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Introduction: The use of biocompatible scaffolds combined with the implantation
of neural stem cells, is increasingly being investigated to promote the regeneration
of damaged neural tissue, for instance, after a Spinal Cord Injury (SCI). In particular,
aligned Polylactic Acid (PLA) microfibrils’ scaffolds are capable of supporting cells,
promoting their survival and guiding their differentiation in neural lineage to repair
the lesion. Despite its biocompatible nature, PLA is an electrically insulatingmaterial
and thus it could be detrimental for increasingly common scaffolds’ electric
functionalization, aimed at accelerating the cellular processes. In this context,
the European RISEUP project aims to combine high intense microseconds pulses
and DC stimulation with neurogenesis, supported by a PLA microfibrils’ scaffold.

Methods: In this paper a numerical study on the effect of microfibrils’ scaffolds on
the E-field distribution, in planar interdigitated electrodes, is presented. Realistic
microfibrils’ 3D CAD models have been built to carry out a numerical dosimetry
study, through Comsol Multiphysics software.

Results: Under a voltage of 10 V, microfibrils redistribute the E-field values
focalizing the field streamlines in the spaces between the fibers, allowing the
field to pass and reach maximum values up to 100 kV/m and values comparable
with the bare electrodes’ device (without fibers).

Discussion:Globally themedian E-field inside the scaffolded electrodes is the 90%
of the nominal field, allowing an adequate cells’ exposure.
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1 Introduction

In the last decades, a huge interest in tissue engineering (TE) has grown, which aims at
finding innovative strategies to regenerate damaged biological tissues after diseases and
injuries. The innovation of TE lies in the synergy of multidisciplinary approaches, based on
highly advanced engineering and life sciences (Langer and Vacanti, 2016), such as stem cell
biology, functional biocompatible scaffolds, nanotechnology, and three-dimensional (3D)
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bioprinting (Ramos and Moroni, 2020). In particular, bioprinting
involves the assembly of biomaterials, bioactive molecules, and cells
that are then manufactured to obtain engineered structures to
substitute the damaged tissue and restore its functions (Ramos
and Moroni, 2020). Such technology could represent an
innovative strategy within regenerative medicine, alternative to
transplants, mechanical devices, or surgical reconstruction.
Among the wide application fields, it is possible to mention
bone, cartilage, cardiac, pancreas, skin, and vascular tissue
engineering (Castells-Sala et al., 2015). For instance, in the field
of bone TE, several innovations have been introduced, thanks to the
increasingly sophisticated 3D bioprinting technology proposed in
the case of bone fractures or osteo-degenerative diseases.
Nonetheless, given the challenge of patient-specific bone
reconstruction, vascularization, and neuronal functionalization,
even 4D-printed alternatives are explored. The aforementioned
technology is capable of changing over time in shape, in order to
adapt to the defect area environment, as a consequence of internal
cell forces or external stimuli, and in order to allow the
functionalization and maturation in time of the cells (Wan et al.,
2020).

Furthermore, one of the most challenging applications of TE is
the treatment of the central nervous system (CNS) and peripheral
nervous system (PNS) injuries, which are unlikely to self-regenerate
and could even cause permanent functional deficits (Boni et al.,
2018), resulting in 6.8 million deaths each year (World Health
Organization, 2007). CNS pathologies, such as neurodegenerative
diseases and strokes, or PNS nerve injuries could cause neural
connection impairment or inflammatory states, leading to cell
death. Therefore, scientific research is focused on finding clinical
solutions to reestablish the original neural pathways in the damaged
tissue and restore the lost functionality. Implantable biomaterial
scaffolds are increasingly employed for these purposes. They can be
realized with natural polymers (such as cellulose, collagen,
hyaluronic acid, and gelatin) to create a stable and nutritious
environment to promote tissue regeneration (Schmidt and Leach,
2003; Wang et al., 2018). Nonetheless, in the last few decades,
synthetic biocompatible polymers have been drawing more
attention since they are cheaper and are characterized by a
higher degradation time, which makes them suitable for human
implantable devices; for these reasons, they are increasingly used to
host and facilitate the growth of different cell types (i.e., stem cells),
charged to migrate to the injury site and heal the tissue (Schmidt and
Leach, 2003; Wang et al., 2018). Among the most frequently
employed polymers, we possibly mention polylactide (PLA),
polyglycolide (PGA), poly-l-lactide-co-glycolide (PLGA), and
polycaprolactone (PCL) (Janouskova, 2018). Moreover, several
research groups are focused on studying the proper scaffold’s
biophysical characteristics and shape, including the addition of
bioactive molecules, to promote the cell survival and proliferation
and guide stem cell differentiation in the neuronal lineage (Wang
et al., 2018).

