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Polyazulene is an underrated conductive polymer characterized by its unique building blocks involving a fused-
ring structure with an intrinsic dipole moment. It has been studied with a focus on the development of organic
electronics, such as photovoltaic cells. However, the biological properties of polyazulene have not been reported
to date. This study, the first of its kind, not only describes the properties of electrochemically and chemically
synthesised polyazulenes and so-called true polyazulene, but also characterises their cytocompatibility. The
physico-chemical properties of polyazulene powders and films were characterized by FTIR, Raman and UV-Vis
spectroscopy, profilometry, scanning electron microscopy, voltammetry, van der Pauw conductivity measure-
ment, and thermogravimetric analysis. Their cytocompatibility was explored using NIH/3T3 mouse embryonic
fibroblasts, HaCaT human keratinocytes, and ES R1 mouse embryonic stem cells. Our results indicate that the
tested polyazulenes exhibit an overall favourable short-term in vitro cytocompatibility with limitations varying
according to the synthesis method and conditions. Electrochemically synthesized polyazulene formed continuous
films with moderate conductivity under optimized deposition conditions, whereas chemically prepared films
were inhomogeneous for reliable conductivity measurements. These differences in conductivity therefore pri-
marily reflect variation in film morphology and deposition conditions rather than intrinsic bulk electronic
properties of the respective polyazulene types.

1. Introduction

The successful application of polymers in medicine and biological
research, especially tissue engineering, relies on an understanding of
their interactions with cells. These material/cell interactions are
strongly influenced by material properties with notable advantages
provided by conductivity. Conductive scaffolds mimic the native con-
ductivity of tissues and promote cell-cell communication, thus
improving tissue integration and functionality in electrosensitive tissues
such as cardiac or neural tissue. They also provide a platform for the
controlled electrical stimulation, guiding cell behavior, enhancing
growth and migration, accelerating nerve regeneration, and promoting
cardiomyogenesis [1-4].

Conductive polymers have gained significant attention due to their
unique combination of electron- and ion-based conductivity coupled

with low density and easy processability, features which metals lack.
Conductive polymers are characterized by their conjugated n—bonds and
doping ions, allowing them to switch between various redox states in
response to environmental conditions. Given such versatility, most
conductive polymers such as polypyrrole and polyaniline have been
intensively studied and used in various fields of interest, including
biomedicine. Contrary, polyazulene (PAz) has received much less
attention and is largely overlooked up to this day.

The monomer used for PAz synthesis is azulene (Az), the bicyclo
[5.3.0]decapentaene shown in Fig. 1. Az is an aromatic hydrocarbon, an
isomer of naphthalene, containing 5- and 7-membered condensed rings.
It has a characteristic dark blue color and specific physico-chemical
properties, thanks to which Az and its derivatives are widely used in
optoelectronic devices [5,6], solar cells [7,8], and sensors [9].
Regarding biological properties of Az and its derivatives, phototoxicity
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Fig. 1. Chemical structure of Az, PAz with 1,3 bonding, PAz with 1,5 bonding,
and below, redox reactions of PAz.

[10,11], anti-inflammatory activity [12], antidiabetic activity [13], and
also antineoplastic activity [14] have been studied [15,16].

Before starting any polymerization of Az, three facts must be
considered as they may strongly influence PAz synthesis. First, the
resonance delocalization of electrons in Az creates the electron-rich
positions 1, 3, 5, and 7 that rather willingly react with electrophiles.
The electron-poor positions 2, 4, 6, and 8, on the other hand, react more
easily with nucleophiles [17,18]. Besides, the 7-membered ring carries a
partial positive charge while the 5-membered ring carries a partial
negative charge, which leads to a relatively large dipole moment of 1.08
D [19]. Last but not least, Az can be oxidized to an azulenylium car-
bocation, which is about 10 kcal mol ! more stable than Az and exhibits
a strong electron-donating feature [17,20].

The most common approach to Az polymerization is electrochemical
synthesis, usually carried out in tetrabutylammonium hexa-
fluorophosphate [20-23] or tetrabutylammonium perchlorate electro-
lyte salts [24] dissolved in acetonitrile [20-22,24] or deoxygenated and
distilled benzonitrile [23], resulting in PAz shown in Fig. 1. Addition-
ally, PAz has also been prepared by a chemical polymerization of
brominated or iodinated Az derivatives [21,25-28]. In an unique study,
Gradzka et al. [29] reported on PAz synthesis by a chemical reaction of
Az with an oxidizing agent, iron(III) chloride, in different solvents,
namely water, ethanol, acetonitrile, dichloromethane, propylene car-
bonate, and dimethylformamide. The final PAz products were obtained
in the form of a black powder or liquid [29].

Another unique study was carried out by Kihara et al. [30], who
claimed that conventional PAz should be correctly referred to as poly-
azulenylene or dehydropolyazulene, and presented a cationic polymer-
ization of Az resulting in the “true polyazulene” (truePAz) shown in
Fig. 2. This synthesis was based on dissolving Az in heated trifluoro-
acetic acid, followed by precipitation in methanol with triethylamine.
The obtained brown powder contained 71 mol. % of truePAz and
29 mol. % of truePAz-acetate complex [30].

Azulene (Az)

True Polyazulene (truePAz)

CF;C00 -

Fig. 2. Chemical structure of Az, truePAz, and truePAz-acetate complex.
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Both PAz and truePAz have been reported as conductive. The con-
ductivity of neat untreated PAz is, however, very low, from < 107" to
107! S/cm. One strategy to increase the conductivity is by blocking 1,5
bonding in PAz. This may be achieved by substituting a bulky alkyl at
the 5- or 6-position of the Az ring. This leads to strict 1,3 bonding in PAz,
providing a planar configuration with a long conjugated chain. The
conductivity of poly(5-isopropylazulene) can thus reach 7.3 S/cm [23].
The conductivity of PAz may also be enhanced after polymerization. For
example, the exposure of untreated PAz to oxygen increases the con-
ductivity up to 0.6 S/cm [26], which is attributed to protonation into
various redox states [20]. In addition, PAz conductivity can be increased
to 1.2 S/cm by exposure to iodine vapor [26]. The same approach can
also be applied to truePAz, whose conductivity can thus be increased
from approximately 1078 S/em to 1072 S/cm [30]. Also, PAz can be
made conductive by chemical or electrochemical doping. The intro-
duction of charge carriers modifies the electron distribution, which also
modifies the geometry of the conjugated backbone, as reflected in
infrared and Raman spectra [31].

