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Neurological injuries cause the nervous system to malfunction, significantly impacting living standards.
Conductive polymers aim to ensure the continuity of nervous system activities and their treatments
through specially designed materials. Their soft structure, ability to combine with other polymers, load
transfer capacity and biochemical composition enable them to be used in living tissues. Within the
scope of this study, conductive and flexible composite films based on PEDOT:PSS aqueous dispersion
(PPAD) (poly(3,4-ethylene dioxide thiophene):poly(styrene sulfonate)) were synthesized and combined in
different proportions using bis(trifluoromethane)sulfonimide lithium (LiTFSI) salt as a chemical additive.
Films were formed by pouring the PDMS polymer into a mold with a special electronic design printed
with a 3D printer. Afterwards, the film channels were coated with modified PPAD and PPAD-LITFSI by
dip-coating and spin-coating methods and 1.1 mm thick composite films with channels 0.4 mm wide,
62.8 mm long and 0.1 mm deep were obtained. Several modifications including ion exchange,
lyophilization, redispersion, and ethylene glycol (EG) addition have been applied to dispersions. As a
consequence, particle size distribution, zeta potential, pH of dispersions, film conductivities and film
biocompatibilities were modified as desired. Additionally, lyophilization and redispersion processes have
been shown to mostly preserve material properties and extend the shelf life. Furthermore, analyses
applied to normal materials were also conducted on samples kept for 12 months (12M), and the effects
of time on the materials under different storage conditions were compared. Moreover, as a result of
conductivity measurements, it was seen that the PPAD-RAL-EG had a conductivity of 4.67561 S m™* and
was among the values that can be used in nerve tissue. Finally, we investigated the in vitro cell culture
behaviour of the films using MTT analysis, LDH analysis, ethidium bromide calcein staining and alamar
blue assay with the L929 and SH-SY5Y cell lines. The composite films were found to be biocompatible.
In conclusion, the shelf life of PEDOT:PSS has been extended, allowing it to be used when necessary,
and a composite production and modification method that has the potential to be used in peripheral
nerve injuries has been introduced to the literature.

1. Introduction

Peripheral nerves are frequently exposed to physical injuries
due to traffic and construction accidents, natural disasters,
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Peripheral nerve injuries are a globally common clinical pro-
blem, affecting millions of people worldwide each year. These
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disabilities in patients, as well as a decrease in quality of life and
cause major socioeconomic and psychological problems.'™

More than 5 million cases of peripheral nerve injuries occur
annually worldwide, with 300000 of these cases in Europe
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and 500 000 surgical procedures are performed annually, creat-
ing a $1.5 billion market each year for peripheral nerve repair
alone.”

It was determined that 31.3% of the patients spent between
3000 and 10000 dollars a year and 15.1% spent more than
10000 dollars a year. Considering the drug expenses required
and the direct and indirect costs, it is clear that the financial
responsibility imposed on society by peripheral nerve injuries is
significant.

The regeneration capacity of the PNS is generally limited as
it depends on complex processes to occur and is a slow, time-
dependent process. Therefore, after injury or trauma, patients
can often experience loss of sensory or motor function and
suffer from neuropathic pain.®

Functionalized neural scaffolds and conduits can support
nerve regeneration by providing neuroprotection, antioxida-
tion, increased vascular regeneration, and immune regulatory
effects.” Polymeric materials of synthetic origin are one of the
most common solutions used to repair functions in damaged
nerve tissues and provide neuromodulation. Polymers can be
used as nerve conduits and nerve guide channels by modify-
ing their functionality. Polymer-based conduits come in many
different shapes, contents, functions and designs because they
have many processing methods, are suitable for use with
different materials, can provide the desired mechanical and
chemical properties and can be modified.

Conductive polymers, especially, can be used as flexible
platforms that enable the production of improved materials
for the diagnosis and treatment of various neurological dis-
eases and injuries.® Applications of electrically conductive
polymers as bio-interfaces are promising for nerve probes and
directed cell growth.’ These materials can convert signals from
ionic to electronic and vice versa. They can be used both
intracorporeally and on the body surface. Moreover, their soft
structure, charge transfer abilities and improvable composition
allow them to integrate well into both solid substrates and
living tissues.'® Conductive polymers have an alternative conju-
gated structure of carbon-carbon double bonds which contributes
to providing high electron affinities and electronic characteristic
behavior such as efficient ionization potentials.**

PEDOT can exhibit good biocompatibility with modifica-
tions, high conductivity, and hydrophilicity suitable for cell
adhesion. Therefore, it is used in nerve tissue engineering."?
Among the conductive polymers in the literature and industry,
poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PED-
OT:PSS) is one of the most successful polymers. PEDOT:PSS has
properties such as high conductivity and stability, easy and
successful film formation ability, and modifiable flexibility."?
The properties of PEDOT:PSS can be modified by changing the PSS
concentration. This can be achieved by adding low molecular
weight PSS to polymeric complexes and changing the dispersion
medium, which increases the function of PEDOT:PSS.'* The
structure composition ratio between PEDOT and PSS changes
the electrical conductivity and number of nanoparticles and
significantly affects the polymer structure.” Additionally, PEDOT
:PSS can be synthesized as an aqueous dispersion.
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To increase the stretchability of PEDOT, plasticizers such as
PSS, Zonyl, and Triton need to be added. PEDOT becomes more
stretchable with higher plasticizer concentration, but excessive
increase in plasticizer concentration may result in decreased
conductivity. It has been found that various small molecule
ionic additives can form effective combinations for PEDOT:PSS
to provide both high flexibility and conductivity. Bis(trifluoro-
methane)sulfonimide lithium (LiTFSI) salt is a hydrophilic salt
that can be used to adjust the polymer morphology and doping
of the polymer. Apart from this, it promotes effective phase
separation between PEDOT and PSS and increases the crystal-
linity of PEDOT-rich areas."®

Insulating polymers in fillers for thermoelectric composites
have become promising materials because they have good
flexibility and can efficiently separate the dependence between
electrical conductivity, Seebeck coefficient, and thermal
conductivity."”” Moreover, in composites, localized formation
of non-conductive domains of polymers can allow the creation
of conductive patterns in non-conductive films to produce
flexible electronic devices.'® Moreover, conductive polymers
can be incorporated into non-conductive polymers to contri-
bute to structural properties and electrical conductivity,
strengthen cell bonding, create directed cell growth, and impart
properties such as proliferation and differentiation.*

PDMS is a polymer with characteristic properties because it
consists of an inorganic siloxane backbone and organic methyl
groups attached to silicone. Since it has a very low glass
transition temperature, it exhibits fluid behavior at room
temperature unless cross-linked. It is an inert material and it
attracts great attention because of its low cost, rapid prototyp-
ing and easy casting procedure and it is suitable for tissue
surfaces, protein and cell modelling.”®?" Additionally, it has
high biocompatibility. It can be used in cell culture, micro-
devices, organ-on-a-chip models, and implantable devices or as
parts thereof. With its ability to form composites by combining
with other materials, it can be used to eliminate the biocom-
patibility problems of implants.>*>*

In light of our hypothesis in this study, a flexible and
conductive composite nerve conduit with high potential was
developed by combining the conductive PEDOT:PSS polymer
with flexible and insulating PDMS polymer. PEDOT:PSS aqu-
eous dispersion (PPAD) was synthesized and modified by ion
exchange which decreased the particle size and increased the
stability and was also modified by bis(trifluoromethane) sulfo-
nimide lithium salt (LiTFSI) addition, increasing the hydrophi-
licity. PPAD’s properties were preserved over time through
lyophilization and redispersion processes (otherwise, particles
aggregate and particle size increases and also, properties such
as uniform film making ability, conductivity, and zeta potential
deteriorate) and comparative studies were carried out. As a
result, within the scope of this study, a conductive and flexible
PEDOT:PSS-PDMS composite with very high potential for use
in nerve tissue was produced, and with various modifications,
it was made suitable for biological applications, while its
material properties were also improved. In addition to these
advantages, the possibility of use at any time was provided with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the lyophilization and redispersion protocol, and a shelf life
was provided that offered the possibility of use over a longer
period while preserving the properties of PEDOT:PSS to a large
extent.

2. Materials and methods

2.1. PEDOT:PSS aqueous dispersion (PPAD) synthesis

The PPAD synthesis was optimized to 120 mL in total. EDOT
monomer (0.5 wt%) and PSS aqueous solution (PSS wt% 1.67)
were used in a PSS/EDOT molar ratio of 2.3, and sodium
persulfate 1.2245 g and iron(u) sulfate heptahydrate 0.24 g were
added to different beakers. 20 mL of deionized water was added
to each beaker. They were mixed with a magnetic stirrer for
1 hour.

After 1 hour, the aqueous solutions in the beakers were
transferred into a three-necked round bottom flask, and the
solution was mixed with deionized water to a total of 120 mL.
The flask was placed on a magnetic stirrer and nitrogen gas was
turned on after the thermometer was fixed at 25 °C. The
reaction was continued for 24 hours at room temperature with
strong magnetic stirring and a continuous flow of nitrogen gas.