Within these strategies, highly aligned fibrillar substrates have
been deeply investigated to guide axonal growth in the direction of
the fibers (Zhang et al., 2021). Specifically, the use of aligned
nanofibers is useful to guide the dorsal root ganglion neurite
growth and glial cell migration (Chow et al., 2007; Corey et al.,
2007; Schnell et al., 2007; Gisbert Roca et al., 2020). Xie J et al.

presented a conductive core-sheath PCL or PLA nanofibers’ scaffold
coated with pyrrole (PPy) that showed improvement in neurite
extension from cultured dorsal root ganglia (DRG) on uniaxially
aligned nanofibers, compared with randomly oriented fibers’
scaffold (Xie et al., 2009; Gisbert Roca et al., 2020). Nevertheless,
the scaffold’s dimension could affect the axonal growth, which is
more favored by microfiber-based substrates instead of the
nanofiber-based substrates (F. Gisbert Roca et al., 2020; Gisbert
Roca et al., 2022). Outcomes of Yang and colleagues’ work pointed
out that the scaffold highly supports neural stem cell (NSC) cultures,
which elongated along the fibers, and improves the neurite
outgrowth, thus demonstrating that the aligned PLA fibrous
scaffold could be a potential cell carrier in neural tissue
engineering (Yang et al., 2005). Furthermore, a huge interest in
scaffolds’ electric functionalization is growing since exogenous
electric stimulation significantly increases NSC proliferation, their
differentiation into the neuronal lineage, and induces guided cell
migration (Zhu et al., 2019). Moreover, since nerve regeneration is a
slow process, electrical stimulation has been introduced as an
effective strategy to enhance the axonal growth speed. In Xu
et al. (2019), a PLA/PCL microfiber’s scaffold, coated with
conductive chitosan and polypyrrole (CS/PPy), has been shown
to promote, under 100 mV electric stimulation for 2 h every day, the
growth and differentiation of PC12 cells and to support the
directional growth of neurites. Moreover, Lee J.Y. and co-authors
demonstrated the potential use of PLGA-aligned fibers PPy-coated
for nerve regeneration, by performing electrical stimulation through
two silver-wired electrodes on PC12 cells and rat embryonic
hippocampal neurons that showed an improved neurite
outgrowth compared to the non-stimulated cells (Lee et al.,
2009). More recently, Gisbert Roca F. and co-authors designed
PLA–PPy microfibers’ substrates, in which two gold electrodes,
placed at the scaffold’s extremes, electrically stimulated Schwann
cells (SCs) and the dorsal root ganglia, showing an increase of 19.2%
in the maximum length of the axons and an increase of 40% in the
area occupied by the axons (Gisbert Roca et al., 2022).

Within the possible application of the aforementioned
technologies, a spinal cord injury (SCI) is one of the most
prominent. SCs innervate the skeletal muscles and the visceral
organs through nerve bundles (Dowlati, 2017), and therefore, the
damage of such a nervous complex, for instance, due to traumatic
events, could partially or totally impair the muscle sensitivity and
functionality. Traumatic SCI is increasingly recognized as a global
health priority (Barbiellini Amidei et al., 2022), due to its mortality,
morbidity impact, and the requirement of patients’ expensive
healthcare system support; the estimated lifetime costs range from
$ 1.5 millions to approximately $ 3 millions (Diop et al., 2021).
Nevertheless, researchers are working on innovative treatments to
restore the motor and vital functions lost. The use of electric and
magnetic fields to alter specific targeted neuronal activities, known as
neuromodulation (Famm, 2013; Ye et al., 2022), combined with the
implantation of biocompatible material inside the lesion to induce
neurogenesis, is one of the most attractive. Several studies have
highlighted that SCI electric stimulation can recover volitional
movements of the upper or lower limbs (Angeli et al., 2015;
Angeli et al., 2018; James et al., 2018), and so far, epidural
electrical spinal cord stimulation (EES) is the most successful
strategy to restore leg motor control in incomplete SCI patients
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(Wagner et al., 2018). In a recent study carried out by Rowald et al.
(2022), a 16-electrode array was surgically implanted on the lesioned
area to activate targeted motor neurons with a predefined timing to
reproduce the natural spatiotemporal activation pattern during
walking. Anyway, EES is limited due to the necessity of a sufficient
amount of surviving fibers (Formento et al., 2018); moreover, such a
technique does not restore motor autonomy. Alternative strategies
able to induce neurogenesis from NSCs, in permissive and guiding
biomaterial scaffold environments to overcome the low probability of
cell survival, are currently being investigated. The neurogenesis
process exploits cell differentiation into the neuronal lineage, in
order to generate a tissue bridge that re-innervates the lesioned
area (Kumamaru et al., 2019; Damianakis et al., 2022). In this
context, an innovative initiative has been proposed within the
European project RISEUP1 that can combine electric stimulation
with neurogenesis to be supported by a biocompatible microfibril’s
scaffold. The project aims at the regeneration of the injured spinal
cord through the development of an implantable electro pulsed
biohybrid (EPB) device that supports and guides the differentiation
of human induced neural stem cells (iNSCs) combined with
mesenchymal stem cells (MSCs) (Caramazza et al., 2021a;
Caramazza et al., 2022) through a highly intense and ultrashort
pulsed electric field, as intense as those used in electroporation-
based technologies (Breton and Mir, 2012; Kotnik et al., 2019;
Caramazza et al., 2020a; Caramazza, et al., 2021b; Marracino et al.,
2021), and direct current (DC) stimulation protocols to guide cell
migration (Dong et al., 2019; Caramazza, et al., 2020b; Naskar et al.,
2020), to generate a biohybrid cell bridge on the lesion. From a
technological point of view, the EPB device is represented by a set of
interdigitated alternating active and ground planar electrodes, to
provide DC or pulsed electric fields with 100 µs duration (µsPEFs)
stimulation, on which a biocompatible microfibril-based scaffold will
be posed to host the target cells. The EPB will use PLA as a scaffold
since it is well-known that this polymer is synthetic, biocompatible,
biodegradable, and bioabsorbable in the human body and it has been
approved by the U.S. Food and Drug Administration (FDA) for nerve
regeneration pipelines (Liu et al., 2017; Zhang et al., 2021).
Nevertheless, PLA is an insulating material; thus, the microfibrils’
layer could affect the electric field distribution due to the planar
electrodes inside the scaffold and could limit cell exposure,
compromising the tissue regeneration efficacy.

