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Graphene Oxide and Polypyrrole Nanoparticles
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Continuous composite fibres composed of polypyrrole (PPy) nanoparticles and reduced
graphene oxide (rGO) at different mass ratios were fabricated using a single step wet-spinning
approach. The electrical conductivity of the composite fibres increased significantly with the
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addition of rGO. The mechanical properties of the composite fibres also improved by the

addition of rGO sheets compared to fibres containing only polypyrrole. The ultimate tensile
strength of the fibres increased with the proportion of rGO mass present. The elongation at
break was greatest for the composite fibre containing equal mass ratios of PPy nanoparticles
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and rGO sheets. L929 fibroblasts seeded onto fibres showed no reduction in cell viability. To
further assess toxicity, cells were exposed to media that had been used to extract any aqueous-
soluble leachates from developed fibre. Overall, these composite fibres show promising

mechanical and electrical properties while not significantly impeding cell growth, opening up a

www.rsc.org/

Introduction

Over the last three decades, significant progress has been made
in achieving regeneration of damaged peripheral nerve tissue®=.
Much of the progress can be attributed to the improvement in
biomaterials and scaffolds as well as the increased
understanding of factors that support the natural ability of the
nerve to regenerate*®. Mechanical properties of materials for
scaffold development need to be selected carefully to suit the
application as well as enable fabrication into structures of the
required size and shape. The materials should mimic the natural
tissue, guide and stimulate cells using electrical’**?, chemical**
17 and physical” % cues 2% 2, Fibres and fibrous structures,
ranging from nanoscale to microscale, have been increasingly
used for nerve regenerative applications as they best mimic the
natural structure of nerves, providing guidance to the
regenerating axons, resulting in faster reconnection of the
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wide range of potential applications including nerve and muscle regeneration studies.

regenerating  tissue®*?®,  Biomaterials  with  electrical

conductivity allow electrical stimulation of cells and tissues,
which is known to have positive effects on neural regeneration,
resulting in longer neurite outgrowth and alignment™* 2627,

Polypyrrole (PPy) has been used extensively for regenerative
nerve applications®® %°. The conducting nature, simplicity of
synthesis and biocompatibility of PPy has led to its use in
triggering controlled drug delivery as well as applying electrical
stimulation to cells and tissues. 2*%% 3035 ppy can be
synthesized via chemical or electrochemical polymerization,
resulting in generally insoluble powders or thin films®®.
Chemical polymerization in the presence of a stabiliser
produces colloids in the size range 10 — 100 nm*’. These PPy
particles can be dispersed in a number of solvents and mixed
with other materials and matrices to form composites. In our
previous studies a colloidal synthesis approach was utilized to
form conducting PPy particles, which were then fabricated into
PPy fibres using a simple wet extrusion technique®. The
resulting fibres exhibited poor mechanical properties, no
measurable conductivity and low electroactivity due to a lack of
interactions between nanoparticles®®. To increase the
mechanical and electrochemical properties of the fibres, we
have undertaken fabrication of composite materials containing
both PPy nanoparticles and graphene. Graphene is a two
dimensional, atomic carbon lattice with extraordinary strength
and the ability to conduct electricity. It has been commonly
used in composites with conducting polymers to enhance their
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properties®**!. Composites containing both graphene and PPy
have found application as capacitors***’, sensors*®*° and

electrodes® %2

There are different types of graphite (multi-layer stacks) and
graphene (single layer), which exhibit a range of mechanical
and electrical properties®® ®*. Graphite oxide is highly oxidized
and has oxygenated functionalities within its structure, which
not only increase the distance between the layers but also make
it hydrophilic and more dispersible in water than non-
functionalized graphite®. This property enables graphite oxide
to be exfoliated in water ultimately producing single or few
layer graphene oxide (GO)**®’. The dispersibility of GO in both
aqueous and organic solvents is a desirable property for
fabrication of composites, as mixing with other materials can
easily be achieved®®. The oxidation of graphene results in a
disruption of its sp? bonding networks, and accordingly GO is
an electrical insulator. To achieve electrical conductivity, the
sp? bonds need to be restored, which requires reduction of the
GO% 5557. %980 GO can be reduced using thermal, chemical
and electro-chemical reduction, leading to the removal of
oxygen-containing functional groups and restoring most of the
sp? bonds®® %, Reduced GO (rGO) can conduct electricity®?, but
is more difficult to disperse and has a tendency to re-aggregate
as a result of the removal of oxygen groups®® 2,

Two approaches to form composite materials from GO and PPy
have been primarily used in previous studies. In one of these
approaches PPy is synthesized, forming films, nanowires or
particles, prior to mixing with GO*" 486364 The gther approach
requires mixing of pyrrole monomer and GO prior to the
synthesis of PPy, which is then performed in situ®7?.