2.2. Ion exchange of PPAD

The presence of sodium and iron ions in the PPAD can cause
effects such as aggregate formation and pH change and also
affect the conductivity and stability of the polymer films.
Therefore, anion exchange resin and cation exchange resin
were used to remove sodium and iron ions from the dispersion.

Using a dialysis membrane breaks direct contact of the
dispersions with the resins. The method involves weighing
the ion exchange resins into a large glass container and cutting
the contact with the PPAD by filling it into the dialysis
membrane and placing it in the same glass container.

The resins were first washed with deionized water several
times until the color of the washing water became transparent.
Afterwards, the cation resin was activated with 5% HCI solution
and the anion resin was activated with 1 N NaOH solution.

The volume of PPAD filled into the dialysis membrane is
120 mL. 500 mL deionized water and 150 g cation exchange
resin were added to the glass container. The ion exchange
process was continued for 12 hours on a magnetic stirrer, with
strong stirring and at room temperature, and the deionized
water in the glass container was refreshed with a new one
every hour throughout the process. The anion exchange process
was completed using the same protocol and 150 g anion
exchange resin.

2.3. PPAD-LIiTFSI synthesis

While under strong magnetic stirring, 16 g was taken from the
PPAD with a glass pipette and 4 g LiTFSI was measured on a
precision balance to be 20% by weight and both were added
to a beaker. It was mixed with a magnetic stirrer for 2 hours
at room temperature. After these processes, PPAD/LiTFSI
was lyophilized and stored at —80 °C. Since LiTFSI is a very
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hydrophilic chemical, it is quickly affected by the humidity in
the air and begins to lose its solid form and retain moisture.
For this reason, the process of weighing LiTFSI and adding it to
the dispersions was completed as quickly as possible, so that
the desired amount of LiTFSI could be used.

2.4. Lyophilization

Optimal drying of the dispersions is of great importance in
terms of particle ratio determination and their behavior with
the chemical additives (LiTFSI) with which they will be mixed in
the following steps. The dispersions were kept in an ultra-low
temperature freezer at —80 °C for 12 hours before the lyophi-
lization process. Afterwards, they were placed in the freeze
dryer and subjected to lyophilization under low pressure
(0.080 mbar) and low temperature (—80 °C). The purpose of
this application is to prevent the nanoparticles in dispersion
from aggregating after a certain period of time and to ensure
that the material properties remain relatively stable while
extending the storage life. Lyophilization times varied depend-
ing on the amount of dispersions, but on average, complete
drying was achieved within 72 hours. Lyophilized materials
were stored at —80 °C.

2.5. Redispersion and ethylene glycol (EG) doping

The polymers, which were lyophilized and stored at —80 °C,
were redispersed before the coating process. Lyophilized poly-
mers were weighed and added to deionized water in the solid
content ratios given in the results section and mixed with an
overhead stirrer at 700 rpm at room temperature for 24 hours.
Samples were taken from aqueous redispersions for various
characterization analyses, and EG was added at a EG: aqueous
dispersion ratio of 1:5 by weight and directly used in coating
processes.

2.6. PDMS preparation

PDMS polymer SYLGARD® 184 PDMS (Sigma Aldrich) is sup-
plied as a kit with the polymer and curing agent in a single
package. The polymer and curing agent were mixed at the
supplier’s recommended ratio of 1:10. 1 mL of the PDMS
polymer, which is a viscous liquid, was poured onto the 3D
mold and the polymerization process was allowed to complete
over 24 hours. The resulting PDMS film was removed by cutting
the ends of the 3D mold with a scalpel.

2.7. 3D mold design with electronic channels

The 3D mold for the PDMS film was drawn using design
software. As seen in Fig. 1, the black part is the electronic
design, the yellow part is the mold surface and the red part is
the mold walls. The reason why the mold walls have a height
difference of 0.60 mm from the electronic design is that a
0.60 mm gap is created between the electronic channels with a
height of 0.20 mm and the walls with a height of 0.80 mm. It
was aimed to form an insulating film base covering the
channels by filling this gap when PDMS is poured. Deeper
channels may negatively affect the mechanical properties of
the films.

Mater. Adv., 2025, 6,1647-1666 | 1649
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Fig. 1 Technical drawing showing the 3D PETG mold and the electronic
design inside. Dimensions are in mm. (A) Top view. (B) Isometric view.
(C) Front view. (D) Left side view.

2.8. Oxygen plasma process

Before coating the aqueous dispersions on the electronic
channels, PDMS films were soaked in 70% ethyl alcohol and
rinsed with deionized water. Then, the PDMS film surface
except for the polymer channels to be coated with conductive
polymers was covered with double-sided tape. By exposing
PDMS to oxygen plasma for 5 minutes using BD-20V (Electro-
Technic Products (ETP), USA), surface hydrophilicity was
increased to facilitate the interaction between the dispersions
and the surface and a more comfortable coating surface was
provided.

2.9. Obtaining composite films by dipping and spin coating

All synthesized dispersions were spin-coated onto insulating
polymer channels using the spin-coating method. For the
coating process, the non-coating surfaces of the PDMS films
were glued to the center of the table fixed on a homemade
rotating disk with autoclave tape. The films were immersed in
each dispersion (dipping) and the dispersions were allowed to
interact with the channels separately for a total of 10 minutes at
room temperature, and then the turntable was plugged in and
the rotation process was started from 0 to 1000 rpm. The spin-
coating process was stopped and restarted 5 times in 10-second
periods. Afterwards, the films were re-dipped into the disper-
sions and the spin-coating process was stopped and restarted
5 times in 10-second periods, as done in the above protocol.
However, the final spinning process was stopped and com-
pleted after reaching 4500 rpm.

During the rotation process, the dispersions adhering to the
channels tend to be blown outwards due to centrifugal force.
As the amount of dispersion decreases outward and proceeds
from the surface, the polymer channels begin to become thinly
coated.>® By taking advantage of this physical phenomenon,
a very thin polymer film with electronic conductivity was
obtained in the channels. After the spin-coating process was
completed, the films were annealed in a 50 °C oven for 3 hours
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without using a vacuum. This process was repeated for each
dispersion.

2.10. Solid content ratio determination

After the synthesis, while the dispersion was vigorously stirred,
5 mL of the dispersion was taken and transferred to an empty
test tube, which had previously been weighed and noted. The
test tube was weighed again with the dispersion, lyophilized
and weighed again after completely drying. The aim here is to
calculate the proportions of the main synthesized PPAD solid
particles based on the amount of solid particles in 5 mL of
aqueous dispersion.

2.11. Particle size distribution and zeta potential analysis

Particle size distribution and zeta potential analyzes were used
to measure the particle size distribution and electrical potential
of nanoparticles in dispersions. Since PPAD and other disper-
sions created from this polymer are polymers in the form of
nanoparticles that exist as colloids in water, they do not behave
like a solution, and therefore, as they are kept in water, the
nanoparticles begin to aggregate over time and combine. There-
fore, dispersions that are not lyophilized should be subjected to
the necessary analyzes and necessary applications should be
made without wasting much time. For this reason, the lyophi-
lization (freeze-drying) process has become mandatory. Particle
size distribution analyzes were performed using a Zetasizer
Nano ZSP (Malvern Instruments, UK) at various time intervals
to examine the aggregate formation and potential change
processes accordingly. Before analysis, samples were diluted
1:10.000 with deionized water. In zeta analyses, the refractive
index and absorption value parameters required by the device
were entered as 1.5 and 0.01, respectively.

2.12. pH measurements of aqueous dispersions

pH measurements were carried out for the samples at various
stages including after the synthesis of aqueous dispersions,
after redispersion following lyophilization, after EG addition
before coating and their 12-month-old samples, using a Starter
3100 (Ohaus, USA). The aim was to understand the effect of
each treatment applied to the dispersions on the pH value.

2.13. Atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy was performed to measure the
efficiency of ion exchange resins in removing iron and sodium
ions from PPAD. Analyzes were carried out on the basis of
absorption for iron ion determination and density for sodium
ion determination. The samples were diluted with deionized
water at ratios of 1:10, 1:50 and 1:100. Results are provided in
Section S2.1 (ESIT).

2.14. Fourier-transform infrared spectroscopy (FTIR)

FTIR was used to understand the chemical composition of both
the dispersions and PDMS films and to detect the functional
groups they contain. Since the samples must be in a solid state
for FTIR analysis, the samples were taken from the dispersions
while mixing to contain a sufficient amount of solid particles,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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kept at —80 °C and dried by lyophilization. Measurements were
carried out in the wave number range of 4000-500 cm .

Results are provided in Section S2.2 (ESIY).

2.15. Scanning electron microscopy (SEM)

After combining conductive polymer dispersions with PDMS
films, the junction points of the composite films, coating quality,
thickness examinations and surface imaging were evaluated with
a SEM using GAIA3 Triglav (Tescan, Czech Republic) and images
were taken. SEM was also used to measure the thickness of the
channel coatings of the final composite films.