The method used to synthesise PAz and its particular conditions, as
well as post-synthesis treatment, can all strongly affect PAz’s chemical
and physical properties, such as conductivity or its optical properties;
however, they may also influence its biological properties. To the best of
the authors’ knowledge, no previous studies have reported on the bio-
logical testing of PAz. We hypothesized that, with respect to biological
applications, hitherto overlooked PAz could be prepared and used not
only as powders but also as conductive coatings that may exhibit cell-
controlling properties. Our aim was to verify this hypothesis not only
with respect to the form of the prepared PAz but also concerning to the
method of its preparation.

In the present study, PAz powders and films were synthesized by
electrochemical polymerization (PAzEP) as reported in [32], and by
chemical oxidative polymerization (PAZCHP) a5 reported in [29], and the
PAz precursor truePAz was prepared by cationic polymerization as re-
ported in [30]. The physico-chemical properties of the PAz samples were
then determined; however, the main novelty and strength of this study
lie in its assessment of PAz’s cytocompatibility. This study not only ex-
tends current knowledge on the material properties of PAz but, for the
first time, brings completely new information on its effect on cellular
behavior.

2. Materials and methods

2.1. Electrochemical synthesis of polyazulene

Powders: Electrochemically-synthesized PAz powders (PAzE?)
were prepared according to Osterholm et al. (2008) [32]. An
acetonitrile-based solution of Az (Sigma-Aldrich, USA) at a concentra-
tion of 5mM with tetrabutylammonium hexafluorophosphate (Sig-
ma-Aldrich, USA) at a concentration of 0.1 M was prepared. After the
solution was purged with argon, electrochemical polymerization was
carried out in a conventional three-electrode, one-compartment cell
with a silver wire as the reference electrode (Ag RE) calibrated against
ferrocene/ferrocenium (Fc/Fc™), a coiled platinum wire as a counter
electrode (Pt CE), and a platinum wire as the working electrode (Pt WE)
at temperature 24 + 1 °C. It was only possible to produce PAzEP? in
minimal quantities insufficient for a comprehensive characterization of
its physico-chemical and biological properties.

Films: The preparation of electrochemically-synthesized PAz films
(PAZEPF) followed the same synthesis used for PAZEP?| with the dif-
ference that indium-tin-oxide (ITO) glass (Biotain Hong Kong CO.) was
used instead of Pt WE.

2.2. Chemical synthesis of polyazulene

Powders: Chemically-synthesized PAz powders (PAz"*P) were
prepared according to Gradzka et al. (2018) [29]. Ethanolic (BC



L. Mahelova et al.

Chemservis, Czech Republic) solutions of Az (Sigma-Aldrich, USA) at a
concentration of 8.5 mM, and of the oxidizing agent anhydrous iron(III)
chloride (Sigma-Aldrich, USA) at an equilibrium-exceeding concentra-
tion of 61.6 mM were prepared. The solutions were mixed and the
polymerization reaction was proceeded for 24 h at 20 +1 °C while
under slow shaking. Subsequently, the suspension was vacuum filtered
while being thoroughly rinsed with 0.2 M hydrochloric acid (Penta
Chemicals, Czech Republic) and methanol (Penta Chemicals, Czech
Republic). The prepared PAZz®MPP was then left to dry overnight in a
vacuum evaporator at 20 °C.

Films: The preparation of PAz films (PAz®"PF) followed the same
synthesis used for PAzC"P®_ The only difference was the presence of ITO
glass in the reaction mixture, which was not shaken during the reaction.
After 24 h of this in-situ polymerization, PAZ"F on the surface of ITO
glass was gently rinsed and dried under the same conditions as PAz¢HPP,

2.3. Synthesis of true polyazulene

Powders: Chemically synthesized truePAz powders (truePAz®) were
prepared according to Kihara et al. [30]. First, the monomer Az was
dissolved in trifluoroacetic acid (Sigma-Aldrich, USA) at a concentration
of 0.37 M and allowed to react under oxygen-free conditions at 60 °C
and constantly stirred for 24 h. After this time, the reaction mixture was
poured into methanol containing the same volume of triethylamine
(Sigma-Aldrich, USA) as the volume of trifluoroacetic acid used be-
forehand. The precipitated suspension was then vacuum filtered while
being thoroughly rinsed with methanol. The powders were dried over-
night in a vacuum evaporator at 20 °C.

Films: Films of truePAz (truePAz") were prepared by dissolving the
prepared truePAz" in dichloromethane (Sigma-Aldrich, USA), followed
by immediate casting on ITO glass. After solvent evaporation, truePAz"
on the surface of ITO glass was lightly rinsed and dried under the same
conditions as truePAz’.

All PAz powders and films (PAZE?, PAZCHP, truePAz) formed solids
that were insoluble in water, phosphate-buffered saline and cell culture
media, and only sparingly soluble or dispersible in selected organic
solvents, in agreement with previous reports on chemically and elec-
trochemically synthesized PAz [30,33-37].

2.4. Characterization of physico-chemical properties

Voltammetry: Differential pulse voltammetry (DPV) of Az oxidation
was carried out using an Eco Chemie AutolabPGSTAT128n potentiostat
(Metrohm AG) and Pt WE in a scan speed of 100 mV/s and over the
potential range from OV to 2.2 V. Cyclic voltammetry (CV) of Az
oxidation was processed using the same device and either Pt WE or ITO
glass under various conditions: scan speed — 50, 100, 150, 200 mV/s;
number of scans — 6, 14 or 26 steps (3, 7 or 13 cycles); potential range —
from 0.01 V to 1.15, 1.55 or 1.95 V. All measurements were performed
at24 +1 °C.

UV-Vis spectroscopy: UV-Vis spectra of PAzEPF deposited on ITO
glass were measured using a HITACHI U-2900 spectrophotometer with a
special attachment for testing thin layers. The same instrument was also
used for determining the UV-Vis spectra of the Az solution in acetoni-
trile, for which a 1 cm quartz cell was used.

