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Abstract

Biomaterial-based implantable scaffolds capable of promoting physical and functional
reconnection of injured spinal cord and nerves represent the latest frontier in neural tissue
engineering. Here, we report the fabrication and characterization of self-standing,
biocompatible and bioresorbable substrates endowed with both controlled nanotopography and
electroactivity, intended for the design of transient implantable scaffolds for neural tissue
engineering. In particular, we obtain conductive and nano-modulated poly(D,L-lactic acid)
(PLA) and poly(lactic-co-glycolic acid) free-standing films by simply iterating a replica
moulding process and coating the polymer with a thin layer of poly(3,4-ethylendioxythiophene)
polystyrene sulfonate. The capability of the substrates to retain both surface patterning and
electrical properties when exposed to a liquid environment has been evaluated by atomic force
microscopy, electrochemical impedance spectroscopy and thermal characterizations. In
particular, we show that PLA-based films maintain their surface nano-modulation for up to three
weeks of exposure to a liquid environment, a time sufficient for promoting axonal anisotropic
sprouting and growth during neuronal cell differentiation. In conclusion, the developed
substrates represent a novel and easily-tunable platform to design bioresorbable implantable
devices featuring both topographic and electrical cues.
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1. Introduction

With an estimated annual global incidence from 40 to 80 cases
per million population, spinal cord injuries (SCI) impact the
quality of life of a massive number of people, causing partial
or total loss of motor and sensory function, also shortening
patients’ life expectancy [1, 2]. Lesions of the spinal cord (SC)
most commonly depend on traumatic episodes likewise car
accident and falls. Unfortunately, the clinical scenario lacks
effective solutions to treat SCI: currently available options
are limited to pharmacological and non-pharmacological treat-
ment that do not offer a complete recover, but rather slow
down the progress of the symptoms [3]. Thanks to recent
breakthrough advances in neurosciences, brain—spine inter-
faces generated great hope about the functional restoration
of the injured SC [4]; in particular the group lead by G.
Courtine reported the successful rehabilitation of a tetraple-
gic patient that was able to walk naturally thanks to a digital
brain—spine bridge [5]. The social impact and clinical relev-
ance of this therapeutic approach are undeniably tremendous;
however, the recovery of motor function is contingent on the
proper functioning of the digital apparatus, still making the
patient dependent on a prothesis. Re-establishing the phys-
ical connection of the interrupted SC represents the definitive
way to tackle SCI as it would allow to restore the physiolo-
gical transmission of neural signals and, consequently, of the
motor and/or sensory function [3, 6, 7]. To this end, auto-
logous transplant of stem cells has emerged as a very prom-
ising strategy to support axonal reconnection [6—8], especially
by reducing the formation of a non-permissive environment
that hinders cell development. Nonetheless, simple cell stem
transplant lacks two essential elements: a spatially delimited
environment capable to prevent spontaneous migration of the
cells and one or multiple stimuli to induce cell differenti-
ation toward the desired phenotype [6, 7, 9]. In this scenario,
implantable 3D scaffolds have been extensively studied as they
offer a platform that simultaneously constrains transplanted
cells to the site of the lesion and allows to deliver different
signals to guide cells commitment (release of small molecules
and growth factors, topographical guidance, electrical stim-
ulation, etc) [9-13]. Implantable scaffolds for neural tissue
engineering aim to support nerve and SC regeneration by guid-
ing axonal reconnection. Owing to the longitudinal organiz-
ation of the nervous system, scaffolds that physically bridge
the lesion (conduits) supply neurons with pre-determined
growth path, establishing a preferred direction for neurites
elongation [14—-17]. Moreover, hierarchical organization of
such scaffolds (e.g. hydrogel embedding, internal frameworks,