Recent work by Ding et al.” describes the fabrication of
graphene/polypyrrole composite fibres, using an in situ
spinning approach in which pyrrole and GO are mixed and
extruded into baths containing ferric chloride and hydriodic
acid. This method results in polymerization to polypyrrole
allowing the formation of a continuous fibre and reduction of
GO to rGO®".

In the present work, we demonstrate a simple, single step wet-
spinning approach based on mixtures of liquid crystal graphene
oxide (LCGO) and PPy nanoparticles to produce continuous,
conducting fibres. Furthermore we investigate the electrical,
electrochemical and mechanical properties of the fibres and the
cytotoxicity of fibres and their leachates.

Experimental
Polypyrrole Nanoparticle and Fibre Synthesis

To synthesize PPy nanoparticle dispersions, 0.5 wt% polyvinyl
alcohol (PVA, Sigma, molecular weight 31-50kDa) was stirred
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in deionised water at 80°C until fully dissolved. The solution
was cooled to 4°C before 0.05M of iron (Ill) para-
toluenesulfonate (FepTS, Sigma) was added to the PVA
solution and stirred until dissolved. 0.1 M of pyrrole monomer
(Merck, distilled) was slowly added to the cooled PVA solution
under continuous stirring and left to polymerize and oxidize for
8 to 12 h before the solution was dialysed against deionized
water using dialysis tubing (Sigma, 12 kDa molecular weight
cut off). Dialysis was carried out for 48 h with three water
changes. The particles were purified after synthesis using
cellulose membrane centrifugation tubes (Merck) with a
molecular weight cut off of 100 kDa.

Fabrication of PPy fibres was achieved using previously
described methods®®. Briefly, spinning solutions were prepared
by gradual addition of 12 wt% freeze-dried PPy nanoparticles
to dichloroacetic acid (DCAA). A 3D-Bioplotter (Envisiontec,
Manufacturer Series) with a 21-gauge tip was used to extrude
the fibres into a deionised water bath (18.2 MQ cm™) cooled to
10°C (Figure 1A). After extrusion, the fibres were left in the
water bath until solidified, before washing in a series of
ethanol/water solutions, (100% ethanol, 75% ethanol in water,
50% ethanol in water, 25% ethanol in water, 10% ethanol in
water and water only). Fibres remained in each ethanol bath for
4 h and the final water bath overnight. After the final washing
step, fibres were dried under vacuum at 60°C.

rGO - Polypyrrole Composite Fibre Synthesis

Dry expandable graphite flakes (3772, Asbury Graphite Mills
USA) were thermally treated (at 1050°C for 15 s) before being
used as a precursor for GO synthesis following a previously
described method®® 2. Briefly, expanded graphite and sulphuric
acid were mixed and stirred, before KMnO, was added to the
mixture slowly. The mixture was transferred into an ice bath,
before deionised water and H,O, were slowly added to the
mixture, resulting in a colour change of the suspension to light
brown. After stirring for another 30 min, the GO particles were
washed and centrifuged in a HCI solution, before further
centrifugation and washing with deionised water, until the
solution pH reached 5. The resulting GO sheets were dispersed
in deionized water by gentle shaking to form a liquid crystalline
graphene oxide dispersion (LCGO)" 7,

LCGO (8.7 mg mlI™ in water) was stirred overnight with PPy
nanoparticle dispersions (100 mg ml™ in water) to achieve final
mass ratios of GO:PPy of 80:20, 50:50 and 30:70. Wet-
spinning was carried out using a rotational wet-spinning
apparatus in a mixture of ethanol and water (70%:30%), 5 wt%
calcium chloride and 5 wt% hypophosphorous acid with an
extrusion rate of 25 ml h™ using a metal spinneret (20 gauge,
Figure 1B). Fibres were kept in the coagulation bath at 90°C for
4 h, before collecting and washing with ethanol as described for
PPy fibres.