For this reason, in this paper, we present a numerical study of the
PLA microfibrils’ influence on the E-field distribution generated by
interdigitated electrodes, to evaluate if the use of such a technology
could be compatible with the electric stimulation of cells. The work
proposed in this paper is the first and a fundamental step in EPB
design that is going to be realized and used in the future for further
in vitro and in vivo investigations planned in the project RISEUP.
For these purposes, the reconstruction of realistic microfibrils’
models is needed, and in the following paragraphs, a detailed
description of the reconstruction procedure fine-tuned, based on
images of the produced microfibrils, will be discussed. The electrical
performances of the EPB models obtained with different microfibril
distributions are evaluated through numerical simulations. All the

results are compared with the electrodes’ device model without
microfibrils, to assess the differences with the nominal E-field and to
obtain a deep awareness of the possible cell exposure scenarios, as a
function of the microfibrils’ spatial distribution parameters.

2 Materials and methods

2.1 Reconstruction procedure and
characterization of the microfibril patch 3D
models

A reliable and fast reconstruction method was fine-tuned to obtain
realisticmicrofibrils’ patchmodels, which are characterized by denser or
sparser fibrils’ distribution, organized in a single or a multilayer
structure, with homogeneous or heterogeneous diameters and are
even characterized by curved and crossed fibrils, in order to
represent the scaffold’s imperfections due to the manufacturing
process or due to the extracellular fluid (ECM or buffer). Then, 3D
microfibril CAD models were placed over the electrodes, oriented
perpendicular to the conductors, and inside a hosting ECM in order
to obtain the complete EPB device model. The microfibril models were
reconstructed starting from the images of real PLAmicrofibril samples.
In particular, the samples used consisted of PLA microfiber lanes
obtained by grouping PLA microfibers with a diameter of 10 µm
(AITEX, Spain). In order to maintain the alignment of the lane-
shaped microfiber bundles, they were heat-sealed together at the
samples’ extremities. The PLA microfiber lane was also heat-sealed
to the extremities of a PLA film, where the electrodes will be placed. This
PLA film was obtained by the casting technique. First, PLA (1 wt%,
Goodfellow, ME34-GL-000110) was dissolved in chloroform (Scharlab
S.L., CL02032500) and stirred overnight at room temperature. Then,
120 g of the solution was casted into a glass Petri dish with a diameter of
184 mm. The solution was air dried for 5 days in order to allow the
evaporation of chloroform. Finally, the PLA membrane was dried in a
desiccator with fixed vacuum at 40°C for 2 days. Cross-section images of
themicrofibril distributionwere obtained by opticalmicroscopy (Nikon
ECLIPSE 80i) (see Supplementary Figure S1). The sample was cut at
approximately 2–3 mm from the external boundaries and then placed
vertically on an adhesive base; in order to see in the microscope
objective, microfibril circular sections were cut with a 10×
magnitude factor. Further top view images were acquired to
investigate a particular microfibril shape, such as curved or crossed
microfibrils, within the sample. First, the stereomicroscope (Leica, MZ
APO)was employed with low-magnitude factors (10× and 20×) to have
an overview of the sample spatial distribution, which generally is more
compact and straight at the extremities (near the sealing) than in the
center. In the scaffold’s central part, the fibers are freer to move, curve,
or cross than in amore peripheric one, where they aremore straight and
sorted because of the tension applied at the substrate junction. Finally,
scanning electron microscopy (SEM, Zeiss, AURIGA Compact) was
applied to investigate the samples’ imperfections and singularity deeply.
Such a technique allows us to acquire images with a high level of
accuracy and magnitude factors higher than a stereomicroscope (100×,
150×, 250×, and 500×) to focus on interesting details. Some of the
images are reported in the Supplementary Figure S1.

Thus, starting from the collected images, the reconstruction
procedure can be briefly described as follows:1 RISEUP, RISEUP (riseup-project.eu).
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• The microfibrils’ cross-section microscopy images are
imported in commercial software AutoCAD20232.

• Then, microfibrils’ circular sections are built through octagons
in AutoCAD, which are preferred to circular sections for
computational issues (Paffi et al., 2007), in order to
reproduce the realistic spatial distribution of the lane. In
this step, it is possible to create octagons with the same
dimensions or modulate them as a function of the variable
cross sections shown in the microscopy images.

• 2D sections are extruded to obtain 3D models that replicate
the realistic elongated shape of the fibers, which have a length
that is able to cover all the electrodes’ strips. It is possible to
curve or cross one or more fibrils, as those shown in SEM top
view images in Supplementary Figure S1.

