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ABSTRACT. Three-dimensional scaffolds for cellular organization need to enjoy a series of
specific properties. On the one hand, the morphology, shape and porosity are critical parameters,
and eventually related with the mechanical properties. On the other hand, electrical conductivity
is an important asset when dealing with electroactive cells, so it is a desirable property even if the
conductivity values are not particularly high. Here, we construct 3D porous and conductive
composites, where C8-D1A astrocytic cells were incubated to study their biocompatibility. The
manufactured scaffolds are composed exclusively of Carbon Nanotubes (CNTs), a most promising
material to interface with neuronal tissue, and polypyrrole (PPy), a conjugated polymer
demonstrated to reduce gliosis, improve adaptability and increase charge-transfer efficiency in
brain-machine interfaces. We developed a new and easy strategy, based on the Vapor Phase
Polymerization (VPP) technique, where the monomer vapor is polymerized inside a sucrose
sacrificial template containing CNT and an oxidant agent. After removing the sucrose template, a
3D porous scaffold was obtained whose physical, chemical and electrical properties were
evaluated. The obtained scaffold showed very low density, high and homogeneous porosity,
electrical conductivity and Young Modulus similar to the in vivo tissue. Its high biocompatibility
was demonstrated even after 6 days of incubation, thus paving the way for the development of new

conductive 3D scaffolds potentially useful in the field of electroactive tissues.
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Introduction

Neurodegenerative diseases, such as Parkinson, Alzheimer or Lateral Sclerosis, are currently
irreversible and finding an ultimate or partial cure to revert their consequences is one of the
pending milestones of the scientific community.! Huge efforts are being focused on the tissue
engineering research based on the “neurogenesis”, a brand-new concept established in the past
years according to which the neurons in the peripheral nervous system are able to regenerate also
in the adult stage.> The key goal of tissue engineering is the development of stimulus-responsive
biomaterials, also known as scaffolds, with easy-to-tailor properties that mimic the extracellular
matrix of the native tissue. In this context, Carbon Nanotubes (CNTs) are one of the most
promising materials to interface with electrically active tissues, such as the neuronal and cardiac
ones. While it is well known that there is a correlation between cell membrane potential and cell
proliferation,* it was recently demonstrated that CNTs boost the electrical activity of neurons and,
furthermore, increase the number and lengths of their neurites.®> Our group has been leading the
research on the application of CNTs for nerve tissue regeneration and succeeded in the construction
of 2D and 3D scaffolds for such purpose.® In light of our previous results it is clear that there is a
need to develop a synthetic scaffold that would be biocompatible, immunologically inert,
conductive, and infection-resistant to support cell outgrowth and move towards future implantation
in patients.”-'4 It is worth noting that the mechanisms of regeneration of the central nervous system
and cardiac tissues cannot after an injury are unclear, and some scientists assert that such
regeneration is not possible. Therefore, even though traditional scaffolds for tissue engineering are
desired to be biodegradable, such as in bone tissue engineering, neuronal and cardiac regeneration

may require a permanent implant as a bridge between the healthy nearby cells and restore the lost
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functions. In these cases, a permanent implant must not be biodegradable to accomplish its purpose
in the long term.

3D scaffolds are of particular relevance to mimic the three-dimensional tissue structure, and thus
we would expect the cellular growth, dimension disposition and cellular connections to improve,
turning the use of 3D implants in tissue engineering to restore the lost functionalities eventually
becoming a reality.!> Such third dimension in CNT-based scaffolds could be achieved by blending
with a polymeric support. The combination of CNT with numerous polymers has been extensively
studied in the last years, and the materials produced showed a great potential in many different
fields from biomedicine to solar cells, energy storage and electronics.'® Polymers are used as
support materials for CNTs, in the form of fibers or solid matrix allowing to play with the shape,
dimensions and stiffness of the final scaffold. Ideally, the inherent ability of CNTs to favor the
cellular growth could be synergically combined in a 3D scaffold with a conjugated polymeric
substrate resulting in the ultimate implant for tissue regeneration of electroactive cells.

Conjugated polymers (CPs) have emerged as a novel and very promising class of electroactive
biomaterial.!” The design of electrodes based on conjugated polymers in brain-machine interface
technology offers the opportunity to exploit a wide diversity of materials to reduce gliosis,'®-?0 the
most common brain response to chronically implanted neural electrodes. In fact, the use of
conjugated polymers might result in electrodes with improved adaptability not only for the
neuronal tissue, but also for other types of electroactive tissues, and increase charge-transfer
efficiency. They are generally synthesized as coating of films, composites or fibers of non-
conductive materials to improve their electrical properties.?! Such versatility offers a wide range

of options to modify their chemical, biological and physical properties, thus becoming very
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important materials for biosensors, neural prostheses, drug delivery devices and tissue engineering
scaffolds.??23

Polypyrrole (PPy) is among the most used and studied CPs for bio-applications,?*?> although,
as common in most CPs, its non-soluble nature in water only allows PPy to be processed as
coatings or doped with stabilizing agents, such as PSS. Its conductive nature and high
biocompatibility make it an outstanding material to develop scaffolds not only to be used as
electrodes for recording or stimulating cell behavior, but also for an improved cell growth without
any external stimulus.'® 26-27 PPy has been used to provide electrical properties to non-conductive
3D structures, by coating polymeric films onto previously synthesized non-conductive electrospun
fibers, such as collagen or PLLA.?%3* However, very little is reported about the combination of
PPy and CNTs, being most of the works related to the development of 2D films.?7-35-38 To the best
of our knowledge, a tridimensional structure purely composed of PPy and CNT has never been
synthesized before.

