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In recent years, the use of organic materials to infer conductivity in biomedical devices has received
increasing attention. Typical inorganic semiconductors and conductors are rigid and expensive, usually
require multiple processing steps and are unsuitable for biomedical applications. Electrochemically or
chemically doped conjugated polymers help to overcome these problems due to their stability, low cost,
light weight and excellent electrical and optical properties. The conducting polymer poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) is the material of choice for biomedical
applications as it is water soluble, however, there are growing concerns around its stabilizer, PSS, due to

Keywords: . . L .

PEJI/JOT'PSS its release of acidic products upon degradation in-vivo. Here, we report the successful synthesis of PEDOT
Electrical conduction nanoparticles using hyaluronic acid (HA) as a stabilizer via an oxidative miniemulsion polymerisation
Biocompatibility technique. This improves the bioactivity and hydrophilicity of nanoparticles. The effect of varying

amounts of HA and different molar ratios of EDOT:TOS has been studied and their role in the conductive
and morphological properties of final nanoparticles has been fully elucidated. Furthermore, bioactivity
and biocompatibility of the nanoparticles are demonstrated for customizable in vivo applications.
Nanoparticles were found to have a conductivity up to 10 times greater than pristine PEDOT:PSS with
increased addition of oxidant. The proposed easy-to-manufacture approach, along with the highlighted
superior properties, expands the potential of conductive polymers in future customizable biological
applications such as tissue scaffolds, nerve conduits and cardiac patches and represents a real break-
through from the current state of the art.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Tissue scaffolds

1. Introduction (PEDOT) which is synthesised using a stabilizer PSS (polystyrene

sulfonate). PEDOT has many desirable characteristics such as facile

Nanomaterials are ubiquitous with their ability to be tailored for
use in multiple areas related to biomedical engineering and health
such as drug delivery, biosensors, antimicrobial applications, cancer
therapy and tissue engineering [1—4]. Intrinsically conductive
polymeric (ICP) nanoparticles are organic materials which possess
the combined properties of a semiconductor or metal and those of a
conventional polymer. They possess a semiconductor's electrical,
optical and magnetic properties with low cost, biocompatibility and
corrosion resistance [5] rendering them ideal for biomedical ap-
plications. They combine ionic and electronic conductivity allowing
effective transfer of electrical signals at cell interfaces [6]. One
common conducting polymer is poly(3,4-ethylenedioxythiophene)
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processing, high conductivity and commercial availability. It has
been widely deployed in the emerging area of organic electronics in
applications such as organic light-emitting diodes (OLEDs) [7—10].
However, there are limitations associated with PEDOT:PSS in bio-
logical applications, as excess PSS negatively affects conductivity,
long-term stability, specific capacity and crucial biocompatibility.
There are also concerns regarding PSS degradation and the poten-
tial release of harmful acidic components in-vivo [11,12]. Previous
studies have investigated alternatives for PSS such as a study by del
Agua et al. in which scaffolds based on PEDOT: xanthan gum were
found to have tuneable porosity and mechanical properties. These
scaffolds combine both the traditional conductivity of PEDOT
and additional biocompatibility and mechanical qualities of xan-
than gum, showing some promise as an alternative to PEDOT:PSS
[13].
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Conductive polymers may be synthesized electrochemically, via
chemical oxidation or photoelectrochemically [14—16]. An impor-
tant structural factor in chemical synthesis is solubility, as in order
to reach a suitable molecular weight, low molecular weight poly-
mers and oligomers must be soluble enough to be able to poly-
merize and become stable. ICPs are generally insoluble in water. In
order to be incorporated into biological systems or in hydrogels
solubility is desirable and advantageous as it acts as a hydrophilic
nanocapsule for the hydrophobic monomer. In conjunction with a
suitable oxidant such as FeTos, the selective generation of cation
radicals at a desired location on the monomer, is possible for effi-
cient oxidation [17].