• Finally, all the models built are exported as AutoCAD file.dwg.

Following the procedure mentioned previously, the first four
built patch models consist of straight, parallel, and homogeneous
diameter microfibrils in order to investigate the possible effect on the

E-field distribution of the lane density, i.e., characterized by a greater
or shorter interfibrillar distance. They are all reported in Figure 1
and are defined as a sparse monolayer (model 1) with a height of
approximately 25 μm that well-reproduces a still sorted and
controlled distribution, but which is closer to the center; and a
dense monolayer (model 2), characterized by a height of
approximately 10 μm, which is representative of the distribution
near the sealing with PLA. The last two patches are a sparse
multilayer (model 3), 50 µm high, and a dense multilayer (model
4), approximately 40 µm high, which represents an overlap between
the fibers in the sample’s central areas. The reference cross-section
images are reported in Supplementary Figure S2. Moving toward
more realistic models, taking into account the possible variability in
each microfibril’s diameter, four more models have been considered,
in particular, a sparse distribution with a homogeneous (model 5)
and heterogeneous radius (model 6), and a dense distribution with a
homogeneous (model 7) and heterogeneous radius (model 8).
Nonetheless, the diameter heterogeneity could have a maximum
variability of 20%, according to Gisbert Roca et al., 2021. Finally, one
or two curved and/or crossed microfibrils in different planes and
orientations have been modeled in AutoCAD, as shown in Figure 1,
in a 3D view: a curved fibril (models 9 and 11) and two crossed and
curved fibrils (model 10 and model 12) on the transversal xy and

FIGURE 1
Characterization of different 3D patchmodels. Straight and parallel microfibril models have been built, considering a sparse and a dense distribution
on a single layer or on amultilayer, respectively. Furthermore, other models have been built considering the diameters’ variability and one ormore curved
or crossed fibrils.

2 https://www.autodesk.com/products.
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longitudinal xz planes (along the z-axis) have been added,
respectively. Such a realistic spatial behavior has been analyzed
from SEM images from a top view (Supplementary Figure S2), which
shows that it is possible to find one or more not parallel and sorted
fibers, due to fabrication imperfections, in the scaffold’s center. The
replication of abnormal fibrils allows us to perform an even more
precise dosimetry.

2.2 Fine-tuning of the complete scaffolded
electrodes’ 3D models

As a first step, the electrodes’ device has been modeled in
COMSOL Multiphysics (v. 5.5), involving a block representing
the PLA substrate, on which the conductors without thickness

(Figure 2) are placed, and an upper block of the extracellular
medium. The use of electrodes’ models without thickness (as
shown in Panel A of Figure 2) has been validated through a
numerical study using COMSOL, in which a RAM occupation
reduction of approximately 6% has been assessed. Such a model
(defined as model 0) is the reference electrodes’ device model, useful
in obtaining the nominal E-field without fibers; subsequently, all the
microfibrils’ 3D CAD models, relative to the different scenarios
analyzed, are imported in COMSOL Multiphysics, which solves the
electro-magnetic problem using the finite element method (FEM)
(Jin-Ming, 2015). In order to further reduce the computational cost,
the whole microfibrils’ sample (with mm dimension) has been
divided into smaller patches that are able to reproduce a
particular sample area (Panel B of Figure 2), with a lateral
dimension W of 381 µm and a longitudinal dimension D of

FIGURE 2
Rationale of the microfibrils’ patch building. (A) The electrodes’ technology involves utilizing alternating active and ground planar and interdigitated
golden tracks electrodes. (B) A couple of electrodes is placed between a PLA substrate and an extracellular medium (ECM), on which continuity periodic
conditions are applied to replicate the solution. The microfibrils’ lane is then added on the electrodes’ surface. Each patch is representative of a specific
region inside the whole device, for instance in the centre or at the substrate junction.

FIGURE 3
Workflow of the 3D microfibril reconstruction procedure and modeling of the final scaffolded electrodes. (A) Step 1: creation of the microfibril
octagonal 2D cross section using AutoCAD, starting from optical microscopy images. (B) Step 2: extrusion of the cross sections to obtain the final
microfibril 3D CADmodels. (C) Step 3: the import of the built models usingMultiphysics software, where the fibers will be scaled andmoved to finalize the
complete scaffolded electrode model.
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500 µm. Every microfibril’s patch includes a couple of active and
ground conductors, 100 µm wide. The full reconstruction process is
summarized in Figure 3: octagon creation to reproduce the
microfibrils’ cross section spatial distribution (Panel A), which
are then extruded to obtain 3D models (Panel B); the final
microfibrils’ model is imported in COMSOL and placed inside
the bare electrodes’ model in order to finalize the patch of
scaffolded electrodes (Panel C). In Figure 4, an example of
finalized scaffolded electrodes of model 3 is reported, whereas all
the other models are shown in Supplementary Figure S3. The fibers
are oriented perpendicularly to the conductors, thus following the
E-field lines. Moreover, the E-field distribution obtained for all the
models will be compared with the nominal one of the electrodes’
device model (model 0).