In the present work, we succeeded in the construction of 3D porous composites formed
exclusively of PPy and CNTs, and incubated astrocytic cells to evaluate its biocompatibility. We
have developed a new and easy strategy, based on the well-known Vapor Phase Polymerization
(VPP),*® where pyrrole vapor is polymerized inside a template containing CNT and an oxidant
agent. Astrocytes, which form part of the glia, provide support and nutrients to neurons in a healthy
environment, thus have an essential function in the regeneration of neuronal tissue. Furthermore,
they propagate intercellular Ca®" in response to stimulation, and release transmitters,*’ thus being
an ideal model to test the biocompatibility and the potential of our conductive scaffolds in neural
prostheses. Our final goal is the manufacture of permanent implants, producing no harm or

inflammation in the long term, able to provide the lost conductivity after, for example, brain or
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spinal cord injury, where a glial insulating scar might be formed, thus hindering the neuronal
function and communication between the nearby healthy tissues. Therefore, we designed a non-
degradable scaffold, taking advantage of the non-degradability of PPy and CNT, to act as a
conductive-communicating bridge between the nearby healthy tissues. The resulting material is a
very promising scaffold, with very low density, good porosity and high biocompatibility, thus
paving the way for the development of new conductive 3D scaffolds by following a yet unexploited

approach.

Experimental

Materials and methods

Multi-walled Carbon Nanotubes (CNTs, 99%) were purchased from Nanoamor Inc. (Stock#
1237YIJS). Pyrrole (Py, 98%) was purchased from Sigma-Aldrich. Iron (III) Chloride
hexahydrated (FeCl;-6H,0) was acquired from Fisher Scientific Inc. Ethanol (synthesis grade)
was purchased from Carlo Erba Reagents SAS. All reagents and solvents were used as received
with no further purification.
Thermogravimetric analyses were performed under air (25ml-min-! flow rate) using a TGA
Discovery (TA Instruments). The samples were equilibrated at 100°C for 20 min and then heated
at a rate of 10°C-min’!, in the range from 100°C to 800°C. Scanning Electron Microscope (SEM)
measurements were performed on JEOL JSM-6490LV at 5kV, running in a point by point scanning
mode. Transmission Electron Microscope (TEM) was carried out on JEOL JEM-2100F model
EM-20014, which features a 200 kV Field Emission Gun (Schottky) “FEG” and an Ultra High
Resolution Pole Piece “UHR”. Mechanical characterization was performed with a Mecmesin

MultiTest 2.5-1 dynamic mechanical analyzer, using a SON load cell and Teflon-covered steel
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plates as holders. The conductivity was evaluated through the electrochemical impedance
spectroscopy (EIS) using frequencies in the range from 0.1 to 100.000 Hz, with an electrochemical
workstation Autolab MSTAT204 Potentiostat/Galvanostat.

Micro-computed tomography (micro-CT) was used to quantify the porosity of CNT and PPy
based scaffolds. High resolution micro-CT scans were performed on a SkyScan 1172 micro-CT
system (Bruker micro-CT, Kontich, Belgium) at an energy and intensity level corresponding to 29
kV voltage and 175 pA current for 1200 projections. Particle analysis toolbox in ImageJ was used
to determine the pore size distribution of the scaffolds. Image processing protocol has been
developed to assess scaffolds’ surface porosity, pore size distribution and internal canalizations.

Mouse astrocyte C8-D1A cell line was purchased from ATCC-LGC and cultured in phenol red-

free DMEM media (GIBCO) completed with 2 mM L-glutamine (Gibco), 100 U-ml! penicilline,

100 pg/mL streptomycin(Gibco), 1mM sodium pyruvate and 10 % heat-inactivated fetal bovine

serum (Gibco). The PBS buffer was purchased in tablets and prepared following manufacturer
procedures (Sigma-Aldrich) corresponding to 10mM phosphate buffer containing 137 mM NaCl

and 2.7 mM KCl at pH 7.4.

3D scaffolds synthesis and characterization

The 3D scaffolds were produced through a multi-stage process similar to the one described
elsewhere.® 250mg of food approved sucrose was ground and passed through two mesh sieves with
pore sizes of 250um and 100um, respectively (Fisher Scientific Inc.); the fraction collected was
the one remaining in the middle of both, thus ensuring a grain size between 100pum and 250pum.
CNTs (7.5mg) and the sieved sucrose (250mg) were then mixed in dry conditions and shaken

overnight. Later, 10mg, 20mg or 40mg of FeCl;-6H,0 were added, corresponding to 3%, 7% and

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

13% of the total mass of the template, respectively, (labelled as 0x-3%, 0x-7% and 0x-13% in the
next sections) and mixed in dry conditions until obtaining a homogenous solid powder. Finally,
SuL of MilliQ water were added and the blend was mixed until a homogeneously wet material was
obtained. The mixture was poured into a hollow plastic cylinder of Smm in diameter and gently
pressed from both sides to form a cylindrical-shape template. Then the template was hanged with
a thread inside a schlenk flask, which was then filled with argon. Subsequently, 0.5mL of pyrrole
monomer were introduced at the bottom of the schlenk flask, and the VPP was carried out varying
two conditions: temperature (60°C, 80°C and 100°C), and time of reaction (2h and 16h). The
polymer was deposited into the interstitial cavities of the template. Once the polymerization was
completed, the cylinder was immersed overnight into MilliQ water to remove the excess of oxidant
and dissolve the sucrose, resulting in a cast framework made of connected empty cavities of
controlled shape and dimensions. Finally, using a Soxhlet system, the scaffold was cleaned with
ethanol for two days, to remove the side products and free PPy oligomers.