FTIR spectroscopy: ATR FTIR spectra of powdered Az, PAzHFP
deposited on filtration paper, and PAz"™F deposited on ITO were ob-
tained with a FTIR mikroskop Nicolet iN10 MX instrument using an
MCT-A nitrogen-cooled detector in the region 4000-650 cm™ with a
maximum spectral resolution of 0.4 cm ™. The microATR technique with
a spatial resolution of 25 pm was used. The ATR FTIR spectrum of
powdered truePAz" was analysed using a Nicolet 6700 spectrometer
(Thermo-Nicolet, USA) equipped with a reflective GladiATR ATR
extension (PIKE Technologies, USA) with a diamond crystal. Spectra
were recorded in the 4000-400 cm ™ region with a DLaTGS (Deuterated
L-alanine doped triglycine sulfate) detector at a resolution of 4 cm™,
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using 64 scans and Happ-Genzel appodization. The spectra were cor-
rected for carbon dioxide and humidity in the optical path.

Raman spectroscopy: Raman spectra of powdered Az, PAz
deposited on filtration paper and PAzE'T deposited on ITO were
collected using a Thermo Scientific DXR Raman microscope equipped
with a 780 nm line. The spot size of the lasers was focused by a
50 x objective. The scattered light was analyzed by a spectrograph with
a holographic grating with 400 lines per mm and a pinhole width of
50 pm. The acquisition time was 10 s with 10 repetitions.

Water contact angle: Static water contact angles were measured to
assess the surface wettability of the PAZ"'F, PAZMPF and truePAzZ"
films. A droplet of deionized water (5 uL) was gently placed on the film
surface at room temperature and imaged using a SEE system (Advex
Instrument, Czech Republic). Contact angles were evaluated by fitting
the droplet profile using the instrument software. For each film type, at
least five independent droplets on different positions of three samples
were analysed and average values + standard deviation were reported.

Thermogravimetric analysis (TGA): Az and PAz powders under-
went TGA on a Setaram LabSys Evo instrument equipped with a TG/DSC
sensor in an air atmosphere (airflow 60 cmgmin'l), under a heating
regime of 5 °C min~}, and over a temperature range of 30-1000 °C.

Diffractometry: Powder XRD patterns of TGA residues of PAz*HF?
were recorded on a Rigaku MiniFlex 600 diffractometer equipped with a
CoKa (A = 1.7903 ;\) X-ray tube (40 kV, 15 mA). Data processing was
performed with Rigaku PDXL2 software.

Scanning electron microscopy (SEM): Surface images of ITO glass
and PAz films were obtained by SEM using a Phenom XL G2 instrument
(Thermo Fisher Scientific). Prior to imaging, the samples were sputter-
coated with a gold and palladium layer in a Quorum SCSC7620 Mini
sputter-coater (Quorum Technologies) in an argon atmosphere for 30 s
to increase sample stability for analysis. Samples were analyzed at an
acceleration voltage of 10 kV using a backscattered electron detector in
Image mode.

Profilometry: The thickness of the PAz films was measured using a
Dektak XT mechanical profilometer (Bruker) with a diamond tip with a
radius of curvature of 2.5 pm and applying a pressure of 5 mg. The Rz
and Rt parameters were calculated on the basis of ISO standard 4287.
The average values of the films’ thickness and mean standard deviations
were determined from triplicates. For each sample, one representative
profile was selected for graphical representation.

Conductivity: The conductivities of PAz films deposited on ITO glass
substrates were determined 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 at room temperature.

CHP-P

2.5. Characterization of biological properties

Cell lines and culture media: Three cell lines were used to fully
characterise the cytocompatibility of PAz. First, the NIH/3T3 mouse
embryonic fibroblast cell line (ECACC 93061524, England) was used.
Dulbecco's modified Eagle's medium (DMEM) (BioSera, France) and
sodium hydrogen carbonate (Penta, Czech Republic) were used as the
basis for the fibroblast culture medium. Calf serum (BioSera, France) (at
a concentration of 10% of the total volume of the medium) and the
antibiotics penicillin/streptomycin (BioSera, France) at a concentration
of 100 pg/mL (at a concentration of 1% of the total volume of the me-
dium together with the serum) were then added to the DMEM.

Second, the HaCaT human keratinocyte cell line was used [38]. RPMI
medium 1640 with L-glutamin (Gibco™, USA) and sodium hydrogen
carbonate were used as the basis for the keratinocyte culture medium,
which was enriched with fetal bovine serum (Gibco™, USA) (at a con-
centration of 10% of the total volume of the medium) and the antibiotics
penicillin/streptomycin at a concentration of 100 ug/mL (at a concen-
tration of 1% of the total volume of the medium together with the
serum).

The third cell line used was the ES R1 mouse embryonic stem cell line
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[39]. A DMEM-based culture medium (Gibco™, USA) was used to cul-
ture embryonic stem cells in an undifferentiated state. The following
supplements were added to the DMEM: fetal bovine serum (at a con-
centration of 16.5% of the total volume of the medium), the antibiotics
penicillin/streptomycin at a concentration of 100 pug/mL (at a concen-
tration of 1% of the total volume of the medium together with the
serum), 100 mM non-essential amino acids (Gibco™, USA), 0. 05 mM
beta-mercaptoethanol (Sigma-Aldrich, USA) and leukaemia inhibitory
factor (LIF) (Chemicon, USA) at a concentration of 5 ng/mL.

All the used cell lines were cultured in a HERAcell 150i biological
incubator (Thermo Scientific, USA) with a controlled atmosphere of 5%
CO,, a temperature of 37 °C, and constant relative humidity.

Extraction and MTT assay: Extracts of PAz powders (PAz and
truePAz") were prepared according to ISO standard 10993-12 with a
defined mass-to-volume extraction ratio modified from 0.2 g/mL
(required by the standard) to 3 mg/mlL (diluted 66.7 times). Due to
insufficient quantity of PAz®’T available for this experiment, the
extraction was done from PAz"*F with a defined surface-to-volume ratio
extraction ratio, which was adjusted in the same manner, specifically
from 6 cm?/mL (required by the standard) to 0.09 cm?/mL (diluted 66.7
times) in order to obtain comparable data. The extraction was processed
in the culture medium for 24 h at 37 °C under shaking. The parent ex-
tracts were diluted in the culture medium to obtain a series of dilutions:
75, 50, and 25%. All extracts were filtered before use (up to 24 h). Fi-
broblasts at a concentration of 1 x 10° cells per 1 mL of the culture
medium were seeded in 96-well plates for 24 h. Then, the medium was
aspirated and replaced by the series of diluted extracts of Az, PAzCHFP
truePAz’, and PAzPPF. Exctract-free culture medium was use as refer-
ences. Each experiment was conducted in at least five independent
replicates. After 24 h, the extracts were removed and replaced with the
culture medium and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium (Duchefa Biochemie, Netherlands) solution in ultrapure water
(5 mg/mL) in a ratio of 9:1. After at least 4 h, the content was replaced
with dimethylsulfoxide (Duchefa Biochemie, Netherlands) and the
absorbance values were measured on a NanoQuant infinite M200PRO
spectrophotometer (Tecan, Switzerland) at 570 nm and with a reference
wavelength of 690 nm. The results are expressed as a percentage
reduction in cell viability relatively to the reference cells.