The simulative procedure has been finally setup assigning the
electrical properties of the materials, which are selected from the
software library for golden electrodes and from the literature for
ECM (De Angelis et al., 2020). The assigned microfibril dielectric
properties were experimentally measured, and they consist of an
electrical conductivity of σ � 4.25 · 10−11 S/m and a relative
permittivity of εr � 6.75 + j · 0.038. The mesh building rationale
aims at optimizing the computational cost and involves dividing
the buffer volume in two equal parts: the first part is the volume
just over the electrodes (100 µm high), in which a custom mesh is
set to compute the solution more accurately in the region where
the cells are supposed to be exposed; however, in the upper
volume of the buffer (100 µm high), a rougher mesh is applied.
Moreover, the microfibrils have been discretized through an ad
hoc customized mesh, to guarantee an accurate solution and, at
the same time, to avoid exacerbating the computational cost. The
physics used is the electric current (ec), with a monopolar pulsed
signal of +10 V intensity applied on the active conductor with a
duration of 100 µs and a voltage of 0 V on the ground conductor.

Finally, all the results have been post-processed using MATLAB
(v. 2021B).

3 Results

In the following section, the main results of the numerical
simulations are reported. Several distribution parameters have
been analyzed, to determine whether they affect the electrical
performances of the electrodes’ device and, consequently, the
exposure of cells. The influence of the microfibrils’ scaffold
density on the E-field distribution is the first parameter of
interest, which is possible to examine considering the sample
patches characterized by parallel and straight microfibril models
(models 1–4), as defined in the previous section. Panel A of Figure 5
shows a 3D view of multislice maps on the three coordinated axes in
model 0, to have an overview of the nominal E-field distribution in a
range between 0 kV/m and 100 kV/m. The nominal E-field is higher
at the conductors’ edges and then decreases in the gap between the
active and the ground conductors but also moving away from the
conductors’ plane (z = 0 µm) along the z-axis. The reference results
of model 0 are compared with those of the microfibrils’ patchmodels
on the active electrode’s edge on the zy axis (Panel B), in which the
field inside the fibers is not considered. Here, it is possible to observe
that the E-field values induced in the microfibrils’ models, as
expected, are slightly lower over the microfibril lane than that in
model 0. Thus, the microfibrils’ layer partly shields the E-field, but at
the same time, focuses the field in the space between the fibers,
bringing it up in the buffer. In relation to the different microfibrils’
density in the analyzed sample’s parts, such an effect is especially
emphasized in the sparser regions, where the distance between the
fibrils guides the focalization of the field streamlines, allowing the
E-field to reach values of up to 100 kV/m.

FIGURE 4
Electrodes’model placed between the PLA substrate and the ECM volumewithout amicrofibril layer (model 0, Panel A) and an example ofmicrofibril
positioning inside the electrodes’ device (Panel B), on a 3D view and on the cross-sectional zy plane view. The finalized microfibril patch models built are
reported in Supplementary Figure S3.
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These considerations are further confirmed through the results
on the zx planes taken in the space between the fibers (Panel C), on
which the E-field arrows are reported (a focus of the aforementioned

maps is reported in the Supplementary Figure S4, S5, for zy and zx
planes). The presence of the fibrils plays an important role in the
redistribution of the E-field. In microfibrils’ models, the E-field

FIGURE 5
Electric field maps: (A) an overview of the E-field distribution in model 0 through a multislice representation on the three coordinated axes; (B)
E-field distribution comparison between all the models considering the slice zy at the active electrode’s edge; (C) E-field maps and field arrows on the zx
plane in slices inside the space between the fibrils, to highlight the E-field bridging effect.

FIGURE 6
Electric field maps on the xy plane at different heights. The E-field values decrease moving away from the plane of the electrodes (z = 0 µm);
moreover, the E-field is focalized in interfibrillar spaces, where the E-field reaches higher values than the nominal one.
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values over the strips of the electrodes, which are a minimum of
100 kV/m, are higher than that in model 0, on which there is a value
of approximately 60 kV/m. Moreover, it is possible to highlight the
E-field “bridge effect,” especially inside the multilayer models 3 and
4, where E-field values of approximately 65 kV/m and 80 kV/m are
reached in quotes at which an intensity of 45 kV/m is registered in
model 0, respectively. The arrows over such maps represent the
E-field line direction, and their length is proportional to the E-field
intensity, which confirms what was stated previously. A further
important consideration is related to the results of the dense
monolayer (model 2), which is the model with the most evident
reduction of E-field values over the microfibrils’ layer since the fibrils
are close to each other, shielding the E-field and reducing the
focalization effect. Finally, in Figure 6, we reported the E-field