The synthesis and characterization of the PDMS/CNT scaffolds used as controls in this work
was reported previously.!

Micro-computed tomography (micro-CT). Scaffolds were isolated from the background,
using a thresholding procedure that was specific to this material. The values to segment the scaffold
from background were optimised comparing the 2D grey scale image of a single slice with the
thresholded image. In this way, binary images were created and porosity values for each slice were
assessed. Porosity values were determined as the percentage of pores’ area with respect to the total
area. Since the material is highly homogeneous, porosity was calculated in 10 randomly selected

slices within the scaffold (n=10).
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Image processing for the pore size distribution. Micro-CT images were binarized using an
optimized threshold and subjected to processing steps such as dilation, erosion and watersheding.
To analyze the pore distribution, the area of each pore was measured, and the equation of a circle

was used to estimate an approximate value of the diameter of the pore, according to equation 1:

Acirce
Pores = 2x( nl) (1)

Due to the high homogeneity of the system, the pore size distribution was calculated in n=10
2D-images randomly selected along the 3D object.

Conductivity analyses. The scaffolds were cut into cylinders of 5 x 5 mm (LxD), immersed in
phosphate-buffered saline (PBS, 10mM) and degassed for 5 minutes to ensure the complete
permeation of the inner porous structure. To carry out the measurements, a particular cell was
designed and manufactured consisting on a sandwich of two coplanar gold electrodes and a PDMS
block in between (see Figure 1 and S1). The PDMS block has a 6 mm hole in the middle to
accommodate the scaffolds inside, and the same thickness as them (5 mm) to maintain its full
contact with the electrodes along the experiment. The scaffolds were then placed within the PDMS
container and 0.5 mL of PBS were added. The relative impedance and the charge transport
behavior of PPy/CNT scaffolds were obtained by comparison with PDMS/CNT and PPy scaffolds.
PDMS was fixed on the bottom Au electrode, and no leaking of the PBS solution was observed

during the experiments.
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Gold electrode

P . Scaffold
; PBS in PDMS container

—_—
6 mm

Gold electrode

Figure 1. Schematic representation of the cell used to evaluate the tridimensional conductivity of

the scaffolds developed via EIS.

Mechanical properties. Prior to mechanical testing, the scaffolds were soaked in Milli-Q water
for 1-2 min and the external surplus water was carefully removed with a piece of Kimwipes®.
Uniaxial compressive tests were performed under ambient conditions to the wet scaffold as it
would represent a more realistic situation towards their envisioned fate, at a rate of 15 mm-min!,
until reaching a 90% compressive strain. The extent of the deformation was measured by relating
the measured height at each moment of the analysis with the scaffold’s initial height (strain, in %).
The obtained force curve was normalized to the specimens’ initial diameter (stress, in kPa).
Young’s modulus was then obtained as the slope of the linear elastic section in the initial stages
(typically from 15 to 40% strain in our case). At least 4-5 repetitions of each sample were

measured.

Biocompatibility assay
Before the in vitro assays, the scaffolds were dipped in MilliQ water several times in order to
ensure the removal of ethanol from the cleaning step. Then, they were left to dry in air and cut into

thin disks of 2mm thickness. PDMS/MWCNT disks were cleaned under low-pressure oxigen
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plasma for 6 min (Pico Plasma Cleaner, Diener electronic) each side. Then, all the scaffolds were
UV-sterilized on each side for 20 min,

Cell culture and counting. C8-D1A cells were cultured in complete media at 37 °C and 5%
CO, in tissue culture-treated 75 cm?-flasks (Nunc). For cell passage, cells were detached from the
flasks by incubation at 37 °C with trypsin-EDTA solution 1x (2.5 g porcine trypsin and 0.2 g
EDTA-4Na per liter of Hanks’ Balanced Salt, Sigma) and spun at 10 RCF for 5 min; the obtained
pellet was resuspended in 1 ml of complete media and disaggregated. For cell counting, the cell

suspension was serially diluted 1:10 in PBS and 1:2 in the exclusion dye Trypan Blue solution (0.4

% in 0.81 % sodium chloride and 0.06 % potassium phosphate, dibasic, Sigma). 10 UL of the

diluted cell suspension was counted in a haemocytometer chamber under transmitted light in an
inverted microscope (DMIL, Leica). All the 3D scaffolds were transferred to a 96-well sterile plate
and incubated in 200 pL complete media for 2h at 37 °C and 5% CO,. For cell seeding, the media
was removed by aspiration and 20-50 pl complete media containing 5-10° or 5-103 C8-D1A cells
were added carefully onto the scaffolds. The wells were filled by slowly adding 150 uL complete
media and incubated for 6 or 2 days at 37 °C and 5% CO,, respectively.