Cell adhesion and proliferation: Before use, PAZFPF PAZCHPF and
truePAzF were sterilized before use by rinsing in ethanol followed by
30 min of UV exposure. Fibroblasts, keratinocytes, or embryonic stem
cells at a concentration of 1 x 10° cells/mL in complete culture medium
were seeded onto the surfaces of the PAz films and references (cell
culture dishes). For embryonic stem cells, all tested substrates were
coated with aqueous 0.1% gelatin from bovine skin (Sigma-Aldrich,
USA). The samples with cell suspensions were then incubated for 4
d with medium being changed every 2 d. Cell morphology was deter-
mined using fluorescence microscopy. Cells grown on the films were
fixed with aqueous 4% formaldehyde (Penta Chemicals, Czech Repub-
lic) and permeabilized with 0.5% Triton X-100 (Sigma-Aldrich, USA) in
phosphate-buffered saline. Two fluorescent dyes were used for staining:
1) ActinRed 555 or ActinGreen 488 (Life Technologies, USA) (1 drop/
mL), which bind to proteins in the cytoskeleton, 2) and Hoechst 33258
(Sigma-Aldrich, USA) (20 pL/mL), which penetrates the nuclei where it
binds to DNA. The stained cells were observed using an Olympus IX 81
phase-contrast inverted fluorescence microscope (Olympus, Japan) with
a Leica DFC480 camera (Leica Microsystems, Japan).

Cell image analysis: Fluorescence microscopy photographs of cells
cultured on the PAZEPF, PAZCHPF truePAZY, and also on the reference,
taken at 100 x magnification, were analyzed for further morphology
qualification. Image analysis was performed using the open-access
software CellProfiler 4.0.7 [40]. The analyzed morphological factors
included area and perimeter. Area is expressed as the number of pixels in
the region of interest (a cell or a nucleus). The perimeter represents the
number of pixels around the boundary of the region of interest (a cell or
a nucleus).

CHP-P
b
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3. Results and discussion

3.1. Electrochemical polymerization of azulene leads to homogenous
conducting films

The electrochemical polymerization of Az, resulting in PAzE"?, was
conducted in a conventional three-electrode, one-compartment cell with
Pt CE, Ag RE calibrated versus Fc/Fc ', and Pt WE. During Az oxidation
on Pt WE using the DPV method (Fig. 3A), three distinct oxidation peaks
were identified, these corresponding to Az's transformation into elec-
troactive intermediates. The CV method shown in Fig. 3B illustrates on
these processes by mapping the oxidation steps across varying potential
ranges. The first potential range (up to 1.15 V) highlights the initial
oxidation step, which likely forms azulenylium cations that initiates the
polymerization process, resulting in the formation of PAzE on the Pt WE
surface [24].

The deposition of PAz**™ on ITO glass was performed and studied
using the CV method over a potential range from 0.01 V to 1.15 V. In
Fig. 4A, the first cycle shows only one peak at 0.52 V of the corrected
potential related to the Az oxidation. The second and third cycles reveal
two other peaks: an anodic peak at 0.07 V and a cathodic peak at
—0.04 V of thr corrected potential. This suggests successful nucleation
and polymer growth on the electrode surface [24]. Fig. 4B clearly shows
a stable current density increase with more cycles applied, implying that
a steady-state polymerization phase was reached. The blue line in
Fig. 4B was obtained using a monomer-free solution (only acetonitrile
with electrolyte without the monomer Az). The negligible change in
current confirms that the previously-observed current changes were
caused by polymer formation rather than electrolyte decomposition. In
Supplementary material, Figure S1 shows more CV graphs with PAzEPF
polymerization performed under different conditions.

The absorbance of PAzEPF on ITO glass and Az solution in acetoni-
trile with electrolyte was recorded by UV-Vis spectroscopy. The distinct
shift in absorption peaks between Az (Fig. 5A) and PAZPF (Fig. 5B)
aligns with the formation of a conjugated n-electron system. These shifts
indicate successful polymerization and the emergence of conductive
properties [32,41]. In the Supplementary material, Figure S2 shows
additional UV-Vis spectra of PAzEPF synthesized at different scan rates.

The four-point Van der Pauw method is commonly used to accurately
measure the resistivity of thin films with arbitrary shapes, as it effec-
tively eliminates the influence of contact resistance [42-44]. However,
the conductivity calculation from these data strongly depends on the
film thickness, which often fluctuates. The thickness of PAz™"F varied
from 0.2 pm to 5.2 ym. The thickness of PAzEPF was measured by pro-
filometry on the edge of the film formed at the reaction solution level —
the thickness of the PAzEPF was calculated from the height difference
between the bare ITO glass (above the solution level) and the ITO glass
with deposited PAzEPT (below the solution level). See Supplementary
material Figure S3 for profiles of PAzEPF on ITO glass prepared under
various synthesis conditions. The conductivity measurements of PAzEFF
varied within tens of S/cm, given the differences in synthesis conditions
(Table S1). Importantly, these values reflect the behavior of continuous
electrochemically grown films with non-uniform thickness and should
not be interpreted as intrinsic bulk conductivities of an idealized PAz
phase. In contrast, chemically synthesized PAz films (PAzC™"F and
truePAz") were structurally discontinuous and therefore showed no
detectable conductivity via the four-point van der Pauw method, even
though earlier studies have reported low intrinsic conductivity in
chemically synthesized PAz [29,30]. Together with the SEM data, this
indicates that the apparent conductivity differences between PAzEPF
and chemically formed PAz films are dominated by film continuity and
microstructure, in line with observations in literature [37,45-47].

