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Abstract: Nanostructured conductive polymers can offer
analogous environments for extracellular matrix and induce
cellular responses by electric stimulation, however, such
materials often lack mechanical strength and tend to collapse
under small stresses. We prepared electrically conductive
nanoporous materials by coating nanoporous cellulose gels
(NCG) with polypyrrole (PPy) nanoparticles, which were
synthesized in situ from pyrrole monomers supplied as vapor.
The resulting NCG/PPy composite hydrogels were converted
to aerogels by drying with supercritical CO,, giving a density of
0.41-0.53 gecm™, nitrogen adsorption surface areas of 264-
303m’g™, and high mechanical strength. The NCG/PPy
composite hydrogels exhibited an electrical conductivity of
up to 0.08 Scm™. Invitro studies showed that the incorpo-
ration of PPy into an NCG enhances the adhesion and
proliferation of PCI2 cells. Electrical stimulation demon-
strated that PCI2 cells attached and extended longer neurites
when cultured on NCG/PPy composite gels with DBSA
dopant. These materials are promising candidates for applica-
tions in nerve regeneration, carbon capture, catalyst supports,
and many others.

Conductive polymers such as polyaniline (PANI), polypyr-
role (PPy), and their derivatives have been used to prepare
advanced materials, such as dye-sensitized solar cells,!!
energy storage materials,” sensors® and materials for
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water treatment!!! and CO, capture,”! because of their facile
synthesis and flexibility in processing.’l In particular, nano-
porous PPy architectures can offer environments analogous
to an extracellular matrix and induce cellular responses by
electric stimulation.”! The exploitation of nanostructured
conductive polymers, is however hampered by their low
solubility, poor mechanical integrity, and difficulty in fabri-
cation. Several attempts to facilitate their fabrication have
been investigated, utilizing biomacromolecules as template in
in situ polymerization and blending approaches; examples of
templates include cellulose,® alginate,) gellan gum,'” and
DNA.!'!

Among these templates, cellulose attracted special atten-
tion because of its remarkable physical properties, such as
a high elastic modulus of 100-200 GPa compared to carbon
nanotubes,'”” and a low thermal expansivity of 0.1 ppmK™!
compared to silica,™ and its sustainability and availability at
low cost. Nanoporous cellulose gels (NCG) prepared from
aqueous alkali/urea solutions showed remarkable mechanical
strength and light transmittance.'"! They were characterized
by a high porosity with open-pore structures, and were thus
used effectively for the synthesis of metallic or nonmetallic
nanoparticles.” They were also used for the preparation of
mechanically tough, foldable, and transparent cellulose bio-
plastics.'®!

Here we present preliminary but remarkable results
demonstrating the insitu synthesis of PPy in an NCG
matrix. While the polymerization of pyrrole can be accom-
plished by an electrolytic method or through oxidative
initiation,'”! the latter is suitable for our purpose of an
in situ synthesis in a gel template. The polymerization was
achieved by simply mixing pyrrole monomers with oxidants,
typically ferric salts, in a liquid phase. To avoid polymeri-
zation outside the gel, we employed the vapor-phase method,
which has been applied previously to the coating of nano-
fibers with PPy."®! The resulting NCG/PPy composite gels
were dried using supercritical CO, to give aerogels with a low
density, a large surface area, high mechanical integrity,
sufficient electrical conductivity, and no cytotoxicity. A
PC12 cell line was used to evaluate the biological perfor-
mance of the composites for potential biomedical applica-
tions in nerve regeneration.

Figure 1 describes the synthesis of the aerogels. The NCG
hydrogel was transparent, colorless, and flexible, with a water
content of 92% and a porosity of 95%. The liquid in the gel
was exchanged with ethanol (giving the alcogel) and impreg-
nated with a solution of FeCl; in ethanol. After the removal of
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Figure 1. a) Preparation of NCG/PPy composite aerogels. 1) The NCG
hydrogel with interconnected nanofibrillar network is solvent-
exchanged with ethanol, and then impregnated with a solution of FeCl,
in ethanol to form the NCG/FeCl; alcogel. 2) PPy nanoparticles are
formed by in situ vapor-phase polymerization of pyrrole monomers
supplied as vapor, giving the NCG/PPy-1 composite alcogel.