multichannel structure, etc) further support nerves regenera-
tion by integrating multiple levels of guidance and stimulation
[12-14, 18, 19]. In particular, the presence of surface micro-
and nanostructures likewise pillars, cones, wires and grooves,
demonstrated to greatly enhance neurites outgrow and syn-
apsis formation [18, 20-23] by providing a spatially organ-
ized environment that mimics the architecture of the extracel-
lular matrix and the organization of the glia [24]. Among all
the different topographies, aligned nanogrooves were demon-
strated to act as preferential tracks that neurites follow dur-
ing the elongation process, further guiding the reconnection
process [13]. Also, nanogrooves whose width is comparable to
axons’ diameter (typically 1 gm for mammal neurons) showed
the best guiding capability compared to substrates with wider
or narrower nanogrooves [13, 25-27]. Beside the typical lon-
gitudinal organization of the ECM, the nervous system is char-
acterized by intrinsic electrical conductivity thus electrical
stimulation represent an elegant strategy to further promote
axonal reconnection [13, 19, 23, 28]. In vitro application of
mild electric field demonstrated to foster neurites sprouting
and boost their elongation [13, 29, 30]. Due to their electro-
active properties and organic nature, (semi)conductive poly-
mers (CPs) gained a prominent role in this research field
[18, 19, 23, 25, 31], with particular outstanding perform-
ances of poly(3,4-ethylendioxythiophene) polystyrene sulf-
onate (PEDOT:PSS). PEDOT:PSS owes its success to high
biocompatibility, water processability, flexibility, high elec-
trical capacitance and low impedance [32-34], that allows to
stimulate cells by applying low voltage trains [13, 29]. We
recently reported the successful integration of regular topo-
graphical guidance and electrical stimulation demonstrating
their synergic cooperation in enhancing oriented axonal devel-
opment in vitro [13]. Keeping in mind that the ultimate goal
would be to develop a device capable to sustain SC regener-
ation in vivo, we attempted to translate both the topograph-
ical guidance and the electrical conductivity to an implant-
able and bioresorbable substrate. Bioresorbable materials are
highly desired in clinical practice as they eliminate the need of
surgical removal [7, 9, 17, 35]. However, even though biore-
sorbable scaffolds capable to actively promote SC regenera-
tion would represent the novel frontier of neural tissue engin-
eering and the undeniable benefits represented by topographic
and electric cues in promoting axonal reconnection, very little
has been done to combine topographical guidance, electrical
stimulation and bioresorbability in a single device, although
literature offers several examples of scaffolds combining two
out of these three characteristics [36]. Nonetheless, most of
them are obtained starting from conductive blends extruded
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into partially aligned nanofibers by means of electrospinning
[37], hence offering only a limited control over the topograph-
ical organization [38, 39]. Some groups explored the possib-
ility to overcome this limitation and to obtain regular surface
patterns by means of (soft)lithography and to combine geo-
metrical cues either with bioresorbability or electroactivity
[40-42]. Since we demonstrated [ 13] that high regularity of the
anisotropic surface pattern is crucial to promote axonal align-
ment and elongation and that the process is accelerated when
paired with electrical stimulation, here we explored the possib-
ility to implement nanogrooved topography and electrical con-
ductivity on biodegradable and bioresorbable films, being the
first step towards the translation of this strategy to regenerative
medicine applications. We opted for two polyesters, namely
poly(D,L-lactic acid) (PLA) and poly(lactic-co-glycolic acid)
(PLGA), as substrate material and we designed an ad hoc
fabrication route to integrate surface nanomodulation and elec-
trical properties on free-standing PLA and PLGA films. PLA
and PLGA are approved by the FDA for human use and have
been used in medical practice for almost 30 years, with applic-
ation in several different fields (ophthalmological surgery
[43], bone prothesis [44], vascular tissue engineering [45],
etc). To date, PLA-based scaffolds for neural tissue engin-
eering are limited to in vitro testing, with few examples of
successful animal trials [46], whereas PLGA implants have
reached clinical human trials [47]. Here, we report fabric-
ation, morphological and electrical characterization of the
nanomodulated and conductive polyester films (nanoPEDOT/-
PLA and nanoPEDOT/PLGA), also demonstrating the capab-
ility of such substrates to maintain their features over a period
of time compatible with neurites development and maturation.

2. Methods and materials

Fabrication of nanomodulated polymer based
PEDOT:PSS substrates. Free-standing (PLA, Resomer® R
207 S, Evonik, CA, USA. Inherent viscosity = 1.3—-1.7 dL g’l,
MW = 118000 g mol~!, PDI = 1.8) and (PLGA, Sigma
Aldrich, MO, USA. Lactide:glycolide molar ratio = 75:25,
MW = 66 000-107 000 g mol~") thin films were obtained by
replica molding of a polydimethylsiloxane (PDMS) stamp.
A commercial polycarbonate (PC) compact disc (CD; pitch
1.5 pm, groove width ~650 nm; ridge width ~850 nm; ridge
height ~180 nm) was employed as a sacrificial substrate to
obtain nanomodulated and unmodulated (flat) PDMS mold
using the front and the rear part of the CD, respectively.
To obtain the nanomodulated mold, the CD protective layer
was peeled off to expose the patterned surface and the anti-
static layer was removed by abundant rinsing in ethanol fol-
lowed by 15 min of sonication (1:1 v/v ethanol:MilliQ water);
then the PC sacrificial substrate was dried under nitrogen
flow. The PDMS mold was fabricated using the Sylgard 184
Elastomer Kit (Dow Europe GmbH, Horgen, Switzerland)
by mixing the silicon elastomer base and the elastomer base
curing agent in a 10:1 v/v ratio. The mixture was allowed