This journal is © The Royal Society of Chemistry 2012
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Figure 1: Schematic of extrusion method of polypyrrole fibres (A) and rotation
wet spinning of fibres containing graphene (B).
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Composite Crystallinity

Formation of liquid crystals of GO and its composites with PPy
were evaluated using cross polarized optical microscopy (Leica,
CTR6000 and corresponding software LAS version 4.4.0.). A
drop of each mixture was placed on a microscope glass slide
and observed under the polarized optical microscope, operated
in transmission mode. Images were taken at 200x magnification
with the analyzer and polarizer perpendicular to each other.

Fibre Characterization

Tensile Testing. Tensile testing was performed using a
Shimadzu EZ-S. A minimum of 10 samples were tested for
each fibre type, with a sample distance of 1 cm and a sample
rate of 1 mm min™ using a 10 N load cell. The elastic modulus
was calculated from the linear elastic region in the stress —
strain curve. The curves presented are representative for the test
results of each fibre type.

Scanning Electron Microscopy (SEM) After tensile
testing, fracture surfaces of PPy fibres were sputter-coated with
15 nm of gold before images were taken with a JEOL JSM-
7500-FA cold field emission gun scanning electron microscope

(FEGSEM, Jeol, Germany). Fracture surfaces of fibres
containing rGO were imaged without further surface
preparation.

Electroactivity and Conductivity. Cyclic

Voltammetry (CV) was used to determine the electroactivity
and redox potential of the fibres. The fibres were used as the
working electrode in a standard three-electrode set-up, using
platinum mesh as the counter electrode and an Ag|AgClI
(saturated KCI) reference electrode. All CVs were performed
on 1 cm length of fibre in water and 0.1 M phosphate buffered
saline (PBS). The potential was scanned between -0.8 and
0.8 V vs. Ag|AgCI at scan rates between 10 and 100 mV sec™.
The weight of each fibre was determined and all CVs were
normalized for the mass of the fibre. Data below shows CVs
recorded at 25 mV sec! in PBS. Fibre conductivity was
measured for at least 15 samples from different batches per
group using a four point probe to which the fibres were
attached using silver paint. To investigate the stability of the
conductivity, a constant voltage of 25 mV was applied to a
1 cm fibre length for 1 minute before a drop (100 pl) of PBS

This journal is © The Royal Society of Chemistry 2012
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was added to the middle of the fibre. Changes in current were
recorded until the current remained constant.

Fibre Toxicity Testing

To investigate the cytocompatibility of the fibres with L929
fibroblasts, cells were seeded onto the fibres as well as cultured
in different concentrations of fibre leachates. L929 fibroblasts
were routinely cultured following standard protocols from the
American Type Culture Collection (ATCC)".

Washed and dried fibres were cut into 5 mm length and
sterilized (autoclaved) before washing in Dulbecco's Modified
Eagle's Medium (DMEM, Gibco, Life Technologies) twice for
24 hours at 37°C to wet the fibres in the cell culture media.
Three 5 mm lengths of fibres were placed into separate wells of
a 96-well plate and left to settle in DMEM for 4 hours before
L929 fibroblasts were seeded on the fibres at a density of
12000 cells cm™. L929 cells were left to proliferate for 72 hours
without media changes before staining to visualize viability
using calcein AM (Life Technologies) and propidium iodide
(P1, Life Technologies) and imaged using Axio Vert
microscope and corresponding software.