3) Repeating the second step two or three times gives NCG/PPy-2 and
NCG/PPy-3 composite alcogels, respectively. 4) Drying with supercrit-
ical CO, gives NCG/PPy composite aerogel. b) Schematic representa-
tion of pyrrole polymerization with FeCl;. Macroscopic views of NCG/
PPy-3 composite hydrogels under c) bending (63 mmx 28 mmx

0.9 mm), d) rolling (internal diameter of 10 mm), and e) torsional
loading (63 mmx5 mmx0.9 mm), and f) NCG/PPy-3 composite aero-
gel (63 mmx 28 mmx 0.9 mm).

excess liquid from the surface, the gel sheet was subjected to
in situ vapor-phase polymerization of pyrrole monomers in
the NCG matrix (Figure 1b). After 12 hours in pyrrole
vapors, the gel sheet turned black as a result of the formation
of PPy. This procedure was repeated three times to obtain
three levels of PPy content. The NCG/PPy composite gel was
rinsed with deionized water, solvent-exchanged with ethanol,
and then converted to the aerogel by drying with supercritical
CO,. While the NCG/PPy composite hydrogels demonstrated
good mechanical stability under bending, rolling, and torsion-
al loading (Figure 1c—e), its aerogel was robust (Figure 1 f).

The FT-IR spectrum of the NCG/PPy composite aerogel
shows the superposition of characteristic peaks of the NCG
and PPy (see Figure S1 in the Supporting Information), thus
confirming the polymerization of pyrrole in the NCG."! We
observed that the O-H stretching absorption peak of the NCG
at 3340 cm ! and the antisymmetric ring stretching absorption
peak of the PPy at 1543 cm™' shift to 3312 and 1560 cm™!,
respectively, in the composite aerogel, thus indicating that the
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N-H groups of the pyrrole rings form hydrogen bonds with the
hydroxy groups of cellulose.*”!

The PPy content of the composite increased from 25 to
57 wt% by repeating the 12 hour long vapor-phase polymer-
ization cycles (Table 1). The SEM image of the NCG aerogel
(Figure 2a) shows a mesoporous structure composed of
interconnected cellulose nanofibrils. The typical diameter of

Figure 2. Scanning electron microscopy (SEM) images of the cross-
section of the a) NCG, b) NCG/PPy-1, ¢) NCG/PPy-2, and d) NCG/
PPy-3 composite aerogels.

the cellulose nanofibrils is less than 10 nm, agreeing well with
the Brunauer-Emmett-Teller (BET) surface area of
356 m*g~!, determined by nitrogen adsorption (Table 1),
which translates to a fibril width of 7 nm. The SEM images
of NCG/PPy composite aerogels (Figure 2b—d) show the
features of PPy deposition. PPy appears as spherical nano-
particles with diameters of 30-60 nm, with an increasing
population of nanoparticles after increased polymerization
times. At the same time, the fibrils that form the network
seem gradually thickened; therefore PPy likely forms a con-
tinuous coating layer on the cellulose. These features are
more clearly observable in TEM images of ultrathin sections
(Figure 3). The TEM images verify that the PPy nanoparticles
are spherical and have diameters of 40-60 nm. The PPy
nanoparticles dispersed well in the NCG matrix, which is very
useful for their stable dispersion (Figure 3a,b). After three
polymerization cycles, the individual PPy nanoparticles con-
nected and formed a nanoporous interconnected network
(Figure 3c¢,d).

Table 1: Physical properties of the NCG and NCG/PPy composite hydrogels and aerogels.

Sample Elemen. anal. Hydrogel Aerogel Comp.
@ N PPy Porosity  Conductivity —Density ~BET Oy & E Oy & E mod.
[Wt%] [wt%] [wt%] [%] [Sem™] [gcm™  [m*g’'] [MPa] [%] [MPa] [MPa] [%] [MPa] [MPa]
NCG 44 0 0 93 - 0.14 356 3.7 66 5.3 5.7 26 127 62
NCG/PPy-1 43 4.4 25 74 - 0.41 303 3.1 41 6.2 4.1 3.3 203 64
NCG/PPy-2 49 7.0 37 73 1x107° 0.43 264 1.8 30 63 3.8 2.8 245 72
NCG/PPy-3 49 9.8 57 66 0.08 0.53 276 1.3 23 8.1 3.6 20 197 164

O, &, and E are the tensile strength, elongation at break, and Young’s modulus of hydrogels and aerogels under stretching model, respectively.

BET =BET surface area, Comp. mod.=compression modulus.
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Figure 3. Transmission electron microscopy (TEM) images of the
a) NCG/PPy-1, b) NCG/PPy-2, and c,d) NCG/PPy-3 composite aero-
gels. (d) is the higher magnification image of (c).