2.16. Electrical characterization (resistivity, conductivity and
resistance)

The resistivity properties of the films and based on these
values, their conductivity properties, were measured and inter-
preted using a four-point probe 2450 Source Meter (Keithley
Tektronix, USA). Measurements were carried out at room
temperature and under constant current. For resistivity mea-
surements, probes were placed in the center region of the drop-
cast coated dispersions on glass lamellae, and multiple mea-
surements were taken from the adjacent points within the
center region.

The resistivities (p) of the samples are determined using
eqn (1); where d is the gap between the probes and is equal to
2.7 mm in our setup; V and I are the voltage and current values
between specific probes.

p[Ohmm]:andx; (1)

The conductivity (o) is obtained from eqn (2).
o[sm=1/p ®)

Conventional resistance measurements were performed at
each channel of the samples to identify the mechanical effect
on electrical properties. To correlate the mechanical effect and
electrical measurements, resistance measurements were taken
under two conditions: (1) before any mechanical stimulation
and (2) after stretching (25% tension - 2 cm in total) and
releasing the sample. To clarify, post-stretching measurements
were recorded when the composite films were released. Results
for the resistance measurements are provided in Section S2.3.1
(ESTH).

2.17. Contact angle measurements

The hydrophilicity of the composite films was determined by
contact angle measurements using a Theta Attension (Biolin
Scientific, Sweden). Surface wettability was calculated based on
the angle formed by a deionized water drop of standard size
and volume with the film surface.

2.18. Degradation and swelling tests

Degradation and swelling behaviors of the obtained films were
examined. Analysis procedures (ESL,f 1.1 and 1.2) and results
(ESI,T 2.4 and 2.5) for both tests are provided in the ESL}

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.19. In vitro cytocompatibility analysis

Mouse fibroblast-like L929 cell lines and Human Neuroblas-
toma SH-SY5Y cell lines were used in in vitro cell culture
studies. The effects of PPAD-RAL-EG-PDMS and PPAD-LiTFSI-
RAL-EG-PDMS on L1929 and PPAD-RAL-EG-12M-PDMS and
PPAD-LiTFSI-RAL-EG-12M-PDMS on SH-SY5Y viability and
cytotoxicity were examined by MTT and LDH assay and EtBr/
Calcein AM fluorescence staining. In addition, cell-material
interaction was evaluated for 12M samples by Alamar Blue
analysis for 14 days.

The aim here is to address the potential loss of certain
material properties due to a 12-month waiting period. Consid-
ering that the 12M groups are expected to exhibit effects on
Human Neuroblastoma SH-SY5Y cells that are parallel to, but
slightly lower in biocompatibility compared to the non-waited
groups, the analyses will focus directly on the 12M groups. This
approach aligns with the expectation that the results for the
non-waited groups will demonstrate higher biocompatibility.

2.19.1. MTT reduction assay. Since MTT is metabolically
broken down by enzymes in the mitochondria of cells, the
measured absorbances provide information about the propor-
tion of living cells.>* Effects of the films were investigated by
cytotoxicity analyses using an MTT kit (Sigma Aldrich). L929
cells were seeded in a 96-well plate (Corning, NY, USA), contain-
ing 1 x 10* cells in each well, and incubated for 24 hours. RPMI
medium (Sigma Aldrich) was added at a rate of 1 mL per 0.2 g to
the sterilized films as described before and incubation was
carried out for 24 hours. After incubation, RPMI extracts were
collected with a pipette and 10% FBS (Biowest) and 1% w/w
antibiotic (Capricorn Scientific) were added.

Cells were treated with film extracts for 24 hours. After
incubation, the medium was incubated with MTT (0.5 mg mL ™)
for 3 hours at 37 °C. Formazan crystals were dissolved by
adding a dimethyl sulfoxide solution (Molecular Biology Grade,
Sigma-Aldrich). The intensity of formazan crystals was mea-
sured at 570 nm using the EnSightTM Multimode Microplate
Reader (PerkinElmer, Massachusetts, USA).

2.19.2. Lactate dehydrogenase (LDH) assay. The LDH assay
is a colorimetric method developed for quantifying cell death
based on the measurement of LDH activity released from the
cytosol of damaged cells.”® L929 cells (1 x 10%) (L929 Mouse
Fibroblast (ATCC # CCL1) per 100 puL) were seeded in 96-well
plates using RPMI medium (Sigma Aldrich) for stimulation and
positive control. Cells were stimulated with 10 uL of LDH
control/lysis buffer (LDH-Cytox™ Assay Kit — Biolegend) added
to an empty well during the last 30 minutes of stimulation.
Following incubation, medium (50 pL) was taken from each
well and transferred to a new plate. Working solution (100 pL)
was added to the medium in a separate plate and incubated for
30 minutes, and reaction-stopping solution (50 uL) was added
at the end of the incubation. Measurements were made at
490 nm in the Multimode Plate Reader (PerkinElmer).

2.19.3. Live/dead assay. Ethidium bromide calcein staining
is widely used to gain insight into cell viability. This staining is
a dual fluorescent staining that makes normal and healthy cells
appear green, while nonviable and damaged cells appear red.>®

Mater. Adv., 2025, 6,1647-1666 | 1651
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PPAD-RAL-EG-PDMS and PPAD-LiTFSI-RAL-EG-PDMS films
were stained with EtBr/Calcein dye (Biotium 30002-T) after
24 hours of cell stimulation. When the cell density reached
80%, old media was removed and each well was washed twice
with 50 uL of PBS. 50 pL of the mixture prepared using 500 puL
PBS, 1 pL EtBr (2 mM) and 0.25 pL Calcein (4 mM) was added to
each well. The plate was incubated for 15 minutes at room
temperature and in a dark environment. After incubating the
plate, images were taken with an EVOS Flood fluorescence
microscope (Thermo Fisher, USA). As shared in the results
section, live cells were observed in green under the fluorescence
microscope, and dead cells were observed in red color.

PPAD-RAL-EG-12M-PDMS and PPAD-LiTFSI-RAL-EG-12M-
PDMS films were stained with Calcein-AM/propidium iodide
(Sigma, USA) for live/dead imaging on the 1st, 4th, 7th, and
14th days after cell seeding using the SH-SY5Y cell line. At the
end of the days determined, the films were washed and
incubated with the indicated dyes for 10 min. The films were
then re-washed and examined using a EVOS Flood fluorescence
microscope (Thermo Fisher, USA).

2.19.4. Alamar blue assay. In order to measure the cell
viability of the samples kept for 12 months in the lyophilized
state which are PPAD-RAL-EG-12M-PDMS and PPAD-LiTFSI-
RAL-EG-12M-PDMS films, an in vitro Alamar Blue Assay was
carried out.

Human neuroblastoma SH-SY5Y cells (ATCCRL-2266) were
cultured in Gibco’s DMEM/F12 Medium and seeded on PPAD-
RAL-EG-12M-PDMS and PPAD-LiTFSI-RAL-EG-12M-PDMS films
at a density of 3 x 10* cells per scaffold for 14 days. Alamar Blue
Solution (Invitrogen, USA) was administered on the 1st, 4th,
7th, and 14th days post-cell seeding and incubated for 4 hours
to assess cell viability. Following incubation, the absorbance
values of the solutions were measured using a Multimode Plate
Reader (PerkinElmer, USA) at a wavelength of 570/600 nm.

2.19.5. Statistical analysis for in vitro cell culture studies.
All statistical analyzes in the in vitro cell culture studies were
performed using the GraphPad Prism 9 program. Data are
expressed as mean =+ standard deviation for repeated measure-
ment analyses. In the statistical comparison of different groups,
two-way and one-way ANOVA tests were used for comparisons of
more than two groups, and cases with a p-value of less than 0.05
were considered significant. The level of significance is indicated
below the results of each cell culture analysis.

3. Results and discussion

Samples before ion exchange are called BIE, and samples after
ion exchange are called AIE (e.g. PPAD-BIE and PPAD-AIE).

Samples redispersed after lyophilization are called RAL
(e.g. PPAD-RAL) and samples redispersed after lyophilization
after 12 months are called RAL-12M (e.g. PPAD-RAL-12M).

To compare lyophilized and non-lyophilized samples, samples
kept in dispersion form at +4 degrees for 2 months were named
2M (e.g. PPAD-AIE-2M) and samples kept in dispersion form at
+4 degrees for 12 months were named 12M (e.g. PPAD-AIE-12M).

1652 | Mater. Adv, 2025, 6,1647-1666

View Article Online

Materials Advances

EG suffix was added to the samples with ethylene glycol
addition (e.g. PPAD-EG).

3.1. Solid content ratio determination

The results obtained with 3 samples from 5 mL show that PPAD
have an average 3.37 g of solid particles in 120 mL PPAD.
In other words, the solid content ratio is 2.81%.

The solid content of PEDOT:PSS aqueous solution (CLEVIOS
PH1000), sold as a commercial product, is in the range of
1.0-1.3 wt%.>” The reason behind the synthesized PPAD solid
content ratio being higher than this product is due to the usage
of a higher PSS ratio.