In the biomedical device industry, naturally occurring bio-
materials are of enormous interest due to their inherent biocom-
patibility, bioactivity and biodegradability in vivo [18,19]. Hyaluronic
acid (HA) is found naturally in the tissue's extracellular matrix (ECM)
and is necessary for functions within the body such as regulating cell
differentiation and migration, immune modulation, and wound
healing [20]. It is also being studied for applications including wound
dressings and antibacterial hydrogels [21], cell encapsulation [22,23],
scaffolds for tissue engineering [22,24—26], drug delivery [27] and
hydrogels [28]. For this reason, it has become the material of choice
for body repair. The use of HA in the synthesis of PEDOT nano-
particles has previously been completed by Wang et al. in which HA-
doped nanoparticles were synthesized using chemical oxidative
polymerization techniques. These nanoparticles were then synthe-
sized into PLLA films and showed good neurite outgrowth upon
electrical stimulation, proving to be a promising candidate for nerve
regeneration in tissue engineering applications [29].

This work herein describes, for the first time, the synthesis of
conductive and biocompatible PEDOT nanoparticles using bioactive
HA as a stabilizer via oxidative miniemulsion polymerization. This
study shows a complete analysis of the synthesized particles using
biological, electrical, morphological and chemical analysis. The
dopant used is TOS, therefore we use the nomenclature of
PEDOT:TOS. Uniquely, HA is used as a stabilizer of the EDOT
droplets during the miniemulsion processes and this is of impor-
tance because HA is located on the surface of the PEDOT NPs. This
allows further surface functionalization for possible future cell
therapies or electrically stimulated drug delivery. We further
envisage their deployment dispersed within hydrogels and scaf-
folds for application as cardiac patches, nerve conduits and in the
regeneration of various electrically conducting tissues.

2. Experimental section
2.1. Materials

3,4 Ethylenedioxythiophene (EDOT, 97%), iron(Ill) p-toluene-
sulfonate hexahydrate (FeTos), hydrochloric acid and poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
(1.3 wt%) were purchased from Sigma Aldrich (Ireland), sodium
hyaluronic acid (HA, 23.2 kDa) was purchased from Shanghai Easier
Industrial Development Co. Ltd. (Shanghai, China), hydrogen
peroxide 30 wt% was supplied by Analab Ltd. For cell culture ex-
periments, Dulbecco’s modified minimal essential medium
(DMEM), penicillin-streptomycin, L-glutamine, calcein AM and
propidium iodine were purchased from Sigma Aldrich (Ireland).
alamarBlue was purchased from Thermofisher Ireland.

2.2. Synthesis of PEDOT:TOS nanoparticles
Varied amounts of HA were dissolved in 40 mL of hydrochloric

acid (HCI) solution (0.1 M). EDOT (0.2 mL, 1.8 x 10~> mol) was
added to this solution and stirred for 10 min. The mixture is placed
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in an ice bath under tip ultrasonication with a Branson Sonifier 450
(1/2 inch tip, amplitude of 70%, pulse of 90%) for 10 min to form a
miniemulsion, as shown in Fig. 1A. Meanwhile, a FeTos solution was
prepared in 10 mL of deionized (DI) water, see Table 1, and stirred
for 10 min. The resulting milky emulsion is placed under sonifica-
tion and added to a reaction flask under further stirring. The FeTos
solution was added dropwise to the reaction flask and the mixture
was left to initiate polymerization. After 1 h, 0.05 mL of hydrogen
peroxide (7.5 x 10~ mol) was added, and the solution was left to
polymerize overnight. The change in color profile of the mini-
emulsion upon addition of FeTos and H,0; can be tracked in Fig. 1B.

Nanoparticles were purified via centrifugation at 8000 rpm for
10 min, three times, redispersing in DI water after each run. After
the third run, with excess FeTos removed, a transparent color was
observed in the solution. Following this, nanoparticles were
redispersed in 40 mL of DI water and sonicated for 20 min in a
sonication bath.