LDH assay. The viability of cells grown on the scaffolds was evaluated with the modified LDH
CytoTOX96 Non-Radioactive Cytotoxicity Assay kit (Promega) reported by ali-Boucetta et al.*?
For cell lysis, scaffolds were transferred to a 96-well U bottom plate and mechanically disrupted
by smashing after addition of 150 pL of PBS containing 9%Triton X-100 (lysis buffer, LB). Then,
the samples were frozen at -80°C for 30 min, defrosted for 20 min at 37°C and disrupted again.
The CNT-PPy-based material was separated by centrifugation at 10° RCF for 10min at 4°C and
supernatants were transferred to empty wells. For the LDH detection, 50 uL of each supernatant

was mixed with 50 puL substrate mix and, after 4 min, the reaction was terminated by the addition
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of 50 uL of stop solution. Absorbance measurements at 492nm were taken in a micro plate
spectrophotometer (GeniosPro, Tecan). Positive control diluted in LB 1:5000 was included as an
internal control (not shown), and LB alone was used as negative control (not shown). All the
collected data is represented as means of quadruplicates £SD.

Fluorescence staining of viable cells for microscopy. Calcein-AM (Molecular Probes) staining
was performed to fluorescently label live cells. The scaffolds with cells were transferred to empty
wells and incubated at 37°C for 30min with 200 puL of complete media containing 2.5 ug-ml! of
Calcein-AM (Molecular Probes).

F-actin stain for cell morphology imaging. The scaffolds incubated with cells were transferred
to empty wells, washed once with 200 uL PBS, fixed with 4% paraformaldehyde in PBS for 20min
at 20°C, and washed twice with PBS. Then, the cells in the scaffolds were permeabilized with 0.2%
Triton X-100 in PBS for 20 min at 37°C. For cell F-actin filament staining, the scaffolds were
incubated at 37°C for 30 min in 200 pL of media with ActinGreen488 (1:10, Molecular Probes)
and washed twice with PBS before imaging.

Confocal imaging. Scaffolds with stained cells were placed in a 5S0mm-diammeter #1.5 optical
glass-bottom-petri dish (Mattek) with a drop of PBS onto each scaffold disk. Images were taken
in a Ism880 confocal microscope (Zeiss) employing excitation at 633nm and detection between
615-663nm in the reflection mode for scaffold imaging and excitation at 488nm with detection
between 500-610nm for Calcein-AM stained cells or ActinGreen stained cells. For live imaging,
the drop of PBS contained 2.5 pg-ml-!' Calcein-AM, and a microscope insert chamber was

employed at 37°C, 5% CO, and 100% humidity.

Results and discussion
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Preparation of 3D conductive scaffolds by vapour phase polymerization (VPP)

Figure 2 shows a schematic representation of the manufacturing process of the conductive PPy
and CNTs scaffolds. Briefly, a cylindrical template made of sieved sucrose (granularity between
100-250 pm), multi-walled pristine CNT and FeCl;-6H,0 was hanged inside an Ar-filled schlenck.
Then pyrrole monomer was introduced at the bottom and the flask was warmed-up to temperatures
below to the boiling point of the monomer (131°C). The polymerization reaction, based on the
VPP method, took place inside the cylinder template, where pyrrole vapor was oxidized,
polymerized and deposited within the interstitial cavities left by the sucrose template and the
CNTs. Finally, in the cleaning step, the sucrose and the side-products were removed by immersion
into water, first, and into ethanol, afterwards. The complete removal of Fe and Cl was confirmed
by XPS analyses (see Supporting Information). As a result, a self-standing cylindrical porous

template only composed of PPy and CNTs was obtained.

STEP 1: STEP 2: Polymerization STEP 3: Template removal
Sucrose/CNT/FeCl, VPP method and scaffold wash
template manufacture

Fecl, WM PPy /%)

Sucrose

Figure 2. Schematic representation of the template manufacturing, polymerization and final

removal of sugar and bi-products to obtain the self-standing PPy/CNT 3D scaffold.
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Next, we focused our efforts in understanding how the conditions of the PPy polymerization step
may affect the properties of the final scaffold. Thus, we kept constant the amount of nanotubes to
reduce the experimental methodology down to three variables: (i) temperature was set at 60°C,
80°C or 100°C; (ii) reaction times were of 2h or 16h and (iii) the amount of FeCl;-6H,0 oxidant
added was the 3%, 7% or 13% of the total weight of the scaffold (named from now on 0x-3%, ox-
7% and ox-13%, respectively). After reactions, the obtained scaffolds were characterized by
thermogravimetric analysis (TGA) to elucidate the amount of polymer vs the amount of CNTs.
The measurements were performed under air because these conditions allow to distinguish
between polymer and CNT degradations. We have confirmed that the polymerization, thus the
amount of polymer, along the whole 3D structure is homogeneous after analyzing several sections
of the same scaffold with TGA; the related data is shown in the Supporting Information. Figure 3a
gathers the TGA curves obtained for the scaffolds synthesized at 80 °C, pristine CNT and the
pristine polymer; the plot represents the average results obtained for three scaffolds synthesized
under the same conditions. Whereas PPy decomposes between 200°C and 600 °C, the CNTs only
start decomposing at 500 °C under air. Thus, 500 °C was taken as the reference temperature to
calculate the amount of PPy, considering that at such temperature the 80% of the polymer has been
already decomposed while the CNTs remain almost intact (see Figure 3a). In most cases, the
resulting plot indicates that the scaffold is mainly composed by CNT, in a range between 45% and
70%. The plots for the scaffolds synthesized at 60 °C and 100 °C are displayed in the Supporting

Information.
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21 Figure 3. a) TGA plots of the polymerization performed at 80 °C for 2h (dashed) or 16h (solid)
23 using different amount of oxidant. b) Summary of the TGA results for the experiments performed
at different temperatures (see data in the SI). Error bars indicate standard deviation after at least 3

28 repetitions.