To investigate the possibility that the fibres could release toxic
products (leachates) that affect cell viability, L929s were
exposed to different concentrations of leachate collected from
the different fibre types. Washed and dried fibres were weighed
and sterilized (autoclaved) before 7 day incubation in DMEM
at 37°C and 5% CO, at a concentration of 100 mg mL™. After
7 days, DMEM was removed from the vials and the pH of the
conditioned DMEM was measured. If pH was below 7, it was
adjusted using 0.1 M sodium hydroxide. Conditioned DMEM
was then filter sterilized using 0.2 um syringe filters, before
addition of 10% Foetal Bovine Serum (FBS, Invitrogen). Cells
were seeded at 5000 cells cm™ and left to adhere overnight,
before media was removed and replaced with different
concentrations of conditioned media (undiluted at 100 mg ml*
fibre, and conditioned media diluted with cell media (DMEM,
10% FBS to 80, 65, 50, 10 and 1 mg ml'l). A positive media-
only control and a negative control of media adjusted to pH 2,
were used, and all conditions were performed in triplicate.
After 24, 48 and 72 h of culturing cells in conditioned media,
the media was removed and cells stained to visualize viability
as described above.

For analysis of cell viability, live and dead cell numbers were
estimated using the cell counter macro available in ImageJ.
One-way ANOVA was performed to determine significant
differences between treatment groups (alpha level 0.05) using
Origin Pro 9.1.0.

Results and Discussion

We have exploited the inherent self-assembly properties of
LCGO to induce liquid crystallinity in PPy nanodispersions in

J. Mat Chem B., 2012, 00, 1-3 | 3
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order to improve the properties of PPy nanoparticle fibres.
LCGO was introduced into PPy nanodispersions at different
weight ratios (LCGO:PPy: 80:20, 50:50 and 30:70). Cross-
polarized optical microscopy images (POM) were obtained and
show anisotropic, birefringence properties typical for LCGO
(Supplementary Figure S1), while the PPy dispersion displays
isotropic behaviour. We suggest that the small size of the PPy
nanoparticles (50-70 nm) allows them to fit in between the LC
mesogens and minimise any disruption of the LC phase. This
allows the formation of a LC phase even after the addition of
more than double the amount of PPy nanoparticles by weight to
the LCGO dispersion. Fibres were successfully produced from
rGO, PPy, 80:20 and 50:50 (rGO:PPy, Figure 2), following
preliminary wet spinning experiments using a Ca?* containing
coagulation bath to spin fibres from LCGO™. Fibres were also
formed from the spinning solution with a ratio of 30:70,
however even after extended coagulation time, the fibres were
not strong enough to be handled when removed from the
coagulation bath. The coagulation of the fibres is based on ionic
crosslinking between the negatively charged rGO sheets and

Figure 2: Fibres made from reduced graphene oxide (rGO, A), polypyrrole
nanoparticles (PPy, D) and their composites (rGO:PPy) 80:20 (B) and 50:50 (C).

Ca’"ions. The greater physical distance between the rGO sheets
induced by an increased PPy content would decrease the degree
of cross linking. Fibres produced from rGO, 80:20, 50:50 and
PPy are uniform in diameter and were easily produced in
continuous lengths of at least 50 cm. Fibres containing
graphene were extruded using a 20 gauge needle (600 pm
internal diameter). Resulting diameters ranged from 41 £ 6 pm
(rGO) to 55 + 5 pm (80:20) and 61 £ 4 um (50:50). With more
PPy particles present in the fibres containing graphene, less
shrinking of the fibres is observed, supporting the hypothesis
that the particles increase the spacing between the graphene
sheets resulting in less crosslinking points. Fibres fabricated
from PPy were 146 + 24 um in diameter (extruded from a 21
gauge needle, 510 um internal diameter).

Electrical and electrochemical properties. The
conductivity of the fibres, measured using the four-point-probe
method, increased with increasing rGO content. PPy fibres
show no measurable conductivity due to the insulating PVA

4| J. Mat Chem B., 2012, 00, 1-3
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shell around the particles as previously described®. However,
the lack of electrical conductivity was addressed by the addition
of rGO sheets into the fibres. The conductivity of the composite
fibres increased significantly after the addition of 50 wt% and
80 wt% rGO (18 +4 S cm™ to 20 + 3 S cm™), respectively. The
conductivity of these fibres is possibly generated through the
interconnected pathways created by the rGO sheets. An
increase in PPy particle content, likely increases the distance
between the rGO sheets, which results in a reduction of the
conductivity compared to fibres containing only rGO (30 £ 6
S cm™). The conductivity values reported here are an order of
magnitude higher than measured for previously reported rGO
and PPy fibres (~ 1.4 S cm™)®. This can be explained by the
high alignment of rGO sheets within the fibres, resulting from
the liquid crystalline phase of the spinning solution. The
stability of the conductivity upon hydration was investigated by
exposing dried 80:20 fibres to PBS while applying 25 mV and
recording the resulting current. After a droplet of PBS came
into contact with the dried fibre the current increased briefly
before dropping and finally stabilizing at around 40% of the
original value (Supplementary Figure S2) indicating stable,
albeit reduced, conductivity of the fibres within a media
mimicking physiological conditions .