EP-F
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3.2. Different methods of azulene polymerization yield films with distinct
properties

One of the factors that may strongly impact the conductivity of
chemically-prepared thin films is structural inconsistency. The SEM
analysis (Fig. 6) reveals a disrupted morphology in PAzZ™*F and true-
PAZF, likely caused by drying-induced stresses (Figs. 6C and 6D,
respectively). In contrast to these films, the electrochemical

polymerization of PAzEPF leads to a homogenous film with only slight
fluctuations in its thickness (Fig. 6B).

Taking a closer look at PAzCHPF (Fig. 6Q), its particle-based structure
is obvious. Round PAz particles smaller than 1 um aggregate to form a
film that is seemingly homogeneous to the naked eye; however, the
microscopic analysis shows that the film is structuraly discontinuous.
Although the individual particles are uniform in size, their aggregates
vary considerably. This type of film is often used in polymer thick film
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Fig. 6. SEM images of (A) clear ITO glass, (B) PAZ"*F on ITO glass, (C) PAzCHPF
on ITO glass, (D) truePAz" on ITO glass; (1) Magnification 500 x , (2) Magni-
fication 6000 x .

resistor technology [48-50].

Finally, let us consider truePAz" (Fig. 6D), which self-assembled into
a complex hierarchical structure. At the bottom, there are nano- to
submicroscopic wells overlayed by a microscale breath-figure pattern of
fairly uniform size (around 3 pm) with very thin walls forming hexag-
onal shapes. Above this is a thin smooth layer with round holes leading
into the open spaces of the breath-figure structure. The breath-figure
pattern self-assemble during the casting of a polymer solution (true-
PAZ’ in dichloromethane, in this case), relying on the interplay of sol-
vent evaporation, interfacial tension, and water condensation dynamics.
When a volatile polymer solution is deposited on a solid surface under
humid conditions, rapid solvent evaporation induces evaporative cool-
ing, leading to the condensation of water droplets onto the polymer
solution’s surface. These droplets spontaneously arrange into a

Synthetic Metals 319 (2026) 118139

hexagonally ordered array driven by interfacial energy minimization.
Fundamental physical phenomena, such as evaporative cooling, inter-
facial tension differences, and Marangoni flows, contribute to the dy-
namic evolution on various scales — microscale ordering from the water
droplet templating, and nanoscale modifications through the polymer’s
inherent self-assembly or resulting from the presence of inorganic par-
ticles [51-55]. Consequently, the use of hierarchical breath-figure
structures represents an adaptable approach to fabricating porous
polymer films with multi-scale order, promising applications in various
fields, including tissue engineering.

Different methods of synthesising PAz thus result in variability not
only in architecture but also in physico-chemical properties. To relate
film morphology to surface wettability, we determined the static water
contact angles of all three PAz film types. PAz""F exhibited a mild hy-
drophobic character with a contact angle of approximately 70° + 16°.
Meanwhile, PAz™PF and truePAz’ showed smaller contact angles of
approximately 54° + 7° and 64° + 4°, respectively, lying slightly below
the Berg limit of 65° [56,57]. While the mild hydrophobicity of PAzEPF
is consistent with the non-polar, hydrocarbon backbone of PAz, the
lower contact angle of PAz*'PF indicates enhanced surface polarity.
This difference arise from the polymerization pathway: chemical
oxidative synthesis typically introduces a higher density of structural
defects and residual polar functionalities, thereby increasing surface
energy and water affinity in comparison to electrochemical synthesis.
The behavior of truePAzF suggests a combined influence of surface
chemistry and morphology on the overall wetting properties. Although
hierarchical breath-figure structures are present on truePAz’ and would
generally be expected to increase apparent hydrophobicity, its inter-
mediate contact angle suggests a competing contribution of surface
chemistry [58-60]. These findings suggest that variations in synthesis
route and resulting morphology influence interfacial properties, which
may in turn play a role in modulating polymer—cell interactions in
bio-related applications.

Furthermore, FTIR and Raman spectroscopy data of PAz
P and truePAz’ are shown in Fig. 7. Comparing the obtained spectra of
each type of PAz to its monomer Az shows distinct differences sup-
porting the idea of the creation of new bonding in the structure of the
oligomer or polymer. A detailed description of the spectroscopy results
can be found in the Supplementary material (SM 1.2).

Here, concisely, the infrared spectra of PAzEPF deposited on ITO
glass (Fig. 7A1 and 7A2) showed the presence of tetrabutylammonium
hexafluorophosphate from the electrolyte wused in electro-
polymerization. Also, some newly-created infrared active vibration
(IRAV) bands were observed, which indicates that PAZ*PFisin a doped
state because the introduction of polarons, bipolarons, or polaron pairs
into the polymer disrupts the backbone symmetry. This notion is also
supported by Raman spectra (Fig. 7A3) and by their comparison with the
Raman spectrum observed by Meana-Esteban et al. [61].

The ATR FTIR spectrum of PAZCHPP (Fig. 7B1) shows several
changes in comparison to Az, such as peaks associated with aromatic
ring stretching vibrations, =C-H in-plane deformation vibrations, ring
breathing vibrations, and =C-H ring out-of-plane deformation vibra-
tions. These changes support the oxidation reaction of Az and the olig-
omeric structure of the product. Further, in the Raman spectrum of
PAzHPP (Fig. 7B2), a fluorescence background and a broadening of the
bands of Az support the oxidation reactions. Broadened Az peaks in
PAz®"PP and some new bands confirm aromatic vibrations and new
modes of ring vibrations in the oligomeric structure.

In the high wavenumber region of ATR FTIR spectra of truePAz®
(Fig. 7C1 and 7C2), three bands indicating aromatic and aliphatic CH
stretching vibrations are broader and some bands are missing in com-
parison to Az spectra due to new bonding in the oligomer structure.
Below 1800 cm™ , new bands appear, linked to COOH vibrations from
carboxylate anions and CF- vibrations from trifluoroacetic acid. These
spectral features suggest that the polymerization product is partially
oxidized. The Raman spectrum of truePAz’ (Fig. 7C3) exhibits strong

EP-F, PAZCHP»
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PAz powders were also analyzed with TGA. The results (Fig. 8A)
show distinct thermal decomposition behavior on the parrt of Az,
PAz®HPP and truePAz’. The residue of PAZHPP after TGA, identified as
hematite via diffractometry (Fig. 8B), suggests that iron residues from
the oxidizing agent remained within the polymer matrix. Residual cat-
alysts may affect the thermal and electrical properties of conductive
polymers. However, PAz™*F had been thoroughly washed to remove
residual iron(III) chloride, raising the question of the possibility of iron
binding to the cyclopentadiene rings in the Az units of PAz to form
ferrocene.