Increasing the ratio of PSS to PEDOT increases conductivity
up to a point. However, after a certain level, this balance is
disrupted and increasing the PSS ratio decreases the conduc-
tivity."> During PEDOT:PSS synthesis, SO,>~ ions are formed.
A higher PSS ratio provides more SO~ ions to the dispersion.
SO;™ ions in PSS carry only one negative charge, which provides
polaronicity, while SO,>” ions are doubly charged, which
provides bipolarity in PEDOT chains. Increasing the amount
of SO,>~ ions increases the bipolaron population, which leads
to increased conductivity.?® As the amount of protons held in
PSS increases due to the use of a high PSS ratio, the conductiv-
ity increases further.>

3.2. Particle size distribution analysis

It is known that aqueous dispersions of conductive polymers
form aggregates over time and therefore the particle size
increases and the zeta potential decreases.’’ The only differ-
ence between PPAD-BIE and PPAD-AIE samples is the execution
of the ion exchange process. There are different data in the
literature about the particle size of PEDOT:PSS with different
properties, but according to the literature, the average can be
given in the range of approximately 137 nm*' and 363-493 nm.**

As seen in Fig. 2, there was a decrease in particle size after
ion exchange. While the particle size of PPAD-BIE was 3580 nm,
this value decreased after ion exchange and reached 190 nm in
PPAD-AIE. This is due to the anions and cations removed from
the dispersion. Anions and cations can affect the hydrodynamic
diameter of PPAD particles (Fig. 3). There are reports in the
literature that aggregate formation can increase with increasing
ionic strength and large size ranges can be obtained, thus
larger hydrodynamic diameters are achieved.****

As seen in Fig. 2, the particle size increased by 60-80 nm
from 190 nm in the PPAD-AIE, to 255 nm in the PPAD-RAL. But
compared to PPAD-2M which has a particle size of 1106 nm, the
particle size was largely maintained within functional limits
i.e. the optimum properties. Lyophilization appears to be a
much more efficient method than keeping dispersions in
aqueous form, although there is some increase in particle size
compared to the non-lyophilized versions.

As can be understood from Fig. 2, when PPAD-RAL-12M and
PPAD-RAL samples were compared, it was seen that the redis-
persing after the lyophilization process largely preserved the
particle sizes even after 12 months. The particle sizes for PPAD-RAL
and PPAD-RAL-12M samples are 255 nm and 295 nm, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Hydrodynamic diameter illustration of a single particle before and
after ion exchange.

In addition, when PPAD-AIE-2M and PPAD-AIE-12M samples
were compared, the particle size of the sample kept at +5 °C
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without any intervention for 12 months (PPAD-AIE-12M) gra-
dually increased. The particle sizes for PPAD-AIE-2M and PPAD-
AIE-12M samples were 1106 nm and 4801 nm, respectively.

There are similar results for the PPAD-LiTFSI group,
although there is an increase in size compared to the PPAD
group (Fig. 4). It is observed that in PPAD-LiTFSI, there is a
wider range of particle size distribution which are 190 nm,
396 nm and 5560 nm. In PPAD-LiTFSI-RAL, there is conver-
gence on two close ranged areas which are 712 nm and
1106 nm and the particle size increases, but it is size efficient
compared to PPAD-LiTFSI-2M which are 1484 nm and 2669 nm.
Therefore, it can be interpreted that the lyophilization process
tends to preserve the material particle size.

Moreover, it is noteworthy that the size distribution around
4000 nm seen in the PPAD-LiTFSI sample is not seen in the LSR
group. It can be interpreted that the reason for this is that
mechanical mixing with the overhead stirrer reduces particle size.

The rotation of a mixing apparatus imparting mechanical
energy to the solution can be used to separate the aggregate.
The dispersion responds to such mechanical action and
the flow of the medium produces shear stresses. Therefore, a
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Fig. 4 PPAD-LiTFSI, PPAD-LIiTFSI-RAL, PPAD-LIiTFSI-RAL-12M, PPAD-
LiTFSI-2M and PPAD-LITFSI-12M particle size results.
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suitable mixer with a high rotation speed, i.e. high rpm, can be
used to produce dispersions with a smaller particle size.*®

One study reported that the particle size decreased from
550 nm to 50 nm upon vortexing the PEDOT:PSS dispersion.>®
Additionally, in another study, it was observed that by subject-
ing 2 different PEDOT:PSS dispersions to ultrasonication, the
particle size decreased from 535 nm to 223 nm and from
427 nm to 210 nm, respectively.*” In another study, PEDOT:PSS
particles with particle sizes of 20-25 nm, 70-85 nm and 650-
970 nm became 25-35 nm and 350-460 nm, respectively, when
samples were subjected to strong sonication. They also
reported that particles with larger diameters disappeared in
SEM images.*® Thus, it appears that mechanical interventions
such as overhead stirring, ultrasonication, and vortexing can
shorten polymer chains and reduce particle size.

As seen in Fig. 4, when PPAD-LiTFSI-RAL and PPAD-LIiTFSI-
RAL-12M samples were compared, it was seen that the redis-
persing after the lyophilization process largely preserved the
particle sizes even after 12 months, nearly the same success as
the PPAD group. The particle sizes for the PPAD-LiTFSI-RAL
and PPAD-LiTFSI-RAL-12M samples are 712-1106 nm and 955-
1106 nm, respectively.

In addition, when PPAD-LiTFSI-2M and PPAD-LiTFSI-12M
samples were compared, the particle size of the sample kept at
+5 °C without any intervention for 12 months gradually increased.
The particle sizes of the PPAD-LiTFSI-2M and PPAD-LiTFSI-12M
samples were 1484-2669 nm and 4801-5560 nm, respectively.

3.3. Zeta potential analysis

Zeta potential analyzes were crucial to examine the effects of
ion exchange processes on dispersions and also to understand
stabilities of the dispersions. It has been shown that moving
the zeta potential away from 0 (in the — or + direction) causes a
significant reduction in particle size and, as a result, good
dispersibility in water due to the greater amount of PSS."”

The only difference between PPAD-BIE and PPAD-AIE sam-
ples is the ion exchange process. As seen in Fig. 5, a large
difference emerged in the zeta potential after ion exchange
between PPAD-BIE (—29.7 mV and +12.5 mV) and PPAD-AIE
(—59.5 mV). In general, materials with a zeta potential between
—30 mV and +30 mV indicate that they have an unstable structure,
while materials with a zeta potential higher than +30 mV or lower
than —30 mV indicate that they have a stable structure.*

The zeta potential with a high negative value indicates that a
negatively charged PSS-rich layer covers the surface of PED-
OT:PSS colloidal particles, which is responsible for the stability
of the aqueous dispersions.*” It is reported in the literature that
zeta potential measurements of PEDOT:PSS are affected by pH
changes and that the negative value of zeta potential gradually
increases as pH values increase from 2 to 7.%° Additionally, it
has been observed that increasing the salt (NaCl) concentration
reduces the PEDOT:PSS zeta potential.*' The strengthening of
the zeta potential can be explained by the removal of Na* ions
from PPAD in the ion exchange process.

Zeta potential analysis results of PPAD-AIE, PPAD-RAL
and PPAD-2M samples are compatible with the particle size
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Fig. 5 PPAD-BIE, PPAD-AIE, PPAD-RAL, PPAD-RAL-12M, PPAD-AIE-2M
and PPAD-AIE-12M zeta potential results.

results. Although the PEDOT:PSS zeta potential has different
values in the literature, it has been observed to have a —mV
value and matches the values obtained in our research.**"?
It is noteworthy that the potential of the RAL group decreased
from —45 mV to —33 mV in the 2M group. It is evident that the
potential begins to decrease as the particle size increases
when size distribution and zeta potential graphs are com-
pared. Based on these results, it can be interpreted that the
effect of redispersion after lyophilization on PPAD is a much

© 2025 The Author(s). Published by the Royal Society of Chemistry
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more efficient method compared to leaving it in the aqueous
form.

As seen in Fig. 5, when PPAD-RAL-12M and PPAD-RAL
samples were compared, it was seen that the redispersion after
the lyophilization process largely preserved the zeta potential
even after 12 months similar to the particle size distribution
results. The zeta potentials for PPAD-RAL and PPAD-RAL-12M
samples are —45 mV and —37 mV, respectively.

In addition, when PPAD-AIE-2M and PPAD-AIE-12M samples
were compared, the zeta potential of the sample kept at +5 °C
without any intervention for 12 months was destabilized. The
zeta potentials for PPAD-AIE-2M and PPAD-AIE-12M samples
were —33 mV and —8 mV, respectively. There are also peaks at
—88 mV but this is most likely because the PPAD-AIE-12M
sample is not stable and starts to aggregate.

It is seen that the redispersion process after lyophilization
exhibits similar effects in the PPAD-LiTFSI group, and the
potential value decreases from around —21 mV in the RAL
sample to around —12 mV in the 2M sample. In the PPAD-
LiTFSI group, there is fluctuation during measurement (zeta
potential of PPAD-LiTFSI is —70 mV and +101 mV). This is
thought to be due to the addition of LiTFSI. Specific ion
adsorption, a special process that can change electrostatic
particle interactions, can enable surface charge reversal, depend-
ing on the signs of the natural surface charge and the adsorbing
ion. This process can lead to situations such as the sign reversal of
the zeta potential induced by alkali metal cations such as Li* and
Na".** It is thought that this phenomenon causes both negative
and positive potential measurements in the PPAD-LiTFSI sample.