Cyclic Voltammetry (CV) was performed to determine the
electrochemical behaviour of the fibres comprised of rGO, PPy
and their composites (Figure 3). The electrochemical studies
using a three-electrode configuration setup demonstrate a
highly resistive response for fibre made entirely from PPy
nanoparticles (Figure 3 insert), compared to fibres containing
rGO. This behaviour is postulated to be a result of the
insulating PVA around the nanoparticles®, which makes them
electrochemically inaccessible. When mixed with rGO,
electrical conductivity is introduced into the fibres, resulting in
a pronounced capacitive electrochemical response, however
typical PPy peaks cannot be identified in the CVs.
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Figure 3: Cyclic Voltammetry (CV) of reduced graphene oxide (rGO, solid black)
fibres, polypyrrole (PPy, dotted red, enlarged in insert) nanoparticle fibres and
their composite fibres (rGO:PPy) 80:20 (dashed blue) and 50:50 (dash-dotted
green). CVs were recorded in a standard 3 electrode setup, using the fibre as the
working electrode, platinum mesh as the counter and Ag|AgCl as the reference
electrode. CVs shown here are representative and were recorded at 25 mV sec!
against Ag|AgCl in phosphate buffered saline (PBS).

This journal is © The Royal Society of Chemistry 2012
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A decrease in rGO content results in less capacitive fibres, with
the greatest capacitance observed in the 50:50 composite fibres
(as demonstrated by the increased charging current represented
by the distance between the forwards and backwards scan),
while the capacitance of rGO and 80:20 composite fibres is
similar. All fibres exhibit a voltage dependency of the current,
indicating that Faradaic processes are occurring. Since the
overall porosity and morphology of the fibres is very similar,
geometric and surface area effects on the electrochemical
response are believed to be minimal. A similar electrochemical
behaviour of rGO/PPy composite fibres has been reported by
Ding et al.®’.

Mechanical Properties. To evaluate the mechanical
properties of the composite fibres, in comparison to the fibres
containing only PPy or rGO, tensile testing was performed on
all fibres. Representative Stress - Strain curves (Figure 4)
demonstrate that all fibres initially display a linear elastic
behaviour. The strength of the fibres increased with an increase
in rGO content. Fibres made from PPy were the weakest, with
an elastic modulus of 0.5 + 0.2 GPa, while the 50:50 composite
fibres showed the greatest strength and ductility. There was no
significant difference in ductility between rGO, 80:20 and PPy
fibres (Figure 4). There is no difference in the elastic modulus
of the composite fibres 80:20 and 50:50, showing values of
8 + 4 GPa and 8 + 3 GPa, respectively. The rGO fibres show
the highest elastic modulus (13 +£4 GPa) and ultimate stress
(175 £ 8 MPa), but a lower elongation at break compared to
50:50 with a maximum strain of 6.9% +£0.3%. It is
hypothesized that the higher elongation at break of the 50:50
composite is a result of the composition, which could allow
sliding and aligning of graphene sheets with the PPy particles
acting as a lubricant.
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Figure 4: Material properties of fibres containing reduced graphene oxide (rGO),
polypyrrole (PPy) and their composites (rGO:PPy, 80:20 and 50:50). A: Stress -
Strain curve. B: Summary of tensile properties of all fibre types and their
conductivity.
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Figure 5: Scanning electron microscopy cross section images fibres synthesized
from reduced graphene oxide (A: rGO), polypyrrole nanoparticles (D: PPy) and
their composites at rGO:PPy ratios of 80:20 and 50:50. Cross sections were
analysed after tensile testing (PPy fibres were sputter coated with gold to
facilitate imaging).
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The comparably high variation within the PPy fibre group is
most likely caused by defects within the fibres which have
significant impact on the failure behaviour during tensile
testing. As the fibres contain a matrix (PVA) that makes up less
than 50% of the overall mass of the fibre, small irregularities
like particle agglomerations will introduce significant defects
into the fibres. Upon addition of rGO to the PPy fibres, the
variation within the sample groups decreases drastically, as the
increase in mechanical properties is a result of the interactions
between rGO sheets, which are much less affected by defects in
the structure.