The nitrogen adsorption isotherms for the composite
aerogels were of IUPAC type IV (see Figure S2 in the
Supporting Information). The increased PPy content did not
have a remarkable influence on the porous structure of the
aerogels, but resulted in a moderate decrease of the BET
surface area from 356 m*’g ™' to 264 m’g~' and the porosity
from 93% to 66% (Table 1). The Barrett-Joyner—-Halendar
(BJH) analysis indicated that the composite aerogels had
larger mesopores, approximately 25 nm at peak maximum,
than those of the original cellulose aerogel, approximately
18 nm; furthermore the total volume of the mesopores was
doubled. This result is consistent with the theoretical evidence
for an increase in the mean pore size with an increase in the
fiber diameter.!]

The X-ray diffraction patterns of composite aerogels (see
Figure S3 in the Supporting Information) are a nearly system-
atic superposition of those of the neat NCG and PPy, thus
indicating no interference in structure formation between the
components. These results, together with the results from
electron microscopy analyses, gave a consistent picture, that
is, the NCG/PPy composite gel is macroscopically homoge-
neous, but consists of microscopically separated composites,
thus resulting in the superposition of properties of the two
components.

These spectral and morphological characteristics indicate
that the synthesized PPy nanoparticles are fixed on the
surface of cellulose nanofibers and form a continuous layer
along the cellulose nanofibers. This nanoscale hybridization
was achieved by in situ vapor-phase polymerization, that is,
PPy formed in the finely divided space cannot grow into large
particles or aggregates, but are forced to deposit on cellulose
nanofibrils nearby. It is likely that initially formed oligomers
attach to the gel network and act as nucleus for polymer
deposition.?

The tensile behavior of the composite hydrogels changed
gradually by the addition of PPy (Figure 4a); tensile strength
() and elongation at break (&,) of the NCG/PPy hydrogels
decreased from 3.7 MPa to 1.3MPa and 66% to 23%,
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Figure 4. Stress—strain curves of the NCG and NCG/PPy composite
hydrogels and aerogels under stretching (a) and compression (b)
models.

respectively, with an increasing PPy content from 25 wt % to
57 wt % (Table 1). In contrast, the stretching behavior of the
NCG/PPy aerogels changed drastically by PPy hybridization;
that is, the composites became stiff and brittle, giving an ¢, of
2-3%, without large, yielding deformation seen for NCG
aerogel, with an &, of 26%. The Young’s moduli of the
hydrogels and aerogels were determined as 5.3 MPa and
127 MPa, respectively, for the NCG, and 8.1 MPa and
197 MPa, respectively, for the NCG/PPy-3 composite, thus
indicating that the addition of PPy had a slight stiffening
effect.

The compression behavior of the aerogels (Figure 4b)
also showed the stiffening effect of PPy hybridization. In this
case, the change was more systematic, but highly nonlinear
with regard to the PPy content. This behavior is presumably
related to the percolation of the PPy phase, that is, the
complete coverage of cellulose fibrils by PPy. The compres-
sion moduli of the NCG/PPy aerogels ranged from 64 to
164 MPa (Table 1), which is almost three orders of magnitude
higher than those of bacterial cellulose composite aerogels
(0.15 to 0.19 MPa).*"*] Notable in the mechanical character-
ization is the asymmetry between tensile and compressive
behavior. Possible causes of this behavior are 1) the differ-
ence in the deformation of stiff PPy nanoparticles, and 2) the
possible anisotropy in the NCG structure, with the cellulose
fibrils aligning along the gel surface. Nevertheless, the
mechanical properties of the NCG/PPy composite gels are
much higher than those of chemically polymerized PPy
powder. This large difference clearly results from the differ-
ence in the nature of the aerogel component, that is, the loose
aggregates of PPy nanoparticles versus the nanofibrillar

Angew. Chem. Int. Ed. 2014, 53, 53805384
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network of cellulose based on the entanglement and inter-
molecular association.

We observed that the electrical conductivity of the NCG/
PPy composite gels increased abruptly at a PPy content of
57 wt%, probably as a result of the formation of the
continuous PPy network. The electrical conductivity of PPy
is known to be enhanced by the surfactant dodecylbenzene-
sulfonic acid (DBSA), which reduces the interchain hopping
between PPy chains.’!l The conductivity of the NCG/PPy-3
composite gels doped with DBSA was 0.08 Scm™', which is 10
times higher than that of polycaprolactone fumarate/PPy
(6 mScm ™)' and higher than that of bacterial cellulose/
polyaniline (0.04 Scm™),®" which is sufficient for application
in biological systems.[">¢%]