As seen in Fig. 6, similar results were obtained in zeta
potential measurements of PPAD-LiTFSI groups. When PPAD-
LiTFSI-RAL and PPAD-LiTFSI-RAL-12M samples were com-
pared, it can be said that the redispersing after the lyophiliza-
tion process kept the material’s zeta potential stable. The zeta
potentials for the PPAD-LiTFSI-RAL and PPAD-LiTFSI-RAL-12M
samples were —21 mV and —14 mV, respectively.

In addition, when PPAD-LiTFSI-2M and PPAD-LiTFSI-12M
samples were compared, the zeta potential of the sample kept
at +5 °C without any intervention for 12 months decreased
nearly to zero. The zeta potentials for the PPAD-LiTFSI-2M
and PPAD-LiTFSI-12M samples were —12 mV and —3 mV,
respectively.

3.4. pH measurements of aqueous dispersions

pH measurements of the synthesized PPAD before and after the
ion exchange process can reveal that the dialysis membrane is a
successful method for the ion exchange process. pH measure-
ments before and after ion exchange for PPAD show that anion
and cation exchanges change the pH value in aqueous disper-
sions from acidic to neutral.

Studies on the pH of PPAD have revealed that the proton
(H") concentration in solution behaves as a function of polymer
concentration. It has been shown that the acidity distribution
(acid level) originates from PSS and may depend on the
inversely proportional level of proton concentration due to
the polyelectrolyte properties of the polymer. The more protons
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Fig. 6 PPAD-LIiTFSI, PPAD-LITFSI-RAL, PPAD-LiTFSI-RAL-12M, PPAD-
LiTFSI-2M and PPAD-LITFSI-12M zeta potential results.

interact with the PSS chains, the more successfully the negative
charges in the PSS backbone are balanced, and therefore the
interaction between positively charged PEDOT and PSS is
reduced. As a result, the planar PEDOT backbone is deformed
more and electron transfer through PEDOT chains is made
simpler and easier (increases conductivity). Less polymer
concentration resulting from the use of less PSS and the
resulting increased release of protons into the dispersion by
PSS causes an increase in the electrostatic attraction between
the negatively charged PSS chains and the positive PEDOT
backbone. This electrostatic attraction can also change the
planarity of the PEDOT backbone and reduce the intra-
molecular electron transfer capacity, i.e. conductivity, of the
polymer.>®

Due to the use of a high PSS ratio during synthesis, protons
were more difficult to release from PSS chains, which increased
the number of protons in the chains and increased the con-
ductivity, while fewer protons were included in the dispersion
and the number of protons released was reduced while the
conductivity was kept high.
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Table 1 Post-synthesis pH measurements of aqueous dispersions
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1. Measurement 2. Measurement 3. Measurement Average pH
PPAD-BIE 1.12 1.10 1.08 1.10 &+ 0.02
PPAD-AIE 4.40 4.46 4.50 4.45 £ 0.05
PPAD-LIiTFSI 5.52 5.53 5.55 5.53 £ 0.01
Table 2 pH measurements of aqueous dispersions redispersed after lyophilization
1. Measurement 2. Measurement 3. Measurement Average pH
PPAD-RAL 5.80 5.79 5.78 5.79 + 0.009
PPAD-LiTFSI-RAL 5.60 5.62 5.63 5.61 + 0.015
Table 3 Comparison of pH values of normal samples with samples kept for 12 months
1. Measurement 2. Measurement 3. Measurement Average pH
PPAD-RAL 5.80 5.79 5.78 5.79 + 0.009
PPAD-RAL-12M 5.48 5.46 5.46 5.46 + 0.011
PPAD-AIE 4.40 4.46 4.50 4.45 £ 0.05
PPAD-AIE-12M 6.04 6.04 6.02 6.03 £ 0.011
PPAD-LiTFSI-RAL 5.60 5.62 5.63 5.61 £ 0.015
PPAD-LiTFSI-RAL-12M 5.38 5.42 5.36 5.38 + 0.030
PPAD-LiTFSI-12M 5.79 5.81 5.82 5.80 + 0.015

In addition, the known average pH of PPAD is between 1.6
and 1.7, and literature suggests that the reason synthesized
PPAD has a low pH value (more acidic) is the sulfonic acid
groups formed due to the use of higher PSS. A sudden increase
in pH from 1.10 to 4.45 levels indicates the neutralization of
acid groups by base groups.*®

The reason for this pH increase is that the OH™ ions
released into the PPAD during the ion exchange process are
more than the H' ions, and these OH™ ions combine with the
H" ions already in the PPAD and the newly added H' ions to
form water molecules, and therefore the pH value increases. In
addition, the pH of PPAD-LiTFSI obtained by adding LiTFSI to
ion-exchanged PPAD approached neutral.

As a result, the pH difference between PPAD-BIE and PPAD-
AEI samples, where the only difference between them is the ion
exchange process, was revealed as an indicator of the success of
the ion exchange processes (Table 1).

In addition, the pH change in PPAD and PPAD-LiTFSI
groups as a result of the redispersion process after lyophiliza-
tion was examined (Table 2).

Within the scope of long-term stability tests, 12-month
stored versions of PPAD-RAL, PPAD-AIE, PPAD-LiTFSI-RAL
and PPAD-LIiTFSI samples were studied. While the PPAD-RAL
and PPAD-LIiTFSI-RAL samples were stored in lyophilized form
at —80 °C, the PPAD-AIE and PPAD-LIiTFSI samples were stored
as aqueous dispersions at +5 °C and were named PPAD-RAL-
12M, PPAD-LiTFSI-RAL-12M, PPAD-AIE-12M and PPAD-LiTFSI-
12M, respectively (Table 3).

Finally, the final pH values after adding ethylene glycol at a
ratio of 1:5 by weight to the dispersions before the coating
process are summarized in the table below (Table 4).

1656 | Mater. Adv., 2025, 6,1647-1666

Table 4 Final pH values of aqueous dispersions resulting from 3 different
processes

PH after Final pH with

synthesis RAL pH EG addition
PPAD-AIE 4.45 £+ 0.05 5.79 £ 0.009 7.28 £ 0.015
PPAD-LIiTFSI 5.53 + 0.01 5.61 + 0.015 5.70 + 0.011

After the last process, which is EG addition, the final
product pH of the PPAD group was 7.28, while the final product
pH of the PPAD-LIiTFSI group was 5.70. This shows that PPAD-RAL-
EG, the final product of the PPAD group, is within physiological pH
limits, while PPAD-LiTFSI-RAL-EG is out of the pH limits. It was
also observed that the 12-month storage process in RAL groups
maintained the pH, although there was a slight decrease.

3.5. Imaging composite films with SEM

In the SEM images of the PPAD-PDMS sample, cracks that occur
after stretching are seen primarily in the coatings on certain film
surfaces. These cracks reduce the connections between the polymer
coatings and in some areas completely break them off, thus
causing a decrease in conductivity. Fig. 7A shows the cracks of
the PPAD-RAL-EG and Fig. 7B shows the same area with increased
magnification. In the enlarged image (Fig. 7B) of the cracks, the
morphological differences between the crack walls of PDMS and
PPAD polymers are clearly observable.

Fig. 7C and D show the undamaged coating surface after
stretching on the same sample. Since the coating on the PDMS
is very thin, the continuous and smooth structure of the PPAD-
RAL-EG coating in Fig. 7D draws attention. This image shows
that the coating has been successfully applied.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM images of the PPAD-RAL-EG-PDMS composite. (A)—(D) The top view.

Fig. 7E-H are the cross-sectional images of the PPAD-RAL-
EG-PDMS film. In these images, the smoothness of the PPAD
coating is more clearly understood. In increased magnifica-
tions of the section, the continuous structure formed by the
PPAD-RAL-EG thin film coating on the PDMS sample can be
seen. In Fig. 7H, the light grey area below is the cut surface
of the PDMS film. Morphologically, it matches the PDMS
structure in other images. The dark grey section above the
light grey region consists of two parts. The section below the
dark grey area also belongs to the PDMS film and is also
consistent with the morphology in other PDMS images. The
upper horizontal part is the PPAD-RAL-EG coating itself and
the morphological appearance of the coating matches the
literature.*®*”

Since the crack formation is chaotic and based on many
factors, it cannot be predicted what size the cracks will be in
which region. However, it can be said that the crack density,
especially in the PPAD group, is not dominant throughout the
sample. It is seen that the cracks that form are generally of
similar width and therefore they are consistent.

Another important point is that cracks form in a direction
perpendicular to the tensile axis. This causes new resistance
centers to form along the film surface, causing an applied
electric current to follow a new route of least resistance.