31 Figure 3b displays the average results obtained from the variation of the three variables analyzed:
33 temperature, time and amount of oxidant. The effect of each variable in the formation of the
polymer can be summarized as follows: (i) an increase of the amount of oxidant, regardless of the
38 polymerization time and temperature, produces an increase in the average amount of PPy obtained.
40 In general terms, double amount of oxidant produces an increase in the amount of polymer within
the scaffold between 3% and 20%, in weight. (i1) There is no significant effect of the temperature
45 between 60°C and 80°C, the resulting amount of PPy synthesized is in the same range: 30-40% of
47 PPy for 0x-3%; 41% for 0x-7% and 55% for ox-13% after 2h of reaction; 40%, 50%, and 60% for
0x-3%, 0x-7%, and ox-13%, respectively after 16h of polymerization. On the other hand, these
52 values increase when the polymerization is carried out at 100°C, being the ranges of PPy around

54 50% for 0x-3%, 65% for 0x-7% and ca. 80% for ox-13%. (ii1) The polymerization time is relevant
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at low temperatures: larger time increases the amounts of polymer synthesized, as observed for
60°C and 80°C (see Supporting Information). However, this effect is not observed for 100°C,
suggesting that at high temperatures the evaporation of the monomer is produced during the firsts
2h, while after that time the remaining monomer at the bottom of the flask might not be preserved
in its original state and might not actively participate in the VPP process. Thus, the saturation
degree of the polymerization might be achieved faster at that temperature.

In summary, different scaffolds with varying CNT/PPy ratio could be synthesized using the VPP
method. We observed that such ratio is directly related to the amount of oxidant used per scaffold,
the time and the temperature of the reaction. Thus, by varying the main conditions of the
polymerization reaction, we are able to control the amount of polymer present in the final scaffold

and, we anticipate, their properties.

Macro- and nanostructure imaging and pore size distribution

In our method, the pore size and porosity should be defined by the sucrose used as porogen or
sacrificial template. Upon removal the water driven dissolution of sugar grains produced macro-
pores inside the polymeric scaffold of irregular shapes, mimicking living tissue’s irregular
geometries. Pore connections were the consequence of the aggregation of sugar grains along their
contact points via water driven consolidation process. The SEM pictures shown in Figure 4 reveals
the porous structure of the as-synthesized 3D scaffolds at 80 °C for 16 h using 0x-7%, composed
of irregularly shaped and sized pores interconnected by random paths. Interestingly, the porosity
homogeneity along the whole structure can be appreciated. Similar results were obtained for the
scaffolds synthesized through other conditions; SEM images for other cases are presented in the

Supporting Information for comparison.
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31 Figure 4. SEM micrographs of the 3D scaffolds (synthesized at 80°C with 0x-7% for 16h).

Pore sizes of the lowest magnification (x30) were measured using the ImageJ software. An
37 average of seven different synthetic conditions were measured and are plotted in Figure 5. Only
39 pores larger than 50 pm were considered. The results show that nearly half of the pores have sizes
below the cut-off employed for the sucrose granularity (100 um), which can be explained by two
44 factors: (i) when the sucrose/CNT mixture is blended with the oxidant, most of the grains are
46 ground into smaller particles; (ii) such pores do not come from the dissolved sucrose grains but
are formed within the polymerized PPy layers. Almost 45% of the pores have the dimensions
51 defined by the sucrose grains, ranging between 100-250 um. Pores above 250 um are also
53 observed, which can be explained due to the merging of two or more sucrose grains when water is

55 added to build the template.
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Figure 5. Pore size distribution from SEM (orange stripes) and micro-CT (solid orange) analyses.

To get a further insight into the 3D structure of the scaffolds, the same sample was analyzed by
Micro-Computed Tomography (micro-CT), shown in Figure 6. The surface porosity value of these
polymeric and CNT scaffolds was found to be 57.17 + 1.16 % (n=10 slices). This means that close
to 60% of the sample’s area corresponds to pores and 40% to matter matching the initial sucrose
loading in the scaffold. Note the small standard deviation among slices, which reflects the
homogeneity of the object and supports the random selection of a finite number of 2D slices for
image analysis. The analysis of micro-CT images determined macro-pore sizes between 20-300um
for PPy/CNT scaffolds. As plotted in Figure 5, almost 60% of the pores had a pore size between
50pum and 100um. Close to 20% of the pores had a pore size between 100 pm and 150pum and 15%

ranged between 20-50 um (see Supporting Information for a higher size resolution histogram).
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Figure 6. a) Transversal micro-CT binarised image (2D), where pores are represented in black
color and matter (scaffold) in white. b) Whole scaffold’s 3D volume rendered image. ¢) 3D

illustration of scaffold’s pore distribution; pores are represented in red color and matter in white.