to spontaneously degas for 1 h, poured onto the PC sacrifi-
cial substrate (nanomodulated face up) and cured overnight at
60 °C, then the sacrificial PC substrate was removed from the
stamp. Solutions of PLGA and PLA were prepared by dissolv-
ing either PLGA or PLA in tetrahydrofuran (THF, anhydrous,
purity > 99%, Sigma Aldrich, MO, USA) to obtain a final
concentration of 10% w/v. 1 ml of polyester (either PLA or
PLGA) solution was drop-casted on the PDMS mold and the
solvent was allowed to evaporate overnight at room temper-
ature. Before peeling the stamp off, the polyester film was
cured for 2 h at 60 °C to remove any eventual residue of the
solvent. Nanomodulated substrates (nanoPLA; nanoPLGA)
were coated with a thin film of PEDOT:PSS by electrodepos-
ition. Prior to electrodeposition, substrates surface was metal-
lized by depositing a sheer gold layer of ~30 nm (nanoAu/-
PLA; nanoAu/PLGA). Metallization was obtained by mean
of DC magnetron plasma sputtering (Quorum Tech, London,
UK) using a 99.99% pure gold target and working in Argon
rarefied atmosphere (pressure ~10~3 mbar; average current
~18 mA, 120 s). PEDOT:PSS was electrodeposited on the
metalized surface of the polyester films via chronocoulo-
metry. Electrodeposition was carried out in a three-electrode
electrochemical cell filled with a solution of 0.01 M ethylene-
dioxytiophene (EDOT; Sigma Aldrich, MO, USA) and 0.8%
w/w sodium polystyrene sulfonate (NaPSS, Sigma Aldrich,
MO, USA) using a standard AglAgCl (3 M KCl) as reference
electrode (RE), a large area platinum mesh (15 x 15 mm?) as
counter electrode (CE) and nanoAu/PLA or nanoAu/PLGA
film as working electrode (WE). The potentiostat (Gamry
Reference 600, Gamry Instruments, PA, USA) was set to sup-
ply a constant potential of 1 V to the WE and the amount
of the deposited charge was limited to 50 mC cm™2, result-
ing in a reproducible thickness of the PEDOT:PSS coating.
Unmodulated films (flatPLA; flatPLGA) were fabricated with
the same procedure using a PDMS mold obtained by expos-
ing the unmodulated side of the PC sacrificial substrate to the
PDMS.

Electrochemical characterization. Electrochemical proper-
ties of metallized and PEDOT:PSS-coated substrates, either
nanomodulated or flat, were evaluated by electrochemical
impedance spectroscopy (EIS). EIS was measured in the fre-
quency range 1-10° Hz using a Gamry Reference Potentiostat
600 (Gamry Instrument, PA, USA). EIS measurements were
carried out in physiological saline solution (NaCl 0.15 M)
in a three-electrodes electrochemical cell, using a standard
AglAgCl (3 M KCl) as RE and a large area platinum mesh
(15 x 15 mm?) as CE. Metalized and PEDOT:PSS-coated
polyester films were set as WE.

Electrical characterization. In-plane sheet resistance (Rs) of
both flat and nanomodulated PEDOT:PSS-coated substrates
was extracted from four-point probe measurements. A square
areaof 1 x 1 cm? was delimited on the sample surface and four
blunt stainless-steel probes were placed in contact with the
vertices. Using a two-channel source measure unit (Keysight,
CA, USA) a constant value of current (0.1 mA) was forced
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for 10 s; then the current was raised to 0.5 mA with steps of
0.1 mA each. Four-point probe experiments were conducted in
dry (in air, room temperature) and hydrated conditions, the lat-
ter obtained by soaking the sample in a phosphate buffer saline
(PBS) solution overnight at room temperature. Resistance (R)
was extracted from Ohm’s law and used to calculate the Ry
according to the following equation [48]:

Rxm
In2 °

Atomic force microscopy (AFM) analysis. Surface topo-
graphy of the bare, gold sputtered and PEDOT:PSS-coated
nanomodulated PLA and PLGA films was investigated by
AFM using a Park XE7 AFM system (Park System, Suwon,
Republic of Korea). Images were acquired in tapping mode
operating in air and at room temperature. Silicon cantilever
with Al reflective backside coating, typical curvature radius
~7 nm, elastic constant ~26 N m~! and resonance frequency
~300 kHz were used (OMCL-AC160TS, Olympus Micro
Cantilever, Tokyo, Japan). Typical dimensions of the pattern’s
features and root-mean-square surface roughness (RMS) were
analysed by the Park System XEI software (Park System,
Suwon, Republic of Korea).

s =

Water contact angle measurements. Water contact angle was
evaluated by using a home-build contact angle measurement
unit. For each group of substrates (bare and PEDOT:PSS-
coated PLA and PLGA films, both flat and nanomodulated)
images were collected and analysed with ImageJ freeware
(Rasband, W.S., ImageJ, U.S. National Institute of Healt,
Bethesda, Maryland, USA; https://imagej.nih.gov/ij/, 1997—
2018) [49]. Water contact angle values were averaged over at
least four samples for each group.