As seen in Fig. 8, which is the modified version of Fig. 7A, a
total of 10 different regions were measured for crack width. The
measurements are found as follows. Region 1 (14.43 pm),
Region 2 (6.46 pm), Region 3 (5.81 pum), Region 4 (7.11 um), Region
5 (9.48 um), Region 6 (3.87 pm), Region 7 (7.32 pm), Region 8
(9.05 um), Region 9 (8.62 pm) and Region 10 (4.74 pm).

When the cracks in Fig. 8 are examined, it is seen that the
largest crack does not exist except for a very small region and
has a width of 14.43 um (Region 1), while the smallest crack has
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Fig. 8 SEM image of PPAD-RAL-EG-PDMS composite cracks numbered
(modified version of Fig. 7A).

a width of 3.87 um (Region 6). The average crack width of 10
different regions was measured as 7.68 pm and the standard
deviation was measured as 2.98 pm. When the largest crack,
which is 14.43 um wide, was excluded from the calculations by
considering that it was observed in a single region, the average
crack width was measured as 6.94 um and the standard devia-
tion was measured as 1.92 pm.
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Lastly, considering the results of in vitro studies carried out
for 14 days by seeding SH-SY5Y cells directly onto the films, it
was observed that the possible coating separation from the
film surface would not have a cytotoxic effect on the cells. The
fact that the dispersion pH is within physiological limits also
contributes greatly to biocompatibility. Furthermore, when
the degradation test (ESL Fig. S6), pH change during the
degradation test (ESI,t Fig. S7) and swelling test (ESI,} Fig. S8)
analyses included in the ESIf document are examined, it is
seen that the films are subject to very low levels of degrada-
tion, therefore, the pH change during this degradation is at
very low levels, and values are still obtained between physio-
logical pH limits, and the swelling behavior of the films is also
very low.

This means, that even if some parts of the coating are
detached from films which have very low levels of degradation,
the residue released to the surrounding tissue would not cause
cytotoxic effects.

In Fig. 9A-D, the cracked structure of the PPAD-LiTFSI-RAL-
EG coating, which primarily appears in the coatings on the film
surfaces, draws attention. Although these dense-looking struc-
tures do not show intense cracking after stretching due to the
accumulation of the irregularly formed coating, they prevent
the direct appearance of the PDMS surface and allow the con-
ductive polymer structure, which is the continuation of the
layer underneath, to be visible.

The morphological appearance of the PPAD-LIiTFSI polymer
coating on PDMS matches the literature.*® In addition, accord-
ing to Fig. 9E-H, it can be commented that the coating of the
PPAD-LiTFSI-RAL-EG-PDMS composite could have been smoother.
It should be taken into consideration that spin-coating parameters
can be made more suitable for PPAD-LIiTFSI, and also that different
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ratios of the amount of EG added and the amount of LiTFSI used in
the initial synthesis may change the coating properties.

For the PPAD-LiTFSI group, the cracks are not as intense as
in the PPAD group due to the coating being thick and not
smooth. The cracks in this group have an intense morphology
resulting from the flexing of the high-thickness PPAD-LiTFSI
coatings stacked on top of each other. Therefore, the cracks in
this group are chaotic and multi-directional when examined
individually, but when examined collectively in terms of the
general coating, they formed in a direction parallel to the
tensile axis.

As understood from the thick coating and other character-
izations, the conductivity is already low in the PPAD-LiTFSI
group. The cracks can negatively affect the conductivity. In
addition, as mentioned above, new resistance centers form
along the film surface, causing an applied electric current to
follow a new route of the least resistance pathway. In other words,
the current will always prefer the path of least resistance.

The PPAD group, as seen in other characterizations, has
much better film obtaining properties and a much smoother
coating. Therefore, its conductivity is high. Again, for the PPAD
group, the current will always prefer the path of lowest resis-
tance. The formation of cracks may negatively affect the con-
ductivity, but since the coating is generally smooth and
the cracks have not spread over the surface, the conductivity
of the PPAD group will be much more stable than the PPAD-
LiTFSI group.

When PPAD-RAL-EG-PDMS and PPAD-LiTFSI-RAL-EG-PDMS
films are compared, it is seen that PPAD-RAL-EG-PDMS exhibits
a much better performance in all analyses (e.g. conductivity,
coating quality, particle size disturbance, zeta potential, cell
culture results). It can be commented that the PPAD group will

.
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SEM images of the PPAD-LIiTFSI-RAL-EG-PDMS composite. (A)—(D) The top view. (E)-(H) The cross-sectional view.
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show much more successful performance in the long term as
well as in the short term, especially in cell adhesion and
proliferation to the conductive polymer coating in the chan-
nels. Cell culture experiments for 14 days show that cells can
adhere to the material and therefore proliferate on the surface.
This is an expected outcome because the coating on the
channels both interrupts the connection of the hydrophobic
PDMS with the cells and provides a rough and appropriately
hydrophilic surface to which the cells will likely adhere. Similar
results were obtained for the PPAD-LiTFSI group, however, both
Alamar Blue assay and fluorescence microscopy images show
lower levels of cell proliferation. These results, as well as in
other analyses in the manuscript, show that the coating quality
and therefore cell adhesion and proliferation were much more
successful in the PPAD group.

3.6. Coating thickness measurements with SEM

Coating thicknesses of PPAD-RAL-EG-PDMS and PPAD-LiTFSI-
RAL-EG-PDMS composites were measured via SEM images.
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When Fig. 10 is examined, it is seen that the PPAD-RAL-EG-
PDMS composite has the thinnest coating with an average
thickness of 1.93 pm. In the literature, it is seen that different
applications cause coatings with different thicknesses, from
0.006-0.268 um*® to 12.9 um.>® It can be interpreted that the
obtained thickness is thicker than the spin-coating method, but
thinner than the drop-casting (13.31 um)>' method from the
literature, as the thickness is obtained using both dipping and
spin-coating, and has a relatively successful value. This result
shows that the spin-coating process and the coating ability and
stability of the dispersion are successful. Channel coating
thickness measurements of PPAD-RAL-EG show that parallel
results are obtained when compared with conductivity mea-
surements, zeta analyses and other characterization results,
and it is confirmed that it is the most efficient group.
Although the coating thickness of PPAD-LiTFSI-RAL-EG-
PDMS also varies in the literature, the average coating thick-
ness of the resulting composite is 13.28 um, which is higher
than the thickness of the drop-casting samples from the

AD-RAL-EG-PDMS)
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Fig. 10 Coating thickness measurements (A) and (B) PPAD-RAL-EG-PDMS, and (C) and (D) PPAD-LITFSI-RAL-EG-PDMS.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv., 2025, 6,1647-1666 | 1659


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma01205d

Open Access Article. Published on 04 February 2025. Downloaded on 2/2/2026 10:38:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

literature (11.10 um).>" This shows that additional dipping and
spin-coating optimizations specific to PPAD-LiTFSI-RAL-EG
should be made in coating studies. As a solution to obtain
thinner coatings, it is thought that the expected time can be
increased after dipping the PDMS film in the dispersion to
increase the interaction between the two polymers.

3.7. Conductivity and resistivity measurements

The effects of the samples kept for 2 months (2M), 12 months
(12M), the redispersion process after lyophilization (RAL), and
the EG addition (EG) on the resistivities and conductivities of
the dispersions were studied on drop-cast samples. Due to the
use of a high PSS ratio during synthesis, protons were more
difficult to release from PSS chains, which increased the
number of protons in the chains and increased the conductiv-
ity, while fewer protons were included in the dispersion and the
number of protons released was reduced while the conductivity
was kept high.>® According to resistivity measurements, it was
seen that the EG addition reduced the resistivity values
in PPAD-RAL and PPAD-LiTFSI-RAL samples. This shows
the expected effect on the reduction of resistivity with EG
addition.>>*

Due to excessive PSS usage, protons are trapped in the PSS
chains. This allows fewer protons to be released into the dis-
persion. As a result, the conductivity of PEDOT:PSS increases.

While obtaining the film from PEDOT:PSS, the water evapo-
rates and the PEDOT:PSS complexes form a film layer and
become insoluble. Meanwhile, some of the free PSS dissolved
in the solvent becomes a liquid phase in the structure. When
the film is completely dried, the free PSS separates from the
PEDOT:PSS complexes and forms a kind of outer ring around
the PEDOT:PSS film.**

When EG is added to PEDOT:PSS, EG enables the removal
of free PSS from the polymer structure. This allows PEDOT to
redistribute over the non-free PSS chains in the structure. By
removing free PSS from the polymer, better bonding of the
PEDOT-rich chains to each other is ensured.
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The boiling point of EG is higher than that of water. There-
fore, when EG is added to the PEDOT:PSS dispersion, a much
slower evaporation occurs compared to water.

The increase in conductivity is closely related to the
chemical structure of the solvent. Compounds with two or
more polar groups are much more efficient conductivity enhan-
cers. It is thought that the interactions between the dipoles of
such solvents and the dipoles or charges of the polymer chains
provide morphological change.” EG has polar O-H groups and
the polarity of EG causes its oxygen to be much more electro-
negative compared to its hydrogen. Therefore, the electron pair
in the O-H bond is polarized towards the oxygen. As a result,
the oxygen becomes partially negatively charged and the hydro-
gen becomes partially positively charged. Since opposite
charges attract each other, this means that the EG molecules
are attracted to each other and it becomes difficult for them to
be separated from each other. The boiling point of EG increases
due to this polarity.