The high porosity and large surface area of the NCG/PPy
composite aerogels allow the absorbance of aqueous liquids
upon rewetting, and the recovery of the mechanical stability
of the hydrogels as demonstrated in Figure 1. It can offer an
environment analogous to the extracellular matrix and thus
benefit the adhesion and proliferation of cells.[®®"! In the
repair of peripheral nerve injuries, flecked tissue can be
formed at the cut ends because of glia and connective-tissue
hyperplasia, which prevents the recovery of function of the
regenerative nerve fibers.”® So it is necessary to use biological
material as a bridge to prevent the excessive growth of
connective tissue at the lesions. The PC12 cell line is an
immortalized cell line derived from a neuroendocrine tumor
in the rat adrenal medulla.””’ Many studies proved that the
PC12 cell line is an important model system for studying the
biological performance of nerve repair materials, including
biocompatibiliy, cytotoxity, neural differentiation.?”-*! Thus,
we chose the PC12 cell line as a model system for evaluating
the biological performance of NCG/PPy composite gels as
nerve-tissue repair materials, including their in vitro cytotox-
icity and neural differentiation ability. Figure 5 shows that
incorporation of PPy into NCGs enhances PCI12 cells
adhesion and proliferation on the surface of NCG/PPy
composites. Significant differences were observed after
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Figure 5. CCK-8 assay showing differences in cell viability of PC12 on
NCG and NCG/PPy composites without or with DBSA dopant (#
indicates a significant difference with the other groups, but there is no
significant difference between *).
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three days for the NCG/PPy-3 composite and after five days
for all NCG/PPy composites in the absence of DBSA. PC12
cells have a great proliferation rate on the surface of NCG/
PPy composites with higher PPy content. In contrast, doping
of the NCG/PPy-3 composite with DBSA slightly decreased
the PC12 cell adhesion and proliferation. Moreover, the
NCG/PPy-3-DBSA2 composite doped with DBSA during the
final polymerization cycles were superior to the NCG/PPy-3-
DBSA1 composite doped during each polymerization cycle.
This observation can in part be attributed to the inhibition of
protein adsorption by the high DBSA content in the
composite, and the change in surface charge affecting the
cell adhesion to the composites.”"! Compared with the NCG,
the NCG/PPy-3 composite shows almost the same cell
proliferation rate after doping with DBSA, while maintaining
good mechanical properties and no cytotoxicity.

Figure 6 shows the morphology and neurite extension
from PC12 cells cultured on the NCG and NCG/PPy
composites under electrical stimulation. Most of PC12 cells
cultured on NCG, NCG/PPy-1, and NCG/PPy-2 composites
have round morphologies, indicating virtually no neurite
extension from the cell (Figure 6a—c). As expected, the cells
cultured on the NCG/PPy-3 composite extended multiple
longer neurites without or with dopant (Figure 6d,e), most

Figure 6. Fluorescence micrographs of PC12 cells cultured on different
composite gels after electrical stimulation: a) NCG, b) NCG/PPy-1,

¢) NCG/PPy-2, d) NCG/PPy-3, ) NCG/PPy-3-DBSA1, and f) NCG/PPy-
3-DBSA2.

probably because the conductivity of the composites
increased with the formation of a PPy network. Moreover,
it appears that the cellular morphologies of PC12 cells showed
a remarkable neuronal phenotype on the surface of NCG/
PPy-3 composite doped with DBSA after the final polymer-
ization cycles (Figure 6 f). The nerve guidance conduits can be
prepared from NCG/PPy composites to support cell adhesion
and growth on the internal surface. Under electrical stim-
ulation, the nerve conduits that possess a similar conductive
function as nerve myelin sheath can stimulate the outgrowth
of nerves and axon regeneration, and finally achieve the
repair of nerve injuries.’”! Thus, NCG/PPy composites are
potentially useful as nerve-tissue repair materials with high
mechanical stability.
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In summary, NCGs prepared from an aqueous alkali/urea
solution served as scaffold/template in the preparation of
electrically conductive NCG/PPy composites by in situ vapor-
phase polymerization of pyrrole monomers and an oxidant.
The resulting NCG/PPy hydrogels were converted to aerogels
by solvent-exchanging with ethanol and drying with super-
critical CO,, resulting in materials with a low density, a large
surface area, a high mechanical strength, and sufficient
electrical conductivity. In vitro studies show that PC12 cells
cultured on NCG/PPy composites have good adhesion and
proliferation. Furthermore, the cellular morphologies of
PC12 cells show a remarkable neuronal phenotype on the
surface of NCG/PPy composite doped with DBSA under
electrical stimulation. The simplicity of the process and the
wide tunability of the composition and thus the properties of
these materials make them promising candidates for applica-
tions in nerve regeneration, carbon capture, catalyst supports,
and many others.
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