In comparison to previous work the fibres described here show
similar or better mechanical properties compared to the
graphene-polypyrrole fibres fabricated by Ding et al.?,
indicating that the incorporation of PPy results in reduced
mechanical strength, regardless of the morphology of the PPy
components.

Scanning Electron Microscopy Imaging. SEM
images of the fracture surfaces after fatal tensile testing were
obtained. Figure 5 shows lower (insert) and higher
magnification images of all fibre cross sections. These images
demonstrate that the PPy particles are distributed
homogeneously both on the surface of the rGO sheets and also
between the sheets. Sheets of graphene and spherical
polypyrrole particles can be clearly identified in all fibres
containing either or both components. All fibres appear to be
solid, with low porosity and homogeneous in their internal
structure and distribution.

Fibre Toxicity. To examine the cytocompatibility of the
fibres, L929 fibroblast cells were seeded directly onto the
fibres, as well as cultured in media containing fibre leachates
(Figure 6).

L929 fibroblasts seeded directly on the fibres were allowed to
grow for 3 days before cell viability was analysed (Figure 6A).
Cell viability was found to range between 98 — 99% on all
samples, with no differences found in number of live or dead
cells between the samples. Most importantly, none of the
samples showed a decrease in viability compared to cell media
(cells grown on tissue culture plastic) controls. Cells were
found to adhere to all types of fibres as can be seen from
representative images shown in Figure 6A.

To investigate the effect of potential leachates at higher fibre
concentrations, fibre compositions were incubated in DMEM at
37°C and 5% CO, to generate media conditioned with leached
products. The conditioned media was then used to culture L929
cells in order to evaluate the potential toxicity of leachates from
the fibres. Cells were exposed to varied concentrations of the
conditioned media over periods of 1, 2 and 3 days before an
estimation of live and dead cells was determined for each
treatment group. The graph in Figure 6B shows the number of
live and dead cells, exposed to the equivalent of media

6 | J. Mat Chem B., 2012, 00, 1-3

conditioned with low (1 mg mI™), medium (50 mg ml™%) and
high (100 mg mI™) concentrations of fibres after 48 hours (see
Supplementary Figure S3 for all time points and
concentrations). Cells were also exposed to normal
unconditioned media (positive control) as well as a media
control adjusted to pH 2 (negative control).

After incubation of media with the different fibres, the pH of
the conditioned media was found to range between 7 and 7.4
for rGO, 80:20 and 50:50 fibres, which is a slight reduction in
pH compared to unconditioned DMEM (pH 7.5). This is likely
the result of leaching of some acidic reagent from the spinning
bath, however differences were found to be minimal so pH was
not adjusted before cell culture. DMEM incubated with PPy
fibres showed a pH of 2. To adjust the pH to 7.5, 150 puL of
0.1 M NaOH was added. The low pH in the conditioned media
was most likely caused by residual DCAA in the PPy fibre after
synthesis and washing.
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Figure 6: A: Live (green) and dead (red) cell numbers of L929 cells after 3 days of
culturing on fibres and representative images of stained cells attached to fibres.
White dotted lines mark the fibre outlines. B: Live (green) and dead (red) cell
numbers of L929 cells after 2 days of culturing in media conditioned with
1mg ml?, 50 mg ml™ and 100 mg ml™ reduced graphene oxide (rGO) fibres,
polypyrrole (PPy) fibres and composites (rGO:PPy) 80:20 and 50:50. Error bars
indicate the standard deviation. Selected relevant significant differences are
indicated (* = p<0.05, ** =p<0.01, *** =p<0.001) Bottom: To top graph
corresponding representative images of live (green) and dead (red) stained cells
cultured in conditioned media containing the equivalent of 1 mg ml™ (1) and 100
mg mI'1(100) of each fibre type respectively. Scale represents 100 pum.
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After 48 hours, no significant decrease in number of live L929
cells was found when exposed to conditioned media containing
leachates from 1 mg mI? of any fibre type, compared to the
media-only control. Furthermore, the number of live cells was
not reduced significantly when cultured in the conditioned
media containing leachates from 50 mg ml™ of composite fibres
80:20 and 50:50.

