/3T3 mouse fibroblast cell line. Reference cells were cultivated in cell culture dishes. Error bars show standard error of
mean. One-way ANOVA with post-hoc Tukey’s test: ns = p > 0.05, * = p < 0.05, *** = p < 0.001.
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Fig. 8. Results of image analyses performed by CellProfiler software referring to NIH/3T3 mouse fibroblasts cultivated on iso/anisotropic PU mats
and PUPPy composites. Explanatory schemes of calculated characteristics related to: (A) cells, (D) nuclei. Graphs: (B) morphology of cells, (C)
orientation of cells, (E) eccentricity of nuclei, and (F) orientation of nuclei. Reference cells were cultivated in cell culture dishes. Error bars show
standard error of mean. Two-way ANOVA for (B) and one-way ANOVA for (C, E, F) with post-hoc Tukey’s test: ns = p > 0.05, ** =p < 0.01, *** =p
< 0.001.
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Fig. 9. Fluorescence microscopy images of R1 mouse embryonic stem cells cultivated on: (A) Reference; (B) isotropic PU mat with Alb/Gel; (C)
anisotropic PU mat with Alb/Gel; (D) isotropic PUPPy composite with Alb/Gel; (E) anisotropic PUPPy composite with Alb/Gel. Reference cells were

cultivated in cell culture dishes. Red color: ActinRed — actin. Magnification: 100 x . (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

different shapes and sizes were observed on each of them, regardless of the presence or absence of anisotropy or the PPy coating. In
general, neither the fiber orientation nor the conductive PPy coating had a visible impact on the morphology of embryonic stem cells.
The inert response of undifferentiated stem cells indicates that the coating can be applied without inducing unwanted differentiation or
altering the basic properties of stem cells and suggests that the used coatings do not interfere with the fundamental stem cell char-
acteristics, thus preserving their stemness.

4. Conclusions

This work presents a simple and fast in situ PPy coating technique applicable to different types of substrates. Here presented
chemical synthesis of the coatings conducted at room temperature in an aqueous solution takes only a few seconds and does not require
stabilizers or other modifiers. The findings demonstrate that the earlier the polymerization procedure is terminated, the more uniform
PPy layer is produced. Furthermore, PPy coatings produced in 15 s retain good conductivity. Variations in PPy coatings were observed
depending on the oxidizing agent utilized (APS vs FeCls). The coatings varied in conductivity, roughness, and thickness. On the other
hand, both PPyA"S and PPy"*“"3 coatings showed limitations in their cytocompatibility, which was affected by their surface free en-
ergies. This limitation is however eliminated by techniques commonly used in cell cultures, coating with Alb/Gel.

Anisotropy, another factor influencing material/cell interactions, was introduced to PPy coating by its deposition on electrospun
nonwoven nanofiber PU mats with manually uniaxially oriented fibers. The fiber alignment showed a significant effect on the
morphology of mouse fibroblasts. Proven by cell image analyses, not only cytoskeletons but also cell nuclei demonstrated elongated
shapes with uniform orientation strictly along the fibers. The PPy coating with Alb/Gel on the anisotropic PU mat suppresses fiber
alignment’s impact on fibroblast morphology while ensuring a uniform surface, crucial for tissue regeneration and wound healing
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processes. Neither the coating nor fiber alignment visibly affects mouse embryonic stem cell behavior, preserving their fundamental
properties without inducing unwanted differentiation.

The results of this study highlight the importance of the reaction time in the in situ synthesis of PPy coatings. Furthermore, it also
deepens the current understanding of the impacts of polymer surface properties on cell behavior and hence contributes to the opti-
mization of scaffold design with respect to achieving the growth of specific cells/tissues.
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