3.3. Residual impurities of electrochemical synthesis cause biphasic
cytotoxicity

The MTT assay results provide insightful data regarding the cyto-
toxicity of extracts prepared from Az, PAZ"F?, truePAz’, and PAz™F in
different concentrations according to ISO 10993-5, thereby probing the
effects of leachable species.

As shown in Fig. 9A, Az extracts exhibited a slightly downward but
statistically insignificant trend in relative cell viability, with a sharp
drop down to a value of 0.51 for the undiluted Az extract. This suggests
that high concentrations of Az are cytotoxic and thus significantly
detrimental to cell survival. It is important to consider the cytotoxic
effect of monomers, as polymers often contain residual monomers and
other reactants and additives used during the polymerization. Similar
dose-dependent cytotoxic effects have been observed in studies on
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polyaniline and polypyrrole, where residual dopants and low-molecular-
weight impurities were shown to play a critical role in the cytotoxic
potential of these conductive polymers [62,63]. These findings thus
underscores the necessity of optimizing electrochemical deposition
methods to minimize the presence of toxic residuals while preserving the
polymer’s bioactive properties.

The Fig. 9B shows the results recorded on cells treated with for
PAzEPF extracts, which exhibit a biphasic effect. Cell viability increased
at 25% extract (specifically, the relative cell viability was 1.28) and
dropped significantly to 0.44 at 100% extract. One plausible explanation
is the extraction of residual chemicals from PAzEPF, such as tetrabuty-
lammonium hexafluorophosphate, whose presence was confirmed by
FTIR spectra. Similar biphasic responses have been described for low
concentrations of inorganic species, where sub-toxic levels of residual
chemicals stimulate cellular defense mechanisms and proliferation [64,
65]. However, our study did not directly measure stress markers, so this
mechanism should be regarded as a hypothesis consistent with the
literature. Previous work on conductive polymers reported predomi-
nantly monotonic, concentration-dependent increases in cytotoxicity
[62,66,67].

Fig. 9C, representing the results of PAz extracts, shows that the
relative cell viability decreased slightly to 0.90 at 25% extract concen-
tration. However, as the concentration increased, cell viability returned
to the reference level until the parent extract of PAzZ*"F® was used. The
100% concentrated extract reduced relative cell viability to observable
but not statistically significant extent.
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In the fourth graph (Fig. 9D), truePAz® extracts at concentrations up
to 75% maintain the relative cell viability close to the value 1. At 100%
concentration, the cell viability drops to the cytotoxicity threshold value
of 0.7. This suggests that non-diluet exatract of truePAz’ may induce
mild cytotoxic.

Since both PAz®"*? and truePAz® were powders that underwent
thorough purification, their overall better cytocompatibility compared
to the biphasic response of PAz™’F suggests that residual synthesis by-
products in PAzEPF significantly influence its cytotoxicity. Comparable
findings have been reported in studies on polyaniline cryogels, where
processing conditions drastically affected biocompatibility, and opti-
mized fabrication steps reduced cytotoxicity [68,69].

Taken together, the extract-based MTT assay indicates that all three
PAz types exhibit acceptable short-term cytotoxicity profiles under the
tested conditions. Non-diluted Az and truePAz" extracts reduced fibro-
blast viability towards or below the ISO 10993-5 threshold of 70%,
whereas diluted extracts (25-75%) of PAZEP'F, PAZ"PP and truePAZ®
maintained viability at or above this threshold. The most pronounced
effect was the biphasic response to PAzEPF extracts, while PAz™P? and
truePAz’ extracts showed only modest viability reductions, consistent
with more extensive purification of these powders. These descriptive
findings form the basis for our subsequent analysis of cell adhesion and
morphology on the corresponding films.

3.4. Polyazulene prepared in different ways induces different cellular
behaviour

In contrast to the extract-based MTT assay, which assesses cytotox-
icity of leachables, the following experiments address cytocompatibility
in terms of direct cell adhesion, proliferation and morphology on the
respective PAz films.

NIH/3T3 mouse embryonic fibroblasts were seeded onto PAz
PAz®HPF and truePAZF. Cells successfully adhered and proliferated on
all films, as shown in Fig. 10; however, differences in their morphology
were noticeable. As a reference substrate (Fig. 10A), plastic cell culture
dishes were used. Reference cells thus displayed their standard
morphology typical of 2D in vitro cultivation, characterized by flattened
cell bodies, evenly distributed nuclei, and well-organized cytoskeletons
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with visible actin filaments.

Fibroblasts on PAzEPF (Fig. 10B) exhibited similar morphology to
the reference, only with more distinct differences in size. The conduc-
tivity of PAZEPF, as confirmed by van der Pauw measurements, may play
a role in these morphological changes, since substrate conductivity has
already been associated with stimulating downstream signaling path-
ways that regulate cytoskeletal organization and cell spreading [70]. In
addition to electroactive properties, surface microstructure and chemi-
cal heterogeneity significantly contribute to cell behavior by altering
protein adsorption. These changes affect integrin-mediated adhesion,
cytoskeletal organization, and cell spreading [71]. The resulting local
microenvironments on the polymer surface lead to diverse cell mor-
phologies and sizes.

In comparison to the reference, cells cultured on PAZCHPF (Fig. 10C)
had an increased number and, more importantly, an increased length of
processes, especially filopodia, extending over 200 um. Furthermore,
there was an observable variation in the size of the cytoskeleton on
PAz®"PF although the nuclei were of normal size. These morphological
changes may be attributed to the specific topography of PAzCHPF since
micro- or nanopatterning can affect cell spreading and cytoskeletal ar-
chitecture. For example, studies on nanostructured surfaces showed that
specific topographical features can serve as “guiding posts” for elon-
gating filopodia and lamellipodia formation [72]. Similarly, micro-
patterned substrates have been used to mimic the heterogeneity of the
extracellular environment, resulting in modulating actin network as-
sembly, which contributed to the variability in cytoskeletal size [73].