maps on the transversal xy plane, at different heights from the
electrodes’ plane (z = 0 µm). In the following maps, the microfibrils
are hidden from E-field map visualization and they are represented,
wherever present, as white bands. As expected, the E-field decreases,
moving away from the electrodes’ plane, and higher E-field values
are reached in the interfibrillar space and a major decrease is present
in the dense monolayer over the z-axis, which is well-shown at z =
50 µm. Furthermore, some areas with fiber-like shapes characterized
by reduced E-field values (in a range between 10 kV/m and 20 kV/m,
represented in dark blue and blue) are present just above the fibers,
as a consequence of the PLA insulating behavior. The
aforementioned results have been further investigated, carrying
out a quantitative analysis, reported in Figure 7, through E-field
boxplots in three different buffer regions (represented from the
lightest to the darkest pink shades in Supplementary Figure S6): the
bottom volume Vbottom represents the first 30 µm above the
conductors’ plane (i.e., where the cells will be hosted), the second
one is the medium volume Vmiddle (from 30 μm to 60 µm), and the
third is the higher or top volume Vtop (from 60 μm to 100 µm).
Notably, the results in Vbottom, and the E-field median values of
models 3 and 4 are in line with the nominal one (respectively equal
to 66.6 kV/m, 64.0 kV/m, and 62.6 kV/m), as reported in Table 1
(25th and the 75th percentiles are reported in Supplementary Table
S1), whereas the model 1 median value has undergone an E-field
median value reduction, which is equal to 51.9 kV/m in comparison
with the nominal 66.6 kV/m. As expected, the dense monolayer is
characterized by the lower E-field median value, of 35.2 kV/m, a
25th percentile of 31.4 kV/m, and a 75th percentile of 44.1 kV/m. As
a whole, the boxplots of models 1, 3, and 4 are more dispersed than
the boxplot of the model 0, which means more variability of the
E-field values. Notably, for the boxplot of Vmiddle and Vtop, it is
possible to highlight that the E-field values induced in the sparser
models (model 1 and model 3) are slightly higher than those of the
denser models (models 2 and 4), confirming that the denser
distributions experience a greater E-field reduction at higher
quotes. This consideration is also confirmed in Supplementary
Figure S7, in which the E-field histograms of models from 0 to
4 in the buffer volume from 100 μm to 200 µm are reported.

FIGURE 7
Electric field boxplots frommodel 1 tomodel 4, compared with the electrodes’model (model 0), in three different buffer volumes: in the first 30 µm
over the electrodes (0 µm), from 30 µm to 60 μm, and from 60 μm to 100 µm.

TABLE 1 Electric field median value of the boxplots reported in Figures 7–9.

Model E-field [kV/m]

Bottom Middle Top

0 66.6 43.1 24.3

1 51.9 32.5 18.4

2 35.2 23.0 13.0

3 64.0 33.8 18.9

4 62.6 31.0 17.6

5 59.3 33.9 18.9

6 61.0 35.5 19.9

7 63.6 30.1 14.1

8 66.1 32.3 15.7

9 69.3 36.3 19.6

10 69.9 38.0 19.9

11 65.1 34.8 19.3

12 64.7 34.8 19.2
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The second issue investigated is the role of microfibrils’ diameter
heterogeneity on the overall E-field distribution inside EPB. For this
analysis, we refer to the introduced models from model 5 to model
8 in a sparser and a denser microfibril arrangement, respectively. A
focus on the E-field distribution on the zy axis at the electrodes’ edge
(Figure 8; Panel A) in patches with heterogeneous diameters is in
line with those of homogeneous diameters. These results are
confirmed with the boxplots of E-field values in the three buffer
volumes (Figure 8; Panel B) (the median values are reported in
Table 1). The heterogeneous microfibril patch E-field median, 25th
percentile, and 75th percentile values are slightly higher than the
homogeneous microfibril patch in Vbottom, Vmiddle, and Vtop. Even if
the distribution is denser, the presence of some fibers with a lower
radius increases the interfibrillar distance in comparison with the
homogeneous patch, favoring the bridge effect and allowing the
E-field to pass. For instance, it is possible to highlight that for
heterogeneous sparse patches, the E-field median in Vbottom, Vmiddle,
and Vtop increases to approximately 2.9%, 4.7%, and 5.3%,
respectively, with respect to the homogeneous patches.

Finally, concerning models 9 to 12, from maps in Panel A of
Figure 9 on the active electrode’s edge, it is possible to see how the
E-field distribution changes, as expected, in relation to the
inclination and shape of the fibers, indicated with a black arrow.
The curvature of the fiber guides E-field focalization and the
bridging effect, varying the interfibrillar distance and the height

of the layer. Taking into account the boxplots (Panel B), it is possible
to affirm that the global statistical analysis shows analog E-field
distributions between fiber patch models in the buffer’s volumes of
interest. With respect to the nominal field (model 0), in Vbottom, the
E-field median value (Table 1) of models 9 and 10 increases to
approximately 4.1% and 5%, respectively, whereas for models 11 and
12, there is a slight decrease of 2.3% and 2.9%, respectively.

4 Discussion

In the last few decades, biocompatible scaffolds have been
increasingly employed in the field of tissue engineering,
particularly for nerve regeneration purposes. In several published
works, PLA aligned microfibrils’ structures have been demonstrated
not only to be able to create a stable environment to facilitate the
cell’s survival but they are also able to promote axonal regeneration
in order to create a cell bridge on the lesion and heal the damaged
tissue. Although PLA has many advantages, it has an insulating
behavior that could be incompatible with the scaffold’s electric
functionalization, which is increasingly employed to accelerate
the cells’ growth and differentiation processes. For this reason, in
this paper, a numerical study on the electric stimulation, provided by
planar interdigitated conductors on a PLA substrate, in a
microfibrils’ scaffold has been proposed to prove that PLA’s