Maintenance of surface topography. The capability of
PEDOT:PSS-coated nanomodulated films (nanoPEDOT/-
PLA; nanoPEDOT/PLGA) to preserve their morphological
characteristics upon prolonged exposure to a liquid environ-
ment was tested by soaking the samples in PBS (1X, pH
7.4; Sigma Aldrich, MO, USA) at 37 °C up to 3 weeks.
Maintenance of the original surface topography was investig-
ated with AFM as described above after 1, 2 and 3 weeks of
immersion in PBS.

Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). TGA were carried out using a TGA
Q500 TGA (TA Instruments, DE, USA). The thermograms
were recorded from room temperature to 700 °C, at a heating
rate of 10 °C min~!, under nitrogen flow. DSC measurements
were carried out under nitrogen flow by mean of a differen-
tial scanning calorimeter (DSC Q100; TA Instruments, DE,
USA) equipped with a Refrigerated Cooling System (RCS 90).
Samples were subjected to two heating scans at 20 °C min~!
in the temperature range —90 °C-250 °C and one fast cooling,
applied between the heating scans.

Data analysis and statistics. Data were analysed with
OriginPro 2020 software (OriginLab Corporation, MA, USA)

and reported as mean =+ standard deviation. Significance
threshold was set at p < 0.05.

3. Results and discussion

NanoPEDOT/PLA and nanoPEDOT/PLGA substrates.
Free-standing, nanomodulated and conductive PLA and
PLGA films were fabricated according to the procedure out-
lined in figure 1(a). The whole process was designed to transfer
the submicron nanogrooved pattern of a sacrificial PC tem-
plate onto PLA and PLGA surface with the highest fidelity.
PC surface is impressed with an alternation of grooves and
ridges with a pitch of ~1.5 ym and a duty ratio (defined
as the ratio between the groove width and the total pitch)
of 43% (figure 1(b)); in a recently published work [13] we
demonstrated that this pattern is capable to greatly influence
neurites alignments as the width of the nanogrooves well suits
the typical diameter of mammal neurites (~1 pm) [27, 50].
As such, high-fidelity replica of the original pattern on
nanoPLA and nanoPLGA films is essential to provide optimal
topographical guidance to the elongating neurites. For this
reason, we first obtained the negative image of the PC pat-
tern on a PDMS mold that was then employed to transfer the
original PC pattern on PLA and PLGA free-standing films.
NanoPLA and nanoPLGA were made conductive by coating
their surface with a thin film of PEDOT:PSS. To avoid the
concealing of the underlying topography, we electrodeposited
PEDOT:PSS via chronocoulometry, a technique that allows
for a fine control of the amount of the deposited charge, that
was limited to 50 mC cm™2, thus providing precise control
of PEDOT:PSS thickness (~50 nm). An intermediate sheer
layer of gold was sputtered on nanoPLA and nanoPLGA sur-
face to prepare the substrates for the electrodeposition pro-
cess (nanoAu/PLA; nanoAu/PLGA). Upon deposition of the
gold thin layer, an increase in grooves width (and a con-
sequent reduction in ridges width) for both nanoAu/polyes-
ter substrates was observed (figures 2(a) and (b)). Indeed,
original groove width in nano/PLA and in nano/PLGA was
0.54 pm and 0.55 pm, respectively, and it was increased up to
0.63 (nanoAu/PLA) and 0.64 ym (nanoAu/PLGA) (table S1).
This behaviour can be explained considering the mild vacuum
condition of the metallization process that causes the elim-
ination of micro-sized air bubbles trapped in the films, res-
ulting in a slight change of features dimensions. The depos-
ition of the PEDOT:PSS film caused a narrowing of the
grooves, whose width was reduced to 0.56 pym in nanoPE-
DOT/PLA and to 0.55 pm in nanoPEDOT/PLGA. As expec-
ted, an opposite behaviour was observed for the ridges whose
width increased from 0.72 um (nanoAu/PLA) to 0.84 um
for nanoPEDOT/PLA and from 0.74 pum (nanoAu/PLGA)
to 0.87 pm for nanoPEDOT/PLGA. The opposite behaviour
of grooves and ridges (i.e. narrowing vs. thickening) indic-
ates that PEDOT:PSS electrodeposition occurs on the entire
surface of the substrate, including on grooves’ lateral walls,
suggesting an uniform coating of the pattern. Groove height
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Figure 1. Fabrication of nanoPEDOT/PLA and nanoPEDOT/PLGA. (a) Characteristic dimensions of pattern features (in scale). (b)
Schematic of the fabrication process. The polycarbonate sacrificial substrate (i) is replicated through replica molding to obtain the PDMS
stamp (ii) that is further replicated to obtain either nanoPLA or nanoPLGA (iii). NanoAu/PLA and nanoAu/PLGA (iv) are obtained by
mean of gold sputtering; then PEDOT:PSS is electrodeposited on substrates metalized surface, yielding either nanoPEDOT/PLA or
nanoPEDOT/PLGA (v).
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Figure 2. AFM analysis of nanoPEDOT/PLA and nanoPEDOT/PLGA surface topography. (a) 2D topography images of bare (i), (ii); Au
coated (iii),(iv) and PEDOT:PSS coated (v), (vi) nanomodulated PLA (i), (iii), (v) and PLGA (ii), (iv), (vi) films. (b) Height profile of
nanoPLA, nanoAu/PLA and nanoPEDOT/PLA. (c) 3D rendering of nanoPLA (i) and nanoPEDOT/PLA (ii) showing local surface RMS.
Height profiles and 3D renderings of PLGA-based samples are reported in figure S1.
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was the most variable parameter. Changes in its values upon
metallization indicate that gold accumulates at the bottom
of the grooves rather than at the top of the ridges and that
also the PEDOT:PSS film grows faster between the grooves
than on top of the ridges. Finally, it is worth noticing that
groove and ridge width for both nanoPEDOT/PLA and nan-
oPEDOT/PLGA show no significant differences with the ori-
ginal PC sacrificial substrate (p-value > 0.05), meaning that
the optimization of the fabrication procedure effectively pre-
serves the surface pattern and avoids the distortion of the topo-
graphy (figures 2(b) and S1).