2.3. Characterization

A glass slide was covered in NP solution and dried overnight to
evaporate water, leaving a film of nanoparticles. The morphological
characteristics of the nanoparticles were characterized using a
Hitachi SU-70 Scanning electron microscope (SEM) at an acceler-
ating voltage of 5 kV at a working distance of 14 mm. Prior to
analysis, samples were placed in a sample holder and coated with a
thin layer of gold.

UV—vis spectroscopy was performed using a Shimadzu UV-1800
spectrophotometer in the range of 1100 nm—200 nm. Samples
were diluted in order to allow for sufficient light to pass through
the solutions and the resulting graphs were normalized.

Raman spectroscopy was performed using a Horiba, LabRAM 1A
Raman spectrometer in backscattering configuration, equipped
with a 532 nm laser. The filter was set to 0.1% to avoid degradation
of the sample, the hole of aperture was 200 pm and the silt was set
to 100 um for all spectra readings. The spectra were captured from
1250 to 1700 cm ™ with 120 s exposure time and five acquisitions
for each reading. In order to avoid inaccuracy, the spectrometer was
calibrated with the spectra of a silicon sample beforehand.

In order to test the conductivity of the nanoparticles a film of
each formulation was produced, similarly to the method above,
with an undiluted initial solution. To determine the conductivity of
the films the Van der Pauw method was used:

e—Tth16 + e—TthZG (1)

where d is the film thickness, Ry and R, are the resistance in di-
rection 1 and 2 respectively and o is the electrical conductivity of
the film.

Four points of silver paint were painted on the surface of the
film, with four contact points used in order to reduce the effect of
contact resistance. A Keithley 2400 SourceMeter was utilized to
produce a current through the sample and the resistance was
measured.

For biocompatibility testing, solutions in their liquid suspension
form were sterilized by using autoclave and by UV sterilization.
Three concentrations of each formulation were used (0.5 mL,
0.05 mL and 0.005 mL). NIH/3T3 fibroblast cells were grown in
DMEM supplemented with 10% foetal bovine serum (FBS), 1%
glutamine and 1% streptomycin-penicillin in a 5% CO, environment.
Cells were seeded with the pre-conditioned PEDOT:TOS nano-
particle solutions at a density of 50 x 10> cells/well in a 24-well
plate and 1 mL of cell culture media in each well and incubated
for 4 h. A control was also prepared that consisted of 1 mL of media
with the same density of cells.
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Fig. 1. (A): Process of Miniemulsion Polymerization; (B): Color change of the solution during synthesis (a) Miniemulsion solution following sonication, (b) Solution following the
addition of 2 mL oxidant, (c) Solution following addition of 10 mL of oxidant, (d) Solution following addition of H,0,.

Table 1
Formulations using varied amounts of HA and FeTos.
Formulation Molar ratio Hyaluronic a Hyaluronic a EDOT FeTos FeTos H,0,
EDOT:TOS cid (wt%) cid (M) (mL) (g) (M in H,0) (mL)
EDOT:TOS1:0.5 HAO.2% 1:05 0.2 1.78 x 10~ 0.2 0.6385 14 x 1072 0.05
EDOT:TOS1:0.5 HA0.5% 1:0.5 0.5 445 x 1074 0.2 0.6385 14 x 1072 0.05
EDOT:TOS1:0.5 HA0.7% 1:05 0.7 623 x 1074 0.2 0.6385 14 x 1072 0.05
EDOT:TOS1:0.5 HA1% 1:0.5 1 89 x 1074 0.2 0.6385 14 x 1072 0.05
EDOT:TOS1:1 HA0.2% 1:1 0.2 1.78 x 10~ 0.2 1.277 2.8 x 1072 0.05
EDOT:TOS1:1 HA0.5% 1:1 0.5 445 x 1074 0.2 1.277 2.8 x 1072 0.05
EDOT:TOS1:1 HA0.7% 1:1 0.7 623 x 1074 0.2 1.277 2.8 x 1072 0.05
EDOT:TOS1:1 HA1% 1:1 1 89 x 1074 0.2 1.277 2.8 x 1072 0.05
EDOT:TOS1:2 HA0.2% 1:2 0.2 1.78 x 1074 0.2 2.554 56 x 1072 0.05
EDOT:TOS1:2 HA0.5% 1:2 0.5 445 x 1074 0.2 2.554 5.6 x 1072 0.05
EDOT:TOS1:2 HA0.7% 1:2 0.7 623 x 1074 0.2 2.554 56 x 1072 0.05
EDOT:TOS1:2 HA1% 1:2 1 89 x 107 0.2 2.554 56 x 1072 0.05