Cells grown on truePAzF (Fig. 10D) exhibited compact and rounded
morphologies with prominent actin filaments, lamellipodia replacing
filopodia, and nuclei that appeared enlarged compared to the reference.
In the literature, nuclear enlargement has been associated with oxida-
tive and/or mechanical stress, while the shift from filopodia-dominant
to lamellipodia-dominant protrusions has been connected to the altered
Rho GTPase signaling [74-76]. Also, a similar modulation of focal
adhesion distribution and cytoskeletal dynamics have been reported on
other hierarchical breath-figure substrates [77]. Although we did not
directly quantify reactive oxygen species, mechano-transduction path-
ways or GTPase activity in this study, our data suggest that the partial
oxidization of truePAz" (shown in the FTIR spectrum) combined with its

- 200 pm
200 pm -

Fig. 10. Fluorescence microscopy images of NIH/3T3 mouse embryonic fibroblasts cultivated on: (A) Reference; (B) PAZEPF; (C) PAZCHPF; (D) truePAZ". Reference
cells were cultivated in cell culture dishes. Green color: ActinGreen — actin, Blue color: Hoechst — DNA. Magnification: 100 x .
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hierarchical microstructure (shown in the SEM images) may contribute
to the observed substrate-dependent differences in cell and nuclear
shape.

The cell-image analysis of of NIH/3T3 mouse fibroblasts was carried
out using CellProfiler software [40]. Results in Fig. 11 show that fibro-
blasts cultured on PAZE>F were significantly larger (took up more area)
compared to other cells, while their perimeter was only a slightly larger,
pointing to the compactness of the cells. In contrast, an average fibro-
blast cultured on PAZ®"FF occupied a very small area with a perimeter
comparable to cells on other substrates. This is because of the high
number and length of processes. Finally, it should be highlighted that
the cells on truePAz exhibited undeniably enlarged nuclei in (indicated
by a large nuclei area), especially in comparison to the size of cells,
which was similar to the area and perimeter of reference cells. The
outcomes of this analysis align with the visual evaluation of the cell
images above while offering precise, quantitative insights to facilitate a
deeper understanding.

HaCaT human keratinocytes were seeded onto PAz and
truePAz". Gells successfully adhered and proliferated on all films as
shown in Fig. 12, including the reference substrate (Fig. 12A) — plastic
cell culture dishes. Reference cells showed a typical cobblestone-like
morphology with evenly-distributed actin filaments and normal nu-
clear sizes typical of 2D in vitro cultivation.

On the surface of PAZ®FF (Fig. 12B), keratinocytes adhered well,
with moderate spreading. Although some studies have examined the
effects of substrate topography and chemical composition on keratino-
cyte behavior [78,79], the direct evidence for enhanced proliferative
and secretory responses in HaCaT cells is most convincingly demon-
strated by studies involving conductive materials [80]. Conductive
substrates enhance HaCaT keratinocyte attachment, proliferation, and
cytokine secretion, which stem from the activation of intracellular
signaling pathways like ERK1/2, supporting the role of
electrically-active materials in wound healing and skin regeneration
[80,81].

The surface of PAzCHPF (Fig. 12C), on the other hand, repressed
HaCaT cell adhesion, with fewer cells observed. The cells grew prefer-
ably in tight contact with the substrate (made of PAz particles) and even
within its larger aggregates (highlighted with arrows in the figure). The
cells possessed an elongated morphology, suggesting effective adhesion
and maturation. This observation aligns with findings from a study on
similar microporous substrates, which reported enhanced cell-substrate
contacts and focal adhesion formation due to micro/nano-porosity that
promotes local interactions and cell ingrowth into the pores [82].
However, the reduced proliferation could be attributed to a surface
chemistry that supports tight adhesion but may limit the adsorption of
attachment proteins, reducing cellular proliferation [83]. Similar
behavior has been observed in studies in which porous substrates
favored cell anchorage and spreading over cell proliferation [78,84].

Finally, keratinocytes seeded on truePAzf (Fig. 12D) exhibited
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compact, rounded morphologies with limited actin organization and
enlarged nuclei, similar to fibroblasts on the same substrate. These
similarities indicate that the unique hierarchical topography and
chemistry of truePAzF significantly affect cell shape and nuclear size. In
other systems, comparable phenotypes have been linked to combined
mechanical and oxidative cues [75]. In the present work, we therefore
interpret these changes as substrate-induced alterations in cell behav-
iour, while acknowledging that the underlying molecular pathways (e.g.
mechano-transduction or oxidative signalling) remain to be elucidated
in future studies.

What first catches the eye in the HaCat image analysis (Fig. 13) is the
differences in cell sizes. As reported, an enhanced cell area arises with
micro- or nanoscale surface features, promoting focal adhesion and
cytoskeletal reorganization, and increasing cytoskeletal tension and
integrin clustering in HaCaT cells [85,86]. This description is in line
with the fact that the largest cells and nuclei were observed on PAzSTPF,
However, truePAz", which is also full of micro- or nano-scale features,
led to quite the opposite result — cells smaller than the reference cells.
These findings highlight the complex interplay between substrate
topography, surface chemistry, and cell behaviour, where morpholog-
ical changes often occur at the expense of proliferation [87].

ES R1 mouse embryonic stem cells in the presence of LIF were also
seeded onto PAzEPF, PAZCHPF and truePAzF, which had previously been
coated with gelatine. Cells successfully adhered and proliferated on all
films as shown in Fig. 14. Reference cells cultivated on gelatinized cell
culture dishes (Fig. 14A) showed their standard behaviour — the for-
mation of rounded clusters with clearly defined boundaries, as is typical
of 2D in vitro cultivation.

Stem cells on PAzEPF (Fig. 14B) formed loosely organized clusters
with actin filaments visible within the clusters, and the nuclei of normal
size. The cells maintained typical morphology, except for an occasional
large binucleated cell. In adherent cells, proper cytokinesis is tightly
regulated by integrin-mediated adhesion and cytoskeletal dynamics;
perturbations in these interactions may compromise the final abscission
step of cell division, leading to the formation of binucleated cells [88].
These data may imply that while the conductive polymer substrate
adequately supports overall stem cell adhesion and survival, minor al-
terations in the biophysical cues might interfere with the integrin
signaling critical for cytokinesis, resulting in a single, enlarged cell
harbouring two nuclei. However, this hypothesis requires further
experimental validation.