FIGURE 8
Panel (A): electric field maps for the sparse and dense distribution models with variable diameters, compared with the same distribution but with
homogeneous diameters, at the active electrode’s edge on the zy plane. (B) Electric field boxplot of the four variable diameter models compared with
model 0 in the three buffer regions (bottom, middle, and top).
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insulating nature does not prevent electric stimulation. For such
purposes, a realistic microfibrils’ lane, a dimension of cm order, has
been sampled for computational issues in smaller patches, hundreds
of µm dimensions, representing the fibers’ spatial behavior in
specific regions of the scaffold. Even though the preferred spatial
lane configuration provides a sorted and dense monolayer
composed of parallel and non-overlapped fibers, it is unavoidable
to find modified fibrils, curved, crossed, or agglomerated in two or
three layers due to the manufacturing process or in the extracellular
fluid presence, especially in the sample’s center. Such realistic
distributions have been considered and modeled in 12 different
microfibrils’ patches, to obtain a complete analysis of the E-field
induced in the scaffolded electrodes in comparison with the nominal
field induced in the electrodes’ device without fibers (model 0).
Microfibrils’ spatial density, diameters’ heterogeneity, and abnormal
shapes (such as curvatures and crossings) are the three main
distribution parameters taken into account. From the analysis,
the most impacting parameter is the fibers’ spatial density. The
microfibrils’ presence focuses the field streamlines in the
interfibrillar space, allowing the E-field to pass over the lane and
to reach values even over 100 kV/m. The E-field bridging effect plays
a key role in buffer functionalization since it can improve cell
stimulation in specific regions that can be even higher than the
nominal condition. Thus, in the sparse model 1, such an effect is
more facilitated than that in the denser model 2, which is
representative of a patch near the sealing with the PLA substrate.
Consequently, the E-field distribution in all the microfibrils’ patch
models is more inhomogeneous as it is possible to see in the boxplots
reported in Figure 7, and the E-field intensity over the lane decreases

faster than that in model 0 because of the insulating nature of the
fibers and also because of the focalization effect in the middle of the
lane. Moreover, in denser and overlapped samples’ areas, such as
that represented in model 4, in Vbottom of the buffer, the E-field
median value is in line with the nominal field value (66.6 kV/m);
however, moving away along the z-axis, it experiences a faster E-field
reduction in comparison with the sparser patches. Conversely,

FIGURE 9
(A) Electric field maps for curved and crossed fibrils on a slice at the active electrode’s edge on the zy plane. (B) Electric field boxplot of the four
models with curved and crossed fibrils compared with model 0, provided for three different buffer volumes.

FIGURE 10
A comparison between the nominal electric field bubble plot of
the electrodes’ device and the whole microfibril model averaged
values. The bubble area represents the E-field standard deviation,
whereas the center point is the E-field median value.
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taking into account the diameters’ heterogeneity, which is a potential
manufacturing imperfection, it is possible to affirm that such a
parameter introduces more space between fibers, favoring the
bridging effect and E-field penetration inside the buffer more.
Finally, the presence of one or more curved or crossed microfibrils
also guides the E-field to follow the shape of the fibers, and it is
possible to conclude that they do not dramatically affect the E-field
distribution, from boxplots in Figure 9.

As a final consideration on the microfibrils’ global impact on the
E-field distribution, all 12 patches, which have been so far considered
singularly through a local analysis, are now pooled together to obtain
the averaged E-field values on the whole device in the three buffer
regions Vbottom, Vmiddle, and Vtop. These data are compared with model
0 (reported in gray) through a bubble plot representation (Figure 10),
where the center of the bubble is the E-field median value and the
bubble’s area is the E-field standard deviation. In general, it is worth
mentioning that the E-field values obtained in the bare electrodes’
model are in the order of tens of kV/m, as the result of an electric pulse
with a 100-µs duration application. In Figure 10, it is possible to notice
that the nominal E-field median value is higher in the bare electrodes’
model with respect to the 12microfibrils’ patches considered as a whole,
which are conversely characterized by bigger bubbles than model 0
(i.e., higher standard deviation) in Vbottom and Vmiddle. However, these
interesting results show that in the three buffer regions of the scaffolded
electrodes, the E-field is 91.7%, 76.6%, and 73.7% of the nominal one,
respectively (Supplementary Table S4). However, the bigger variability
of the values is a consequence of E-field redistribution operated by
fibrils, in which the bridging effect could be exploited in a possible cell
exposure scenario.

4.1 Limitations and future work

This study represents a purely numerical investigation into the
electrical performance of a fundamental device within the context of
the RISEUP project, specifically pertaining to the foundational
design of EPB technology and its subsequent development. The
primary objective of this work is to lay the groundwork for the
realization of the device, by providing valuable insights into how a
microfibril distribution may impact the electric field generated by
electrode technology and ensure the desired electric field levels.
Consequently, this analysis serves as an essential step toward
enhancing the manufacturing process’s awareness and efficiency.

Given the inherent challenges in experimentally measuring the
electric field produced by this technology, our approach relies on
advanced and realistic 3D simulations. These simulations, as
proposed here, represent the sole means of determining precise
electrical dosages at a microscale level (P. Liu and Miller, 2020; Bai
and Gu, 2016; Haider et al., 2021). It is worth noting that, while this
study is an integral part of the EPB implementation process, it does
not encompass the in vitro and in vivo validation of its efficacy.