To evaluate the cell cytotoxicity, alamarBlue reagent was
added to each sample at a concentration of 10% as specified by
the manufacturer. The well plates were re-incubated and the
samples were taken at 30 min, 24 h and 48 h in 96 well-plates
with fluorescence measured at 540 and 590 nm using a Syn-
ergyMx plate reader (BioTek, EUA). Pre-conditioned PEDOT:TOS
samples, PEDOT:PSS samples and NIH/3T3 fibroblast cells were
then assessed for cell viability and adhesion. The cells were
stained with calcein AM and propidium iodine for fluorescence
imaging and visualized using the Zeiss LSM 710 Confocal
Microscope.

Parametric data obtained from the cell cytotoxicity tests were
analyzed using one-way ANOVA test using R software program,
with the p-value of <0.05 considered as statistically significant.

3. Results and discussion
3.1. Oxidative miniemulsion polymerisation

PEDOT:TOS nanoparticles were synthesized by oxidative mini-
emulsion polymerization, using HA as a stabilizer and FeTos as an
oxidant. Initially, the monomer solution and the oxidant solution
were prepared using deionized water. However, in this case when
the oxidant solution was added to the monomer solution, the
nanoparticles tended to agglomerate. This was attributed to a pH
mismatch between the two steps, the pH of the PEODT and FeTos
solutions being an acidic 1-2 and the hyaluronic acid having a
neutral pH of 6—7. Accordingly, the oxidant solution was dissolved
in 0.1 M of HCI to reach a similar pH to that of the monomer
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solution and thereby more stable particle dispersions were ob-
tained. This was the method used for all the formulations detailed
in Table 1. Solutions remained stable for a number of weeks before
they began to agglomerate, however redispersion is easily achieved
upon sonification. HyO, is needed in the synthesis in order to
regenerate Fe>* ions that are reduced to Fe?* ions during oxidative
polymerization, this allows the further polymerization of EDOT to
take place. Addition of H,0, also increased solution stability with
an immediate color change to dark blue/ black upon its addition.

3.2. Morphological analysis

In Fig. 2, at a low percentage of HA, crystallites can be seen but as
the percentage of HA increases, these crystal-like structures
disappear with more agglomeration occurring, making it difficult to
identify individual particles. In Figure A in the supplementary
documentation, crystals can be seen, these crystals are likely to be
formed from the addition of hydrogen chloride, as the oxidant is
removed following formulation in the form of chloride salt crystals.
Fig. 2 shows an increase in aggregation with an increase in the
molar ratio of EDOT:TOS with the 1:2 ratio showing flaky type films

(a) EDOT:TOS 1:0.5 HA0.2%

(d) EDOT:TOS 1:0.5 HA1%

-

N P N

—
1pm,

(e) EDOT:TOS 1:1 HA0.2%

(f) EDOT:TOS 1:1 HA0.5%

—
m 1pm

(g) EDOT:TOS 1:1 HA0.7%
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as opposed to the other samples that tend to form a smoother
surface. This indicates that for films, a ratio of 1:1 or 1:0.5 is best.