Surface roughness is recognized to greatly influences the
capability of a substrate to promote cell adhesion [51-53]; in
particular, adhesion of neural cells has been reported to be
adversely affected by extremely smooth (RMS < 10 nm) or
rough (RMS > 70 nm) surfaces, while RMS values in the
range 20-50 nm demonstrated to favour the adhesion process
[54]. A considerable change in local surface RMS rough-
ness (1 x 1 um?) between bare nanoPLA and nanoPLGA
and their PEDOT:PSS-coated counterparts could be observed
(figures 2(c) and (S1)). RMS of bare nanoPLA and bare
nanoPLGA increased from ~6 nm and ~4 nm, respectively,
to ~21.5 nm (nanoPEDOT/PLA) and ~19 nm (nanoPE-
DOT/PLGA), owing this increase the to the typical granu-
lar conformation of the electrodeposited polymer [55, 56] (p-
value < 0.05 comparing RMS of bare nanomodulated poly-
mers with their PEDOT:PSS coated counterparts). Notably,
RMS values of nanoPEDOT/polyester substrates are in good
agreement with optimal roughness range for cell adhesion
[54]. Another important parameter capable to favour or not cell
adhesion is surface wettability [22, 57, 58]. As expected, nan-
oPEDOT/PLA and nanoPEDOT/PLGA resulted significantly
(p-value < 0.05) more hydrophilic than their bare nanomod-
ulated counterparts. Water contact angle (figure S2) decreases
from ~88° for both nanoPLA and nanoPLGA to ~31° for
nanoPEDOT/PLA and ~34° for nanoPEDOT/PLGA. The
more electrostatic nature of PEDOT:PSS compared to PLA
and PLGA promotes the adhesion and spreading of water
molecules on the surface, thus increasing the wettability
of the substrates. While bare nanomodulated films, either
nanoPLGA and nanoPLA, are significantly more hydrophobic
(p-value < 0.05) than their flat counterparts, the difference
between the wettability of nanoPEDOT/polyester and flatPE-
DOT/polyester is negligible (p-value > 0.05). This behaviour
can be ascribed to the effect of the pattern: nanotoporaphy
influences the wettability of the bare polymers, but its effect
is overshadowed by the presence of the PEDOT:PSS layer;
suggesting that in this case the chemical nature of the surface
contributes more to the wettability than the topography.

Electrochemical and electrical characterization of the
substrates. One of the most appealing characteristics of
PEDOT:PSS is its low impedance. In general, whenever a
metallic electrode is coated with PEDOT:PSS, the impedance
of the electrode decreases [59], making PEDOT:PSS coat-
ings suitable for a wide plethora of biological applications.
Substrates exhibiting low impedance (Z) and stable sheet res-
istance (Rg) in dry and wet conditions allow to stimulate neural

cells with low-voltage potential trains [13]; hence, in the view
of integrating topographical guidance and electrical stimula-
tion on biocompatible and bioresorbable substrates, these two
features are highly desirable. Impedance of metallized and
PEDOT:PSS-coated substrates, both nanomodulated or flat,
was evaluated by mean of EIS over a broad frequency range
(1-10° Hz).