In order to understand how PPy polymerizes inside the scaffolds and its interaction with the
CNT at the nanoscale, the scaffolds were ground and dispersed in water for TEM observation. The
micrographs, collected in Figure 7 (a-b), show bundles of CNT-PPy and pristine CNT along the
scaffold structure. Higher magnifications reveal that only few CNT might be coated by the polymer
(Figure 7c-d): most of the tubes analyzed have thicknesses within the range of the pristine CNT
provided by the supplier (20-30 nm). Thicknesses up to ca. 46 nm were found, suggesting that the
maximum thickness of the PPy-coating-CNT might be between 8-16 nm. On the other hand, the
cluster pieces found in some regions (indicated with the green arrows in Figure 7 b, ¢ and e, and
dashed arrows in Figure 7d), which we assume to be bulk PPy, possibly acting as ‘sticker’ for the
CNT, keeping the 3D structure of the whole scaffold. Such bulk appears to be composed of few or

numerous polymer layers, as shown in Figure 7 f and g, respectively.
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Figure 7. a-g) TEM micrographs of the CNT polymerized with PPy, from 3D scaffolds
synthesized (entries 13 and 14 in Table S1). Green arrows in b), ¢) and e) indicate the bulk PPy
“stickers’. d) Red arrows show nanotubes with diameters within the pristine range (20-30 nm);
green arrows indicate tubes with larger diameters than the pristine CNT. PPy clusters are marked

with green dashed lines.

Overall, by TEM visualization we have been able to ascertain the state of dispersion and CNT-
polymer interplay within our scaffolds. Instead of a continuous and uniform coating, the approach
presented herein results in a random distribution of coated and uncoated CNTs, together with thick
multilayered PPy clusters scattered across the structure, which we postulate that behave as brackets

for CNT, thus being responsible for underpinning the structural integrity of these porous scaffolds.

Mechanical and electrical properties characterization
The mechanical properties of the scaffolds should ideally mimic the one of the body tissues. For
this reason, the young modulus (YM) of our porous materials was evaluated through compression

experiments of the wet scaffolds. From all the results obtained, the outliers were discarded using
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the interquartile method. Furthermore, the error bars were turned into confidence intervals by
applying the t-Student methodology with a 95% of certainty (o = 0.05). Figure 8 gathers the results
obtained, relating the YM to the amount of polymer present in the scaffold. A representative cyclic
compression graphs for each group is shown in Figure S7. At first glance, it is observed that the
polymer increases the rigidity of the scaffold. There is a clear exponential relationship between the
two variables, having larger YM for larger amounts of PPy synthesized within the scaffold.
Interestingly, below 50% of PPy the increase in the YM value is not very significant, being in a
range between 50kPa and 70kPa. However, from 50% on, the sample becomes noticeably more
rigid, and the obtained scaffolds present values between 100kPa and 200kPa. Some of our
scaffolds present similar softness to previous cross-linked hybrid hydrogels used for neuronal
regeneration, which showed compressive moduli between 30 and 50 kPa.** These values are within
the pool of typical soft porous scaffolds used for this purpose, which warrants the suitability of our
scaffolds to mechanical properties requirement for neural prostheses. The brain tissue has been
determined to have YM around 2 kPa, while the spinal cord has been shown to have elastic
modulus around 40kPa;*4’ thus, in the following sections, we have analyzed those scaffolds with
less than 50% of PPy, which are the ones that present closer YM to the biological tissues. It is
worth noting that the attempts to reduce the YM using the above-described methodology have
failed since the minimum amount required of PPy to maintain the 3D structure is ca. 30%, which

results in YM of around 50kPa.
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Figure 8. Young’s Modulus related to the polymer composition. Statistical analyses with

ANOVA.

One of the main purposes of manufacturing PPy/CNT composites is the improvement of the
conductivity. The scaffolds aimed to repair, for example, neural nerves not only must mimic the
physiological environment, but also possess electrical conductivity to promote neurite outgrowth,
thereby enhancing nerve regeneration.*® Therefore, we have studied the capability of the charge
transfer within a tridimensional structure using electrochemical impedance spectroscopy (EIS).
Furthermore, the electrochemical impedance is an important parameter for bioapplications:
implants, scaffolds or biosensors require electronic capability in contact with cells or tissue to
record physiological and pathological signals or to electrically stimulate them. It is worth to remark
that recently, a large number of publications have used this technique to evaluate the 3D
conductivity of conductive polymeric scaffolds and it was also seen that CP lower the electrical
impedance of metal electrodes.*’>! For our purpose, PPy/CNT scaffolds, with a conductive PPy
polymer matrix, were compared with PPy scaffolds without the presence of CNT and a previously
reported PDMS/CNT scaffolds, with an insulating PDMS matrix.° All the scaffolds measured had

the same cylindrical geometry and dimensions (5x5 mm, LxD) and were degassed in PBS to avoid
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any gas-moleucle interference during the measurements. Thus, once placed inside the designed
container (see Figure 1 and methods) and filled with PBS solution, the scaffolds were in full
contact with the bottom Au electrode. The device was designed with a PDMS framework of the
same height as the scaffolds to ensure a full contact with the top Au electrode.