The nanoparticle size was observed from SEM micrographs in
Fig. 2 with a range from 52 to 90 nm and an average size of 71 nm.
The morphology of the nanoparticles is not as rounded or defined
as seen in the synthesis of PEDOT:PSS nanoparticles via mini-
emulsion polymerization [30]. This may be due to the use of hyal-
uronic acid as a stabilizer and the distinct difference in pH it creates
in the synthesis process. The use of hydrochloric acid to improve
this disparity works well to improve the stability of the final for-
mulations but influences the final morphology of the nanoparticles
and the formation of chloride salt crystals, as seen in the supporting
documentation.

3.3. Doping of nanoparticles

In order to study the degree of doping of the nanoparticles,
Raman and UV—vis spectroscopy were used. The UV—vis spectra of
the various concentrations of HA with varied ratios of FeTos can be
seen in Fig. 3. The spectra show a trend typical of PEDOT. The ab-
sorption of oxidized states can be observed in all spectra, and this

(i) EDOT:TOS 1:2 HA0.2%

S

1um

(k) EDOT:TOS 1:2 HA0.7%
e PRTT

e 1um
(1) EDOT:TOS 1:2 HA1%

4

Fig. 2. SEM images of all nanoparticles. (a—d) EDOT:TOS 1:0.5, HA 0.2%, 0.5%, 0.7%, 1% respectively. (e—h) EDOT:TOS 1:1, HA 0.2%, 0.5%, 0.7%, 1% respectively. (i—1) EDOT:TOS 1:2, HA

0.2%, 0.5%, 0.7%, 1% respectively.
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(b) 0.5% HA
EDOT:TOS 1:0.5HA0.5%

—— EDOT:TOS 1:1,HA0.5%

—— EDOT-TOS 1:2HA0.5%
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Wavelength (nm)

200 300 400

(d)
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EDOT.TOS 1:0.5HA1%
— EDOT:TOS 1:1,HA1%
~—— EDOT.TOS 1:2HA1%
-
=
&
g
o
<
J
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Wavelength (nm)

Fig. 3. UV—vis spectra of samples with HA percentage of (a) 0.2%, (b) 0.5%, (c) 0.7% and (d) 1%.

indicates that there is high oxidation within the polymer chains.
The polaronic and bipolaronic region are seen from 800 to 1000 nm
and the absorption related to these states can be seen to generally
increase with a higher concentration of FeTos with EDOT:TOS 1:1
and 1:2 showing higher absorptions than 1:0.5 on average due to
higher doping in these formulations. The absorption that relates to
the neutral w-bonds is low in all samples. This is possibly due to the
addition of Hp05, as the OH radicals from the H,O; interact with the
radicals generated from the neutral 7 system during polymeriza-
tion. This results in the breaking of the conjugation in the PEDOT
chain as the OH radicals bond to the polymer backbone. This is
associated with a decrease in conductivity, as the electrical charges
cannot propagate as efficiently along the polymer chains. The
bonding of hydroxyl groups to the polymer backbone as a result of
the addition of H,0, is postulated by these results.

For Raman spectroscopy, the filter was set to 0.1% and the typical
vibrational modes for PEDOT are seen within the range of 1250 and
1700 cm ™!

Fig. 4 compares the spectra at each percentage of HA. A low
Raman signal was observed at the lowest FeTos concentration
(EDOT:TOS 1:0.5) and this signifies a low degree of polymerization
in these samples. In general, the maximum Raman signal can be
seen in the EDOT:TOS 1:1 samples and this signifies a low doping
level in PEDOT and thus, an increase in the number of neutral -
bonds in the polymer backbone. However, a higher absorption is
seen with a higher doping level in the EDOT:TOS 1:2 final samples
and thus the Raman signal decreases. The reason for a decrease in
intensity is due to asymmetric stretching of the C=C bonds in the

doped state as well as a decrease in the number of neutral w-bonds
along the polymer backbone.