The number of live cells was significantly reduced when cells
were cultured in conditioned media containing leachates from
50 mg mI™* and 100 mg mI? of rGO or PPy fibre, or leachates
from 100 mg ml™ of composite fibres 80:20 or 50:50.

For cells cultured in media conditioned with 1 mgml?® or
50 mg ml? of fibres containing rGO (rGO, 80:20 and 50:50),
the number of live cells was significantly higher compared to
cells cultured in leachates produced from 100 mg ml™? of these
fibres. Cells cultured in media containing leachates derived
from either 50 mg mI* or 100 mg mI PPy fibres, showed
significantly reduced viability compared to cells cultured in
media conditioned with 1 mg mI™* of PPy fibres. This strongly
suggests that pure PPy fibres show significantly increased
toxicity at lower doses (50 mg ml?) compared to fibres
containing rGO.

It is important to note that the ratio of dead cells was very low
for all samples and treatment groups (0.3 — 1.2% of live cells),
except for cells exposed to leachates derived from PPy, even
though the number of live cells was reduced significantly
between and across the treatment groups. The consistently low
number of dead cells could be caused by cells being washed off
during the staining procedure. This effect would also be
amplified by a decreased rate of cell proliferation.

Cells cultured in conditioned media containing the leachates
from 50 mg ml™ or 100 mg ml™* of PPy showed 8 % and 100%
dead cells, respectively. By adjusting the pH of the conditioned
media to pH 7.5, the osmolarity of the media was changed,
which could be a contributing factor to the high amount of dead
cells. The same applies for the negative pH 2 control, which
exposed the cells to not only a pH of 2, but also changes in
osmolarity.

Overall the media conditioned with composite fibres 80:20 and
50:50 seem to be tolerated best by L929 cells. The fibres
showed no sign of degradation after being incubated at 37°C in
media for 7 days, the media was clear and no aggregates were
visible. The slight decrease in pH can contribute to the changes
in cell proliferation and cell number, however it is possible that
vital nutrition components, such as essential amino acids or
vitamins and inorganic salts adhered to the fibres during
incubation and were as a result, reduced or missing in the
conditioned media. Furthermore, non-acidic fibre components
could have leached out of the fibres and affected cell
metabolism. Overall the cells tolerated media incubated with
more than 1.5 m of the fibres per ml, which exceeds the lengths

This journal is © The Royal Society of Chemistry 2012
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usually utilized in in vivo applications. Nonetheless, further
investigation needs to be carried out to determine the
biocompatibility of rGO/PPy composite fibres, particularly the
investigation of application-specific cell-type compatibility and
effects on cells directly in contact with the fibres in vivo.

Conclusions

Composite fibres made from reduced graphene oxide (rGO) and
polypyrrole (PPy) nanoparticles have been produced using a
simple one step wet-spinning approach. The fibres show
superior conductivities and mechanical properties compared to
similar composite fibres reported in the literature. While fibres
containing both rGO and PPy showed great improvements in
mechanical and electrical properties compared to PPy fibres,
composite fibres were generally inferior to rGO fibres. The
toxicity of fibres and fibre leachates was also investigated.
L929 fibroblasts cultured on fibres showed no significant
change in cell viability or number, while cell viability and
number was affected when cultured in high concentrations of
fibre leachates, with the composite fibres showing the least
toxicity. The high-level conductivity, mechanical properties as
well as cytotolerance make these composite fibres suitable for a
wide range of applications including as cell scaffolding
components in implantable devices that involve electrical
stimulation. Fibres can be used in the form of freestanding 3D
structures that can simultaneously act as a scaffold and
conductor for electrical stimulation.
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Wet-spun composite fibres from graphene and polypyrrole nanoparticles show appropriate
mechanical properties, high electrical conductivity and good cytocompatibility.