As shown in the Bode plot reported in figure 3(a), in the
low frequency domain (1-100 Hz) nanoPEDOT/PLA and nan-
oPEDOT/PLGA show IZ| values up to one order of magnitude
lower than their metalized counterpart: at 1 Hz, the addition
of the PEDOT:PSS layer causes the impedance to drop from
~400 Q (gold metallized) to ~20 2 (PEDOT:PSS-coated).
This behaviour indicates an optimal coupling between the
metallic layer and the CP, allowing for a good charge transport
between the underlying Au layer and the PEDOT:PSS film.
In the high frequency region, instead, a similar IZ| values for
nanoAu/polyester and nanoPEDOT/polyester can be noticed,
suggesting that the resistive behaviour of PEDOT:PSS is over-
shadowed by the resistance of the gold film. Finally, nanoPE-
DOT/PLA and nanoPEDOT/PLGA show a similar change in
the cut-off frequency that shifts from ~10? Hz (nanoAu/poly-
ester) to less than 10 Hz. These results indicate that, as expec-
ted, the overall electrochemical behaviour of the nanomod-
ulated films is not influenced by the chemical nature of the
polyester (either PLA or PLGA), but solely depends on the
PEDOT:PSS coating. Similar considerations can be done for
flat substrates (figure S3): compared to their metalized coun-
terparts, in the low frequency domain flatPEDOT/polyester
films exhibit lower |Z| values, with one-order-of-magnitude
drop at 1 Hz; while in the high frequency region, 1Z| val-
ues of metallized and PEDOT:PSS-coated substrates are sim-
ilar. As for the nanomodulated substrates, the cut-off fre-
quency is shifted from ~10? Hz (flatAu/polyester) to values
lower than 10 Hz (flatPEDOT/polymers). It is worth noti-
cing that |Zl at 1 Hz is slightly higher for latPEDOT/polyes-
ter substrates (~35 €2) than for nanoPEDOT/polyester films
(~20 Q) as shown in figure 3(b). This difference can be
ascribed to the higher surface area of the nanomodulated sub-
strates, being the latter contributed also by the area of grooves’
lateral walls. Electrical properties of the PEDOT-coated sub-
strates, both flat and nanomodulated, were assessed by mean
of four-point probe measurements. In-plane sheet resistance
of the substrates was measured both in dry (in air at room
temperature) and in wet condition (overnight immersion in
PBS at room temperature) to evaluate how ions intake influ-
ences the electrical properties of the substrates. Envisioning
future clinical applications of the substrates, it is essential that
the PEDOT:PSS-coated films retain low in-plane Rg when
exposed to an environment that mimics the pH and the ionic
strength of physiological conditions as electrical stability of
these substrates is fundamental to guarantee reliable stimu-
lation protocols in vivo. Rg values of NanoPEDOT/PLA and
nanoPEDOT/PLGA and their flat counterparts (figure 3(c)) are
in good agreement with those reported in literature [60, 61]. As
aconsequence of ions intake, wet Rg values were higher than in
dry condition; however, no significant differences were found
between Ry values of flatPEDOT/PLA and nanoPEDOT/PLA
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Figure 3. Electrochemical and electrical characterization of
nanoPEDOT/PLA and nanoPEDOT/PLGA. (a) EIS spectra of the
metalized and PEDOT-coated nanomodulated samples. (b) EIS
spectra of the PEDOT-coated flat and nanomodulated films. (c)
Sheet resistance of flat and nanomodulated PEDOT-coated samples
under dry and wet conditions.

and between flatPEDOT/PLGA and nanoPEDOT/PLGA (p-
value > 0.05) either in dry or wet conditions, suggesting that
the presence of the nanotopography do not affect in-plane Ry
of the PEDOT:PSS-coated films. Finally, no statistical differ-
ence (p-value > 0.05) could be appreciated between PLGA
and PLA substrates, confirming that the different chemical
nature of the polyester plays no role in defining electrical prop-
erties of the substrates.