3.4. Electrical characterization

Electrical conductivity of the NPs was measured using the Van
der Pauw method, as described in Section 2.3. Fig. 5 shows the
conductivity of each sample as a function of the molar ratio of
EDOT:TOS used to prepare the formulations. As expected, there is
a general increase in conductivity with an increase in FeTos. The
films of ratio 1:0.5 EDOT:TOS have an average conductivity of
14.02 S/cm, the films of ratio 1:1 are seen to have a slightly higher
average conductivity of 16.9 S/cm. However, there is a significant
increase in the conductivity seen at the ratio 1:2 EDOT:TOS as it
rises to an average of 30.3 S/cm, this is much higher than lower
ratios as the oxidation levels of PEDOT is higher with an increase
in EDOT:TOS molar ratio. Another possible reason for this
increased conductivity at a higher oxidant level is the tendency for
these nanoparticles to agglomerate more with increased oxidant.
Higher agglomeration would mean that the nanoparticles would
be more interconnected, meaning the charge would pass through
the film more easily for an EDOT:TOS ratio of 1:2 than for 1:1 or
1:0.5.

Pristine PEDOT:PSS films prepared in the lab yielded a con-
ductivity of 0.5—5.1 S/cm. The conductivity results found in this
study are similar to that of the conductivity seen in other studies
using pristine PEDOT:PSS nanoparticle films in which a conduc-
tivity of 0.1—10 S/cm can be seen [31—33]. In order to improve its
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0.2% HA 0.5% HA
(a) EDOT-TOS 1:0.5HA0.2% (b) EDOTTOS 1:0.5HA0.5% |
— EDOT:TOS 1:1,HA0.2% | — EDOT:TOS 1:1,HA0.5% |
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Fig. 4. Raman spectra of (a) 0.2% HA, (b) 0.5% HA, (c) 0.7% HA and (d) 1% HA.

conductivity, pristine PEDOT:PSS has been treated with organic hyaluronic acid as a natural alternative to other synthetic stabi-
solutions to achieve a conductivity of up to 2100 S/cm [34] or with lizers in conductive applications. In order to back up this finding,
hydrothermal treatments [35]. Without treatment however, the biocompatibility of the nanoparticles was examined using
PEDOT:TOS films show improved conductivity to that of pristine biocompatibility testing.

PEDOT:PSS films. This is promising for the potential use of

40 - 0.2% HA
E I ™ 0.5% HA
- 30 A
i)
> m0.7% HA
£
2 20
3 I m 1.0% HA
-]
5
o 10711 = PEDOT:PSS
: '
1:0.5 1:1 1:2 Pristine
PEDOT:TOS PEDOT:PSS

Fig. 5. The conductivity of PEDOT:TOS and PEDOT:PSS films using the Van der Pauw equation.
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Fig. 6. Fluorescence of samples over three days: (a) PEDOT:PSS, (b) EDOT:TOS 1:0.5, (c) EDOT:TOS 1:1, (d) EDOT:TOS 1:2. (e) LIVE-DEAD assay. For all tests NIH/3T3 fibroblast cells
were cultured in the presence of the PEDOT:TOS/PEDOT:PSS nanoparticles over a period of 96 h. Magnification 4x.
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3.5. Biocompatibility characterisation

The biocompatibility of the nanoparticles is shown in Fig. 6.
Nanoparticle formulations show a similar proliferation profile to
that of the control. Generally, the lowest ratio of 0.005% of all
samples shows the highest proliferation which is to be expected as
that is the solution that most resembles the control with the lowest
amount of nanoparticles.

However, all solutions show a continued increase in fluores-
cence over the three days which indicates that they have good cell
biocompatibility over time. This is important for possible future
in vivo applications as the NPs and their degradation products
would need to have a sustained biocompatibility for a prolonged
period. These results are promising for increased bioactivity in
PEDOT nanoparticles and as HA degradation is well known, it will
not cause any detrimental side-effects in vivo [36,37]. This is sup-
ported by the p-values calculated from the ANOVA, see Table A
found in the supplementary documentation, with a statistical dif-
ference found in each of the groups with regards to the increase in
fluorescence over the three days.