Stem cells seeded on PAzCHPF (Fig. 14C) form more dissociated
clusters with significant spreading and prominent actin filaments. The
increased surface roughness and topographical heterogeneity of PAzH?-
F enhance cell-substrate interactions, promoting a more pronounced
actin cytoskeletal organization and stress fiber formation [89], and also
reduce cell-cell junctional contacts, leading to the formation of more
dissociated clusters [90]. The observed actin remodeling and enhanced
cell spreading suggest that the substrate induces a shift toward a
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Fig. 11. Results of image analyses performed by CellProfiler software comparing (A) cell area, (B) cell perimeter, and (C) nucleus area of NIH/3T3 mouse embryonic
fibroblasts cultivated on reference, PAzEPF, PAzZCHPF, and truePAz. Reference cells were cultivated in cell culture dishes. One-way ANOVA with post-hoc Tukey's

test: ns = p > 0.05, * = p < 0.05, ** = p < 0.01, *** =p < 0.001.
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Fig. 12. Fluorescence microscopy images of HaCaT human keratinocytes cultivated on: (A) Reference; (B) PAzZ"F; (C) PAzHPF; (D) truePAz’. Reference cells were
cultivated in cell culture dishes. Red color: ActinRed — actin, Blue color: Hoechst — DNA. Magnification: 100 x .
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Fig. 13. Results of image analyses performed by CellProfiler software comparing (A) cell area, (B) cell perimeter, and (C) nucleus area of HaCaT human keratinocytes

cultivated on reference, PAz™"F, PAZC™™F, and truePAzF. Reference cells were cultivated in cell culture dishes. One-way ANOVA with post-hoc Tukey's test: ns

>

=p>0.05 * =p<0.05, ** =p <0.01, *** = p < 0.001.
mesenchymal-like phenotype [91]. influence cell morphology by restricting the overall cell footprint,
The specific topography of truePAzF (Fig. 14D), on the other hand, resulting in more compact cells relative to reference conditions, where
led stem cells to form compact clusters with limited spreading, dense smoother and more homogeneous surfaces allow for greater spreading
actin filaments, and enlarged nuclei. Similar combinations of enhanced and larger cell areas [93,94].
actomyosin contractility, pronounced focal adhesion formation and Across all three cell lines and all three film types, cells were able to
nuclear remodelling have been discussed in reviews of stem cell adhere and proliferate, but with clearly substrate-specific morphologies.
mechanobiology as key features of substrates that deliver strong me- On PAzEPF| fibroblasts, keratinocytes and embryonic stem cells gener-
chanical cues [92]. Our observations are therefore consistent with a ally displayed larger projected cell areas and morphologies similar to the
scenario in which the hierarchical architecture of truePAz" provides reference, consistent with good adhesion on a continuous, moderately
pronounced mechanical stimuli; however, we did not directly probe the conductive film. On PAz"PF the particle-based microstructure fav-
associated signalling pathways or oxidative status, and these mecha- oured elongated cells with long processes and, in some cases, reduced
nisms remain to be confirmed. proliferation, particularly for keratinocytes and stem cells, which pref-
In Fig. 15, the image analysis of ES R1 mouse embryonic stem cells in erentially grew along particle aggregates. On truePAz", the hierarchical
LIF revealed some differences. Trends in cell area and perimeter follow breath-figure architecture induced compact, rounded cell shapes with
each other, suggesting the cells were rounded with no significant enlarged nuclei across all three cell types. The most robust conclusion
changes in cytoskeleton shapes. However, it is noticeable that cells on from our biological data is that PAz films prepared by different synthetic
PAz"PF gained significantly smaller area than cells on any other sub- routes are short-term cytocompatible in vitro, but elicit distinct, sub-
strate. This substrate-induced stimulation promotes extensive focal strate-specific adhesion and morphology patterns rather than a uniform
adhesion and stress fiber assembly, which can increase intracellular cell response.

tension and contractility. Such mechanical stimuli are known to
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Fig. 14. Fluorescence microscopy images of ES R1 mouse embryonic stem cells in the presence of LIF cultivated on: (A) Reference; (B) PAzEPT; (C) PAZCHPF; (D)
truePAz". Reference cells were cultivated in cell culture dishes. All surfaces were gelatinized in advance. Red color: ActinRed — actin, Blue color: Hoechst — DNA.

Magnification: 100 x .
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Fig. 15. Results of image analyses performed by CellProfiler software comparing (A) cell area, (B) cell perimeter, and (C) nucleus area of ES R1 mouse embryonic

stem cells in the presence of LIF cultivated on reference, PAZEPF, pAzCHPF

4. Conclusions

This study represents, to the best of our knowledge, the first sys-
tematic in vitro cytotoxicity and cytocompatibility investigation of PAz,
providing novel insights into its biological properties and interactions
with cells. As hypothesized, we successfully prepared three different
types of PAz films, each synthesized by a different method, resulting in
materials with unique structures and properties.

First, electrochemical polymerization of Az led to a continuous PAz
film with moderate conductivity in the tens of S/cm range under optimal
deposition conditions. Because the film thickness and continuity vary
with the electrochemical parameters, these conductivity values should
be regarded as effective film properties rather than intrinsic bulk pa-
rameters of PAz. The cytotoxicity analysis suggested that the combina-
tion of surface microstructure, electroactivity, and possible residual
impurities from synthesis may have influenced cell morphology and
proliferation.

Second, chemically-in situ-synthesized PAz was fabricated in a spe-
cific structure consisting of uniform aggregated submicron particles.
This topography resulted in increased focal adhesion and intracellular

12

, and truePAz". Reference cells were cultivated in cell culture dishes. One-way ANOVA with
post-hoc Tukey's test: ns = p > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

tension that manifested in morphological changes that varied depending
on the type of studied cell line.

Third, so-called true PAz was prepared by chemical synthesis with
followed by dissolution and casting, resulting in films. Self-assembly of a
hierarchical breath-figure pattern occurred, which significantly
impacted cell morphology, inducing nuclei enlargement.

Each type of PAz exhibited a completely different structure with
specific physico-chemical properties, resulting in varied cell behaviour
on each of the surfaces. While our results indicate that all three PAz film
types and their extracts are compatible with the tested cell lines over
short culture periods, a comprehensive evaluation of long-term and in
vivo biocompatibility, immune responses, and degradation behaviour
will require additional dedicated studies. However, in the absence of
prior studies available for comparison, this research thus provides
valuable understanding and insights into the cytocompatibility of PAz,
and establishes a foundation for further exploring PAz-based materials
for biomedical applications.
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