As observed in Figure 9, the impedance of PPy/CNT scaffolds (|Zeeycni/=7.8 kQ) at 0.1 Hz was
approximately four and seven times lower than that of PPy (|Z;,,|=30 kQ) and PDMS/CNT
(|Zppusient|=50 kQ), respectively, and one order of magnitude lower than the gold electrodes
measured in PBS solution (|Zsss|=90 kQ). We suggest that the lowest impedance of PPy/CNT
comes from the formation of conducting electronic bridges between the CNT and the polymeric
matrix. Furthermore, it is known the decrease impedance of the PPy layers due to the presence of
electronic and ionic pathways. However, this kind of connections are not present in the
PDMS/CNT scaffold, due to the non-conductive nature of PDMS, nor in the PPy scaffold, where
no CNTs have been incorporated. At the same time, bode plot data (Figure 9) display a clear
difference in the maximum phase angle and—phase—shape between the scaffolds analyzed,
exhibiting an increase in the maximum value of the capacitance e£30°: @pp,/cnr = -54°, ppp,= -67°
and @ppysien= -62°. Furthermore, the phase shape of PPy and PPy/CNT scaffolds is similar,
indicating their high conducting character and showing higher capacitances in the range of 10-100
Hz. Besides, in our case, the conductive nature of the PPy matrix provides an added value when
dealing with neurons, being our physical characterization a landmark contribution to the field, as
there is no precedent on 3D porous scaffolds made of PPy and CNT. However, there are plenty of
literature data reporting electrical characterization of PPy nanocomposite films, whose

conductivity was determined to be up to 600 S/cm, depending on the film thickness.>?
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Figure 9. Impedance measurement (left axis, solid line) and phase (right axis, dashed lines) vs

frequency plot for average PPy/CNT scaffolds (black) and PDMS/CNT scaffolds (grey).

In vitro biocompatibility of the 3D conductive scaffolds

Mouse astrocytes C8-D1A were cultured on scaffolds for 2 days and in vitro cytotoxicity was
analyzed using a modified Lactate Dehydrogenase (LDH) assay. This method has been reported
previously to circumvent all interactions between CNT and the insoluble formazan crystals formed
in the commonly used 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) or
conventional LDH viability tests, and thus assessing the impact of CNT-based material on cellular
survival in a straightforward and reliable manner.>® Cytosolic LDH is released and its activity
signal was taken as a semiquantitative measurement of the number of surviving cells in the
scaffolds. Once the cells are lysed, the level of absorbance of the LDH product correlates with the
number of viable cells growing on the scaffolds. As all the scaffolds were seeded with the same
number of astrocytes, differences would be attributed to the effect of the materials on cell survival.
The previously reported PDMS/CNT was analyzed for comparison and PPy scaffolds were used

as a blank control of the effect of the nanotubes on the scaffolds. Although the PDMS/CNT
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reported scaffold has shown similar porosity as our PPy/CNT scaffolds, we keep in mind that the
differences in the mechanical properties and the hydrophilicity between the two structures come
from the different nature of the polymer matrix and, unfortunately, cannot be dismissed). Figure
10a shows no difference between the absorbance of the PDMS/CNT and PPy, while the
conjugation of PPy and CNT increases the absorbance significantly. Such observations not only
demonstrate the non-citotoxicity of the scaffolds employed, but also that the PPy/CNT scaffolds

have an enormous positive impact on the C8-D1A growth yet in the first two days of culture.
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Figure 10. a) /n vitro LDH assay of C8-D1A astrocytes cultivated for 48h on scaffolds in the
presence or absence of CNTs. Absorbance readings for each scaffold are plotted as an average of
5 independent experiments (n=4+SD). Confocal images after b) calcein-AM stain of viable cells
(green) and c) the F-actin cytoskeleton (yellow) staining of PPy/CNT scaffolds after 2 days of
culture. From left to right: stained cells (green or yellow), scaffold (grey) and merge. Images are
split views of Z-stacks maximum intensity projections (57um-optical sections). The elongated
morphology of the cells indicates a good biocompatibility of the material. (Scale bar = 50um).

Statistical analysis with ANOVA.
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In addition, confocal imaging was employed to analyze the cellular attachment to the PPy/CNT
scaffold. Only live cells were stained with calcein-AM in fluorescent green after incubation in the
scaffolds for 2 days. The 3D images in Figure 10b show high confluence of live cells adhered to
the scaffold. The adhesion and proliferation of C8-D1A cells on PDMS/CNT scaffolds was also
analyzed with calcein-AM staining for comparison, showing them less affinity to the PDMS-based
than to the PPy-based scaffold (see Supporting Information). Furthermore, the morphology of the
astrocytes was analyzed by staining their cytoskeleton with filamentous actin (F-actin, Figure 10c).
Z-stacks showed certain degree of cell penetration or cell infiltration within the range of
visualization allowed by the objective working distance (up to 160 um) through the pores of the
scaffold (see Supplementary Information). Large elongations as well as abundant cell-to-cell
contacts are clearly distinguished on the scaffold surface, suggesting the low cytotoxicity of the
material, being the cells able to maintain their normal morphology and, as we anticipated, their
function.

Finally, time-course viability of the astrocytes in the CNTs scaffolds was also analyzed. Briefly,
5000 C8-D1A cells were seeded on sterile PPy/CNTs or PDMS/CNTs scaffolds and cultured for
6 days. Calcein-AM staining (Figure 11) revealed an impressive growth and invasion progression
for the PPy/CNT, while for the PDMS/CNT astrocyte growth was not so significant. In summary,
all the abovementioned results demonstrate the outstanding ability of PPy/CNT scaffolds in

astrocytic regeneration, thus suggesting its high potential as neural protheses.
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Figure 11. Confocal images after calcein-AM stain of viable cells (green) of PDMS/CNT (left)

and PPy/CNT (right) scaffolds after 1 and 6 days of culture. (Scale bar = 50um).