Fluorescent images of the cells cultured with PEDOT:TOS, 1:1
EDOT:TOS nanoparticles were captured using a confocal micro-
scope and presented in Fig. 6(e), where dead cells are stained red
and live cells are stained green. Very few dead cells were observed
in all nanoparticle groups, with mostly live cells present. The cells
in the PEDOT:TOS nanoparticle groups were similar in morphology
to the cells in the control and PEDOT:PSS groups. Cells were
also seen to be accumulating towards the edges of the well plates in
the PEDOT:TOS groups which is likely to be due to the agglomer-
ation of these nanoparticles over time as this is not seen in the
PEDOT:PSS and control groups.

Interestingly, the PEDOT:PSS nanoparticles characterized in this
study showed similar fluorescence and cell viability to that of both
the control and the synthesized PEDOT:TOS nanoparticles. This is
unusual compared to that of other biocompatibility studies con-
ducted on PEDOT:PSS in which they are found to be cytotoxic,
sample data can be found in figure C in the supplementary docu-
mentation. This is probably due to the low concentration used of
the liquid PEDOT:PSS as the results shown in figure C from
biocompatibility studies done with mesenchymal stem cells show
much lower levels of fluorescence and proliferation. In the studies
shown in figure C the PEDOT:PSS is used in its original dilution as
well as in a dilution factor of 1:3 as opposed to the dilution of 0.5%,
0.05% and 0.005% used in this study. As PEDOT:PSS is a liquid and
the formulations produced are nanoparticle dispersions, the dilu-
tion factor used may not be fully comparable due to their differ-
ences in formulation. This indicates that PEDOT:PSS should have a
higher cytotoxicity when used in its usual, more diluted form and
that these results are not as indicative to its biocompatibility than
other studies.

This data suggests that the use of hyaluronic acid as stabilizer
does not show any cytotoxic effect on cultured fibroblast cells and
thus suggests that these nanoparticles are biocompatible. These
results do not show any significant disparity between these nano-
particles compared to control or PEDOT:PSS groups. The ratio of
hyaluronic acid does not seem to have an effect on the viability of
NIH/3T3 cells, but increased amounts do show increased accumu-
lation of cells at the edges of dishes which could be due to increased
agglomeration of the nanoparticles at higher ratios of HA. As these
nanoparticles have the potential for use within scaffold materials,
these findings indicate that lower concentrations of nanoparticles
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may benefit uniform distribution within the scaffold and allow
better bioactivity in future applications.

4. Conclusions

Stable, conducting and biocompatible PEDOT:TOS nanoparticles
were successfully synthesized via oxidative miniemulsion poly-
merization. Conductivity reached up to 37 S/cm through these
nanoparticle films compared to 0.5-5.1 S/cm for pristine
PEDOT:PSS films. The ratio of oxidant added influenced the con-
ductivity of the nanoparticles, with an increase in the EDOT:TOS
ratio leading to an increase in conductivity due to increased
oxidation. The morphology of the nanoparticles was also affected
by increased oxidant, with higher ratios showing agglomerated,
flaky films and low ratios showing well-defined nanoparticles. The
nanoparticles also show good biocompatibility over a 3-day
biocompatibility test, with increased fluorescence similar to that
of a control and very low numbers of dead cells observed during
live/dead analysis. Agglomeration did occur however in higher ra-
tios of HA and oxidant and thus this agglomeration would have to
be reduced for incorporation into biological scaffolds. Overall,
characterization showed good promise for the use of hyaluronic
acid as an alternative to the cytotoxic PSS as a stabilizer for PEDOT.
From these findings it can be concluded that the synthesized hy-
aluronic acid stabilized PEDOT nanoparticles show good potential
for conductive and biological applications. These nanoparticles
show good promise for the future development of natural con-
ducting polymers for the regeneration of tissues and drug delivery.
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