Polymer degradation and maintenance of surface topo-
graphy. One of the most important features of bioresorbable
implants is their ability to degrade at a rate comparable to
that of tissue regeneration. When implanted in vivo, PLA and
PLGA show complete degradation and total loss of mass over
24-30 months [62]. The in vivo degradation process of poly-
hydroxyacids involves the hydrolytic cleavage of esters bonds
with a consequent reduction of chain length and, at longer
times, with the progressive dissolution of water-soluble short
molecules. The consequent reduction of polymer molecular
weight may lead to significant change in the material charac-
teristics, well before its complete degradation, such as change
in thermal and mechanical properties and in water uptake. As
the topography of nanoPEDOT/polyester is intended to dir-
ect the elongation of neurites, the ability of the substrates to
retain the surface nanomodulation over a period sufficient for
cells to develop their protrusion is indispensable. As such,
we evaluated the capability of nanoPEDOT/PLA and nanoPE-
DOT/PLGA to provide a reliable guidance when exposed to
an environment that favours PLA and PLGA degradation by
assessing changes in the width and depth of the grooves after
soaking the samples in PBS (pH 7.4) at 37 °C up to 3 weeks.
We opted to limit the timeframe of the degradation experi-
ments to three weeks since we previously demonstrated that on
the same pattern with the same surface texture neurites align-
ment can be appreciated already after six days [13].

As shown in figure 4(a-i), groove width of nanoPEDOT/-
PLA remained almost unchanged over the 3 weeks; for nan-
oPEDOT/PLGA, on the contrary, the narrowing of the grooves
was evident already after 1 week, with an overall reduction of
~215 nm (p-value < 0.05) after 3 weeks of immersion in PBS.
A corresponding behaviour could be observed for the ridges
(figure 4(a-ii)): similar width values with no significant dif-
ferences over the 3 weeks were found for nanoPEDOT/PLA
samples, while for nanoPEDOT/PLGA the widening of the
ridges was found to be significant (p-value < 0.05) already
after 1 week. With respect to the height of the pattern fea-
tures, PLA and PLGA showed opposite trends (figure 4(a-
iii)); indeed, groove height of nanoPEDOT/PLGA consistently
decreased from ~55 nm in the pristine samples (i.e. not soaked
in PBS) to ~30 nm after 3 weeks of soaking in PBS, while
groove height of nanoPEDOT/PLA increased from ~55 nm
in the pristine samples to ~75 nm (p-value < 0.05 in both
cases). Overall, nanoPEDOT/PLA shows a superior capability
to maintain surface nanomodulation than nanoPEDOT/PLGA.

Differences in the behaviour of the two polyesters can be
explained advocating the more hydrophilic nature of PLGA
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Figure 4. Maintenance of surface nanomodulation. (a) Variation of groove width (i), ridge width (ii) and groove height (iii) of
nanoPEDOT/PLA (red) and nanoPEDOT/PLGA (blue) upon soaking in PBS at 37 °C up to 3 weeks; dashed lines are a guide-for-the-eye
(*p-value < 0.05). DSC second heating scan after fast cooling of (b) nanoPEDOT/PLA and (c) nanoPEDOT/PLGA. (d) Schematic
representation of the proposed mechanism for topography deformation. Red arrows in the bottom right model are a guide-for-the-eye to
show the direction of topography deformation (from the left: nanogrooves narrowing, height increase and nanoridges widening).

compared to PLA. As extensively reported in the literat-
ure, higher content of hydrophilic glycolic acid units in
the copolymers facilitated the absorption and diffusion of
water [63—65]. This determines a different hydrolytic degrad-
ation kinetics, with PLGA copolymers degrading faster than
PLA [63-65]. When immersed in an aqueous environment
for 3 weeks, both nanoPEDOT/PLA and nanoPEDOT/PLGA
does not show a significant change of weight (figure S4).
This result is in line with previous studies that demonstrated

that, for these kinds of polymers, the weight remains con-
stant in the first weeks of the degradation and that weight
loss is recorded at longer times, namely when the molecu-
lar weight had decreased below a critical value and soluble
oligomers formed. Change of polymer molecular weight dur-
ing degradation is typically monitored by Gel Permeation
Chromatography which, however, is unfeasible in our spe-
cific case, since the polymers are coated with PEDOT:PSS and
gold.
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To shed light on the structural stability of the substrates
over prolonged exposure to an aqueous environment, we char-
acterized the behaviour of nanoPEDOT/PLLA and nanoPE-
DOT/PLGA using TGA and DSC. In the TGA analysis (figure
S5), both pristine samples show a weight loss at the temper-
ature of 100 °C of ca. 6 wt.%, ascribable to residual solvent
after film casting. This weight loss is no longer detectable
in the samples exposed to water, which is expected since
water exposure is known to effectively removes residual THF
due to the solvent’s polarity and high miscibility in water.
All samples exhibited a weight loss attributed to the thermal
degradation of the PLA and PLGA components. As the dura-
tion of exposure to the buffer increased, the thermal degrad-
ation of both samples shifted to lower temperatures (7'max
in table S2), indicating a notable decrease in thermal stabil-
ity. This observation can be rationalized by the reduction in
polymer molecular weight resulting from hydrolytic degrad-
ation. It aligns well with previous findings demonstrating
the dependence of polyester thermal stability on molecular
weight, wherein a decrease in molecular weight corresponds
to shorter polymer chains [66]. These results confirm that both
polymers underwent hydrolysis during the 3 week degrada-
tion period, despite no gravimetric weight loss being recorded.
DSC analysis (figures 4(b), (c) and table S2) indicates that the
glass transition temperature (7'y) of PLA remained unaffected
by immersion in PBS, being stable at 54 °C. Differently, after
3 weeks, the Ty of PLGA decreased by 11 °C compared to
the pristine material, going from an initial value of 50 °C and
reaching the value of 39 °C. This reduction in PLGA T fur-
ther supports the decrease in polymer molecular weight, which
is more pronounced compared to PLA, in line with the distinct
hydrophilicity of the two polymers.