Conclusions

In summary, in this work we developed 3D scaffolds composed exclusively of CNTs and PPy
to promote the growth of cells in the three dimensions, specifically designed with the chemical
and physical properties to mimic the biological environment. This is the first time a conductive
polymer is employed to build-up a self-standing 3D structure with CNT. PPy was polymerized
through VPP within the macro-cavities of a previously manufactured template containing CNT;
by controlling the reaction conditions we were able to adjust the desired amount of polymer
introduced in the scaffold. TEM revealed how the PPy layers formed adhere to the CNT and
maintain the 3D structure of the whole system. As well, it seems that some of the CNTs might be
coated with a thin layer of the polymer, what would favor the underpinning effect within the entire

system.
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SEM and microCT analyses show the homogeneous internal structure of the final devices,
mainly composed of emptiness and macro-cavities, mainly between 50-200 um, large enough to
accommodate any kind of cell or biological entity. Besides, this porous morphology allows a
significantly higher surface-to-volume ratio, resulting in low impedance, being the key feature of
these manufactured devices the improved tridimensional conductivity with respect to the
previously reported PDMS-based scaffolds.® Furthermore, mechanical properties were evaluated
by compression and the resulting Young Modulus was observed to be exponentially related to the
amount of polymer present and in a significant part of samples studied, the modulus approached
to that of brain tissue. Finally, biocompatibility was evaluated by culturing C8-D1A astrocytes
inside the scaffolds with Young Modulus similar to the biological tissue, i.e., scaffolds with the
lower amount of PPy. Surprisingly, yet after 48h of incubation, the PPy/CNT showed a huge
stimulation effect in the cell growth, regeneration and shape, maintained after larger periods of
culture. Such effect is not only caused by the presence of CNT, but also the use of a conductive
polymer as a matrix of the scaffold. In conclusion, we hypothesize that the incorporation of CNT
not only affects the conductivity of the 3D structures, but also may change their properties making
them a completely different material.

Overall, we demonstrated that the hereby presented scaffolds fulfill all the requirements for the
successful growth, development and regeneration of conductive cells. Their tridimensional
structure, high conductivity, homogeneous internal structure and porosity, together with their
outstanding biocompatibility and cell-growth ability, place this smart material among the most
promising next-generation scaffolds for electroactive tissue prostheses. In a subsequent stage of
this study, we plan to perform functional assays to validate whether there is an effect of interest to

pursue this material for its final application. Thus, we will analyze further the activity and behavior
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of the cells, including protein secretion and gene expression, among others, and using other kind
of electroactive cells, as well as the growth potential on primary cells by in vivo implantation of
the scaffolds in injured spinal cord. We will also develop further strategies and scaffolds with

lower YM for application in brain and cardiac tissues.
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23 Figure 1. Schematic representation of the cell used to evaluate the tridimensional conductivity of the
24 scaffolds developed via EIS.
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Figure 2. Schematic representation of the template manufacturing, polymerization and final re-moval of
sugar and bi-products to obtain the self-standing PPy/CNT 3D scaffold.
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21 Figure 3. a) TGA plots of the polymerization performed at 80 °C for 2h (dashed) or 16h (solid) using
22 different amount of oxidant. b) Summary of the TGA results for the experiments per-formed at different
23 temperatures (see data in the SI). Error bars indicate standard deviation after at least 3 repetitions.
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Figure 4. SEM micrographs of the 3D scaffolds (synthesized at 80°C with ox-7% for 16h).
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Figure 6. a) Transversal micro-CT binarised image (2D), where pores are represented in black color and
matter (scaffold) in white. b) Whole scaffold’s 3D volume rendered image. c) 3D illus-tration of scaffold’s
pore distribution; pores are represented in red color and matter in white.
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Figure 7. a-g) TEM micrographs of the CNT polymerized with PPy, from 3D scaffolds synthe-sized (entries 13
and 14 in Table S1). Green arrows in b), ¢) and e) indicate the bulk PPy ‘stick-ers’. d) Red arrows show
nanotubes with diameters within the pristine range (20-30 nm); green arrows indicate tubes with larger

diameters than the pristine CNT. PPy clusters are marked with green dashed lines.
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25 Figure 9. Impedance measurement (left axis, solid line) and phase (right axis, dashed lines) vs frequency
26 plot for average PPy/CNT scaffolds (black) and PDMS/CNT scaffolds (grey).
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Figure 10. a) In vitro LDH assay of C8-D1A astrocytes cultivated for 48h on scaffolds in the presence or
absence of CNTs. Absorbance readings for each scaffold are plotted as an average of 5 independent
experiments (n=4£SD). Confocal images after b) calcein-AM stain of viable cells (green) and c) the F-actin
cytoskeleton (yellow) staining of PPy/CNT scaffolds after 2 days of culture. From left to right: stained cells
(green or yellow), scaffold (grey) and merge. Images are split views of Z-stacks maximum intensity
projections (57um-optical sections). The elongated morphology of the cells indicates a good biocompatibility

of the material. (Scale bar = 50um). Statistical analysis with ANOVA.
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40 Figure 11. Confocal images after calcein-AM stain of viable cells (green) of PDMS/CNT (left) and PPy/CNT
41 (right) scaffolds after 1 and 6 days of culture. (Scale bar = 50um).
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