Normally, PEDOT:PSS particles are surrounded by free PSS.
However, the regions with PSS-rich chains swell after the
addition of EG and the PEDOT-rich regions are more connected
to each other by removing free PSS from the structure. Thus, a
better connection is provided between the PEDOT-rich particles
and a linear conformation is achieved.”

In addition, due to the proton retention of the non-free PSS
in the chain structure, the conductivity is increased due to the
better-connected PEDOT chains coming into contact with the
high-proton PSS.

In the electrical characterization of the PPAD group, in
addition to the samples in the other groups, the resistivity
and conductivity measurements of the sample without ion
exchange were performed. For the PPAD group lyophilization
followed by redispersion when necessary and completing the
final process before coating with the EG addition proved to be
much more efficient, resulting in a higher conductivity than the
rest of the samples. As can be seen from Fig. 11 and Fig. 12,
long-term stability tests have also been completed. As seen in
these tests, the PPAD-AIE-12M sample was kept in aqueous
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Fig. 11 PPAD group's resistivity and conductivity measurements including PPAD-BIE, PPAD-BIE-2M, PPAD-AIE, PPAD-AIE-2M, PPAD-AIE-12M, PPAD-

RAL, PPAD-RAL-12M, PPAD-RAL-EG and PPAD-RAL-EG-12M.
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Fig. 12 PPAD-LITFSI group's resistivity and conductivity measurements including PPAD-LITFSI, PPAD-LiTFSI-2M, PPAD-LIiTFSI-12M, PPAD-LITFSI-RAL,
PPAD-LITFSI-RAL-12M, PPAD-LITFSI-RAL-EG and PPAD-LITFSI-RAL-EG-12M.

form for 12 months after synthesis, the PPAD-RAL-12M sample
was lyophilized after synthesis and redispersed after 12
months, and the PPAD-RAL-EG-12M sample obtained by add-
ing EG to the PPAD-RAL-12M before coating were studied.

There are several expected results of keeping samples in a
lyophilized state for 12 months. The first of these is that the
ability to obtain films may decrease due to the increase in
the potential for aggregate formation while the materials are
redispersed as the time they are kept in the lyophilized state
increases.

When the resistivity and conductivity results of the two
groups that were kept in the lyophilized state for 12 months
were examined, a 25.52% loss in conductivity was detected for the
PPAD-RAL (0.06215 S m™ ') and PPAD-RAL-12M (0.04629 S m ™)
samples, while a 21.67% loss in conductivity was detected for the
PPAD-LiTFSI-RAL (0.0114 S mfl) and PPAD-LiTFSI-RAL-12M
(0.00893 S m™ ") samples. Although the PPAD-RAL group lost
3.85% more conductivity compared to the PPAD-LiTFSI-RAL
group, it is important that the PPAD-LiTFSI-RAL group has much
lower conductivity in terms of conductivity values.

A comparison of the final samples obtained with EG addition to
these groups was also made. While there was a 67.38% loss in
conductivity for samples PPAD-RAL-EG (4.67561 S m ") and PPAD-
RAL-EG-12M (1.52498 S m™ '), there was a 74.21% loss in con-
ductivity for samples PPAD-LiTFSI-RAL-EG (0.12513 S m ') and
PPAD-LiTFSI-RAL-EG-12M (0.03227 S mfl). The PPAD-RAL-EG
group lost 6.83% less conductivity compared to the PPAD-LiTFSI-
RAL-EG group. In terms of conductivity values, again, it is impor-
tant that the PPAD-LITFSI-RAL group has much lower conductivity.

It is expected that the group with higher conductivity will
lose more conductivity compared to the group with lower
conductivity, because the increase in the conductivity differ-
ence means that greater losses may occur. However, it is crucial
to understand that the conductivity of the PPAD group is still
much higher than that of the PPAD-LiTFSI group.

Some loss in conductivity was already observed in the RAL-
12M samples. It has been stated before that the reason for this
is aggregate formation. As a result of the addition of EG to these

© 2025 The Author(s). Published by the Royal Society of Chemistry

12M groups with aggregate formation, the conductivity could
not be increased as much as in the samples that had no
aggregate formation which are RAL samples.

In the electrical measurements of the RAL-12M groups,
it was observed that the lyophilization process preserved
the material properties even though they lost some of their
properties and had better conductivity compared to the non-
lyophilized groups. It was also observed that the EG addi-
tive provided higher conductivity to the PPAD-RAL-EG-12M
(1.52498 S m™') group compared to the other groups, except
for the PPAD-RAL-EG (4.67561 S m™ ') group.

Although there was a loss of conductivity in the PPAD-RAL-
EG-12M (1.52498 S m™ ') sample, its conductivity value is still
above the minimum of 0.08-1.3 S m™ " required for use in nerve
tissue, so it is still suitable for use as a potential neural conduit
even after 12 months.

In addition, considering the conductivity loss of non-
lyophilized groups, it was seen that the lyophilization process
preserved the material properties despite some loss and there-
fore was essential. Otherwise, the material properties will be
affected even more adversely.

Furthermore, it was observed that the PPAD-LiTFSI-12M
group exhibited very high resistivity and therefore very low
conductivity due to the fact that it was kept as an aqueous
dispersion for 12 months after synthesis. In addition, even at
high rpm in the redispersing processes in the PPAD-LiTFSI-
RAL-12M and PPAD-LiTFSI-RAL-EG-12M groups, the aggregate
formation was observed even macroscopically and smooth
redispersing could not be obtained.

PPAD-RAL-EG, PPAD-RAL-EG-12M, PPAD-RAL, PPAD-RAL-
12M, PPAD-AIE, PPAD-AIE-2M, PPAD-BIE, PPAD-BIE-2M and
PPAD-AIE-12M dispersions have the lowest resistivity and there-
fore the highest conductivity, respectively, in line with the
characterization of aqueous dispersions.

The PPAD-LIiTFSI group showed similar results compared to
the PPAD group. Lyophilization and then redispersing when
necessary and completing the final process before coating with
EG addition appears to be much more efficient and results in
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higher conductivity than those of the samples kept for 2 months,
12 months and the samples without ion exchange. PPAD-LiTFSI-
RAL-EG, PPAD-LiTFSI-RAL-EG-12M, PPAD-LiTFSI, PPAD-LiTFSI-
RAL, PPAD-LiTFSI-RAL-12M, PPAD-LIiTFSI-2M and PPAD-LiTFSI-
12M dispersions have the lowest resistivity and therefore the
highest conductivity, respectively.

Considering the ultimate conductivity of conductive poly-
mers, the most conductive polymer is PPAD-RAL-EG with
4.67561 S m " and the conductivity of PPAD-LiTFSI-RAL-EG
is 0.12513 S m™'. When these values are examined, the most
suitable polymer for use as a potential neural conduit is PPAD-
RAL-EG, which also has the highest conductivity. PPAD-LiTFSI-
RAL-EG can also be used as a potential neural conduit, but
efficiency is expected to decrease since it has less conductivity
and less pH compatibility compared to PPAD-RAL-EG.

Considering that the conductivity of nerve tissue is approxi-
mately in the range of 0.08-1.3 S m™',>® the reason why the
conductivity values of these 2 polymers are considered suitable
for use in nerve tissue is that materials with conductivity
similar to or higher than the conductivity value of nerve tissue
could transmit electrical signals to neurons. This is due to
nerve tissue transfer ability.>”

3.8. Contact angle measurements

After each conductive polymer sample was drop-cast onto glass
coverslips, contact angle measurements were performed on
them. The reason why PDMS films coated with conductive
polymers have not been studied is that the coatings in the
channels of the insulating films are very thin and therefore
water drops form an angle directly according to the hydropho-
bicity of the PDMS films. Contact angle measurements of
insulating polymers were carried out directly on pure PDMS
films. A surface with a contact angle of less than 90° is
considered hydrophilic, and a surface with a contact angle of
greater than 90° is considered hydrophobic.*®

Measurements of samples without and with EG additive were
compared and it was seen that the addition slightly increased the
coating hydrophobicity of the conductive polymers in the PPAD
group. The reason for this may be that EG slows down the
crystallization process as it evaporates from the surface after
coating and provides better stacking of the conductive polymer
chains.®® This decrease in hydrophilicity is related to the rearran-
gement of PSS chains and PEDOT particles being oriented and
packed together to form a crystal structure, thus becoming more
hydrophobic.” There are reports in the literature that the contact
angle increases with the EG addition.® These results show that the
contact angles of conductive polymers match the literature.

When the contact angle measurements of PPAD-RAL (82.31°)
and PPAD-RAL-EG (87.41°) samples were compared (Fig. 13), it
was observed that the EG addition had an increasing effect of
5.10°. In addition, it is seen that PPAD is characterized in the
literature in the range of 78°-90° within the standard deviations
in contact angle measurements®" and the results are compa-
tible with the literature.