Hence, the poorer capability of PLGA to maintain the
surface nanomodulation compared to PLA can be the con-
sequence of a more extended hydrolysis in the former, where
water molecules better penetrate the PLGA film from the
uncoated side and intercalate between the chains, causing the
ridges to swell and the grooves to narrow, ultimately result-
ing in a more evident deformation of nanoPEDOT/PLGA sur-
face topography. The effect of water penetration and polymer
swelling on the geometry of a PLGA patterned surface has
been previously reported and modelled by some of us [67]. A
schematic representation of the proposed mechanism is shown
in figure 4(d). Overall, nanoPEDOT/PLA showed a better cap-
ability to maintain the surface nanomodulation than nanoPE-
DOT/PLGA, showing negligible changes in the original fea-
ture dimensions. Nonetheless, after 3 weeks of immersion in
PBS at 37 °C, in both substrates it was still possible to recog-
nize the nanopattern.

Another important aspect to consider is the surface micro-
structure (the roughness) as the effect of the topographical
guidance would be of no utility if cells cannot reside on
the substrate because of an environment that discourages cell
adhesion. The feasibility of the substrates to provide cells with
a long-term favourable environment was quantitatively invest-
igated by evaluating changes in RMS values upon immersion

in PBS. Over the 3 weeks, only little fluctuations of the RMS
values were observed (25 =+ 27 nm) both for nanoPEDOT/-
PLA and for nanoPEDOT/PLGA. Remarkably, RMS refers to
the PEDOT:PSS coating suggesting that the prolonged expos-
ure to an aqueous environment does not affect the CP, fur-
ther supporting the hypothesis that water swelling occurs from
the uncoated side of the substrate. NanoPEDOT/PLA and
nanoPEDOT/PLGA are designed to simultaneously provide
neural cells with topographical guidance and electrical stim-
ulation, thus another essential characteristic of nanoPEDOT/-
polyester films is to show stable electrochemical properties
when exposed to an aqueous environment. After 3 weeks, EIS
spectra of nanoPEDOT/PLA and nanoPEDOT/PLGA were
in good agreement with those of the corresponding pristine
substrate (figure S6). Notably, in both cases the cut-off fre-
quency remained constant, suggesting that the charge trans-
port between the PEDOT:PSS coating and the underlying Au
layer is not affected by the immersion in PBS; also confirm-
ing that water molecules penetrate the substrates from the
bare polyester side. Moreover, substrate conductivity is not
affected by the little changes in the surface topography as,
if it would, a bold increase in the entire frequency spectrum
and an evident shift in the cut-off frequency would have been
observed. Overall, electrochemical and morphological stabil-
ity shown by nanoPEDOT/PLA and nanoPEDOT/PLGA upon
3 weeks of exposure to a liquid environment that mimics ionic
strength, pH and temperature of the physiological one, points
to the ability of such substrates to guarantee a reliable plat-
form to sustain neuritogenesis and, eventually, promote axonal
reconnection.

4. Conclusions

In this study, we successfully demonstrated the integration
of electrical properties and surface nanomodulation on bio-
degradable and biocompatible free-standing substrates, being
this a first step toward the design of implantable scaffolds
for neural tissue engineering. Remarkably, we previously
demonstrated that the synergic combination of topographical
and electrical cues actively promotes neurites sprouting and
elongation, also favouring alignment and axonal reconnection.
The capability of nanoPEDOT/PLA and nanoPEDOT/PLGA
to maintain surface nanomodulation and electrical proper-
ties upon prolonged exposure to a liquid environment makes
them promising candidates for the in vivo application of such
strategy. To do so, in vitro experiments aimed to probe biocom-
patibility and effectiveness of our nanomodulated, conduct-
ive and bioresorbable substrates in promoting neurites elonga-
tion and reconnection will be needed, together with long-time
in vivo degradation test to explore the durability of the device
and the effect of its degradation on the regeneration process.
In conclusion, the results shown in this work pave the way for
the design of advanced multifunctional implantable scaffolds
for neural tissue engineering, opening to exciting perspectives
in the field of regenerative medicine for SCI repair.
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