Furthermore, the same EG effect is seen in PPAD-LiTFSI-RAL
(<10°) and PPAD-LiTFSI-RAL-EG (<10°) samples. The high
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Fig. 13 Contact angle measurements.

hydrophilicity of LiTFSI can be shown as the reason why
LiTFSI-added samples are so hydrophilic.®

Efficient results matching the literature were also obtained
in pure PDMS samples. The PDMS contact angle was measured
at 113.55°, above the hydrophobicity limit. In the literature,
there are ranges where the contact angle of PDMS is reported
from 105° to 122° according to different applications.®*®*

3.9. Invitro cytocompatibility analysis

When the MTT analysis results with L929 cells (Fig. 14A) were
examined, it was seen that Pure PDMS (98.88%) and PPAD-RAL-
EG-PDMS (98.9%) had the most cell viability, while PPAD-
LiTFSI-RAL-EG-PDMS (87.47%) had slightly less cell viability
compared to them. However, it was revealed that all films had
cell viability above 90%, and as a result, they did not have a
cytotoxic effect. It has already been reported in the literature
that PEDOT doped with PSS, fibrinogen or hyaluronic acid is
not cytotoxic in cell culture.®® There are also reports in the
literature proving that there is no correlation between higher
elution concentration for PPAD and lower viability of cells.®®
These results are a good indication that the composite film
coatings are non-toxic. In addition, PDMS has already been well
studied in the literature and is known to be non-cytotoxic.®”

According to the LDH test results with L929 cells (Fig. 14B),
Pure PDMS (5.1%) and PPAD-RAL-EG-PDMS (4.5%) were found
to have less cytotoxicity compared to PPAD-LiTFSI-RAL-EG-
PDMS (5.6%). However, it was revealed that both PPAD-RAL-
EG-PDMS and PPAD-LiTFSI-RAL-EG-PDMS had cytotoxicity
below 10%, and they had slight necrotic effects. It has been
reported in the literature that PDMS has high cell metabolic
activity and low LDH release activity.®®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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EG-PDMS films, (B) LDH analysis obtained by 24 h incubation of L929 cells
with extracts from Pure PDMS, PPAD-RAL-EG-PDMS and PPAD-LITFSI-
RAL-EG-PDMS films, (C) live/dead cell staining results obtained by incu-
bating L929 cells for 24 hours with extracts from Pure PDMS, PPAD-RAL-
EG-PDMS and PPAD-LITFSI-RAL-EG-PDMS films (scale bars are 100 um).
One-way ANOVA was performed to compare multiple groups and
a Bonferroni post hoc test was applied. n: 3, p >0.05 (ns), p < 0.05;
**p < 0.01; *p < 0.001; ***p < 0.0001.
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In Fig. 14C, in which L929 cells used for PPAD-RAL-EG-
PDMS and PPAD-LIiTFSI-RAL-EG-PDMS are examined, almost
no red-stained cells are visible and almost all of the cells are
seen to be alive (green) and having the appropriate morphology.
These images show that both PPAD-RAL-EG-PDMS and PPAD-
LiTFSI-RAL-EG-PDMS films are biocompatible. As shown in the
LDH and MTT analysis, the biocompatibility of PDMS-based
composite films was found to be high and cell viability was
proven by fluorescence microscopy images.

In the MTT test using SH-SY5Y cells (Fig. 15A), cell viability
was obtained as 100% for control, 89% for PPAD-RAL-EG-12M-
PDMS and 80% for PPAD-LiTFSI-RAL-EG-12M-PDMS. Cell via-
bility drops from 98.9% in PPAD-RAL-EG-PDMS to 89% in
PPAD-RAL-EG-12M-PDMS, which is just below the 90% limit.
Cell viability drops from 87.47% in PPAD-LiTFSI-RAL-EG-PDMS
to 80% in PPAD-LiTFSI-RAL-EG-12M-PDMS. The reason for this
decrease in cell viability of the two groups is again the different
effects of the 12-month waiting periods on the groups.

In the LDH test using SH-SY5Y cells (Fig. 15B), cytotoxicity
was obtained as 4.31% for the control, 9.21% for PPAD-RAL-EG-
12M-PDMS and 12.34% for PPAD-LiTFSI-RAL-EG-12M-PDMS.
PPAD-RAL-EG-12M-PDMS appears to be more biocompatible
than PPAD-LiTFSI-RAL-EG-12M-PDMS with cytotoxicity below
10%. As mentioned in previous analyses, the 12-month waiting
period of the PPAD-LiTFSI-RAL-EG-12M-PDMS group is thought
to be responsible for this increased cytotoxicity due to
the decrease in coating quality, particle aggregation and more
unstable pH. A slight increase in cytotoxicity was also observed
in the PPAD-RAL-EG-12M-PDMS group in comparison to the
LDH test made with L929 cells, but as mentioned in previous
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(A) MTT analysis obtained by 24 h incubation of L929 cells with extracts from PPAD-RAL-EG-12M-PDMS and PPAD-LIiTFSI-RAL-EG-12M-PDMS

films. (B) LDH analysis obtained by 24 h incubation of L929 cells with extracts from PPAD-RAL-EG-12M-PDMS and PPAD-LITFSI-RAL-EG-12M-PDMS
films. (C) Live/dead cell staining results obtained after 14 days of cell culture using SH-SY5Y cells seeded on PPAD-RAL-EG-12M-PDMS and PPAD-LITFSI-
RAL-EG-12M-PDMS films (scale bars are 125 um). (D) Alamar Blue assay results obtained by 14 days of cell culture using SH-SY5Y cells seeded on PPAD-
RAL-EG-12M-PDMS and PPAD-LITFSI-RAL-EG-12M-PDMS films. One-way ANOVA was performed to compare multiple groups and a Bonferroni post
hoc test was applied. n: 3, p >0.05 (ns), p < 0.05; **p < 0.01; *p < 0.001; ***p < 0.0001.
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analyses, this group appears to be less affected by the 12-month
waiting period.

Fluorescence microscopy images (Fig. 15C) of PPAD-RAL-EG-
12M-PDMS and PPAD-LiTFSI-RAL-EG-12M-PDMS films using
SH-SY5Y cells show that the cells proliferate proportionally
throughout the 14-day analysis and the cell density increases
on both films.

The results obtained from the Alamar Blue assay (Fig. 15D)
show that there is a constant increase in the fluorescence
intensity of both PPAD-RAL-EG-12M-PDMS and PPAD-LiTFSI-
RAL-EG-12M-PDMS groups, indicating that the number of cells
increases on the materials. The increase in absorbance values
proves that the metabolic activity of the cells increases in direct
proportion to time, indicating that the films do not have toxic
effects on the cells.

4. Conclusion

After PEDOT:PSS aqueous dispersion synthesis, the unwanted
ions (iron and sodium) formed during the synthesis were
removed with ion exchange resins, thus reducing the particle
size from 3580 nm to 190 nm, strengthening the zeta potential
from —29.7 mV and +12.5 mV to —59.5 mV, and increasing the
metabolic suitability by bringing the pH value closer to neutral
(from 1.10 to 4.45). In addition, the shelf life has been success-
fully extended by lyophilizing the aqueous dispersion to pre-
vent potential aggregation problems and use it when necessary
by redispersing it with deionized water, thereby preserving its
properties to a great extent. In addition, pH measurements
show that the salt content in the dispersions decreases with
the removal of ions and the dispersions move from acidic to
neutral due to the formation of water molecules by ion
exchange resins. The importance of lyophilization is that by
freezing the polymer very quickly and drying it in this state,
aggregate formation is prevented and thus the shelf life of the
polymer can be extended to a much longer period while
preserving its properties. For example, when PPAD and PPAD
kept for 12 months were compared, their properties such as
particle size, pH, conductivity and zeta potential were 255 nm
and 295 nm, 5.79 and 5.46, 4.67561 S m~* and 1.52498 Sm ™",
and —45 mV and —37 mV, respectively. Lyophilized polymers
can be used when necessary and therefore unnecessary con-
sumption of consumables and chemicals can be avoided. It has
been observed that the lyophilization and redispersion process
preserves the product properties to a great extent.

Considering the samples kept for 12 months, it can be seen
that the PPAD-RAL-EG-PDMS film, which initially exhibited
high performance, was able to maintain its properties at a
good level despite experiencing various downgrading after
12 months. This provides us with the information that lyophi-
lization is crucial to extend the shelf life of aqueous dispersions
while preserving their reusability.

By considering all characterization studies, the most efficient
and optimum group among the studied groups emerges as PPAD-
LSR-EG-PDMS. Thus, a modified, flexible PPAD-LSR-EG-PDMS
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composite film as a potential neural conduit, which is compatible
with the literature, has high conductivity and high biocompat-
ibility suitable for peripheral nerve injuries, has been successfully
produced.

In conclusion, with the PDMS composite coated with PED-
OT:PSS that was produced and modified, we have presented an
improvable, potential new platform that can be used to connect
the proximal and distal nerve endings resulting from nerve
injuries, and demonstrated its safety in vitro.
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