Recognizing the constraints associated with the electrode
technology, our investigation focuses on analyzing the absorbed
current, estimating values that are in line with the technological
limitations. In our future endeavors, we aim to validate the
functional efficiency of EPB on the cellular behavior through
experimental studies, building upon the key findings discussed in
this study. Specifically, both in vitro and in vivo assays will verify

whether cellular stimulation can facilitate tissue regeneration by
fostering the creation of a biohybrid cell bridge. This aspect holds
pivotal significance in evaluating the technology’s potential
applications in spinal cord injury treatment.

To provide valuable insights and predictions concerning
threshold levels induced by stimulation, we anticipate conducting
additional numerical investigations to complement the experimental
in vitro data. These investigations will serve as a vital resource in
further supporting our research efforts.

5 Conclusion

In this work, a reconstruction procedure of microfibrils’ 3D
CADmodels has been presented, from which a numerical study on
the E-field distribution inside an example of scaffolded electrodes
has been fine-tuned. From the results shown, it is possible to affirm
that this PLA microfibril-based technology, despite its insulating
nature, is not only able to support and guide cell growth, but it is
also compatible with their electric stimulation, in which
approximately 90% of the nominal field is guaranteed in the
buffer’s volume hosting the cell. Furthermore, the use of the
PLA microfibrils’ scaffold is suitable for the application of high-
intensity µsPEF stimulation, and in conclusion, it could be
exploited within the RISEUP project.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be directed
to the corresponding author.

Author contributions

SF: writing–original draft, writing–review and editing, data
curation, formal analysis, investigation, methodology, software, and
visualization. LC: writing–review and editing, data curation, formal
analysis, investigation, methodology, software, and visualization. PM:
writing–review and editing, investigation, and conceptualization. IC,
FG, SI, JM, and MB: writing–review and editing, and investigation.
MC, ND, and AP: writing–review and editing, and formal analysis.
CC: writing–review and editing and project administration. FP and
ML: writing–review and editing, conceptualization, investigation,
methodology, supervision, and software.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
has been developed in the framework of and supported by the
FET-OPEN RISEUP project funded by the European Union’s
Horizon 2020 research and innovation program (grant agreement
no. 964562). ICO acknowledges the grant PRE2019-090716 co-
funded by MCIN/AEI/10.13039/501100011033 and by “ESF
Investing in your future” for supporting her visiting student stay

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Fontana et al. 10.3389/fbioe.2023.1264406

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1264406


at Sapienza, University of Rome. FGR acknowledges Vicerrectorado
de Investigación de la Universitat Politècnica de València (PAID-10-22)
for co-funding with RISEUP project his fellowship.

Conflict of interest

Authors PM and MB were employed by RISE Technology S.R.L.
The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors, and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1264406/
full#supplementary-material

References

Angeli, C. A., Boakye, M., Morton, R. A., Vogt, J., Benton, K., Chen, Y., et al. (2018).
From the frazier rehabilitation institute recovery of over-ground walking after chronic
motor complete spinal cord injury. N. Engl. J. Med. 379, 1244–1250. doi:10.1056/
NEJMoa1803588

Angeli, C. A., Reggie Edgerton, V., Gerasimenko, Y. P., Harkema, S. J., and Harkema, S.
(2015). Altering spinal cord excitability enables voluntarymovements after chronic complete
paralysis in humans. A J. NEUROLOGY 137, 1394–1409. doi:10.1093/brain/awu038

Bai, T., and Gu, N. (2016). Micro/nanoscale thermometry for cellular thermal sensing.
Small 12 (34), 4590–4610. doi:10.1002/SMLL.201600665

Barbiellini Amidei, C., Salmaso, L., Bellio, S., and Saia, M. (2022). Epidemiology of
traumatic spinal cord injury: a large population-based study. Spinal Cord. 60 (9),
812–819. doi:10.1038/s41393-022-00795-w

Boni, R., Ali, A., Shavandi, A., and Clarkson, A. N. (2018). Current and novel
polymeric biomaterials for neural tissue engineering. J. Biomed. Sci. 25 (1), 90–21.
doi:10.1186/s12929-018-0491-8

Breton, M., and Mir, L. M. (2012). Microsecond and nanosecond electric pulses in
cancer treatments. Bioelectromagnetics 33 (2), 106–123. doi:10.1002/BEM.20692

Caramazza, L., De Angelis, A., Andre, F. M., Mir, L. M., Apollonio, F., and Liberti, M.
(2022). “Dielectric response of biological systems at cellular and subcellular level: a
modelling study,” in Proceedings of the 2022 52nd European Microwave Conference,
EuMC, Milan, Italy, September 2022, 820–823. doi:10.23919/EuMC54642.2022.9924496

Caramazza, L., De Angelis, A., Haider, Z., Zhadobov, M., Andre, F., Mir, L. M., et al.
(2021a). “A microdosimetric study at the cellular and intracellular level using a 3D
realistic cell model,” in Proceedings of the 2021 51st European Microwave Conference
(EuMC), London, UK, April 2022. doi:10.23919/EuMC50147.2022.9784171

Caramazza, L., De Angelis, A., Remondini, D., Castellani, G., Liberti, M., Apollonio,
F., et al. (2020a). “Galvanotactic phenomenon induced by non-contact electrostatic
field: investigation in a scratch assay,” in Proceedings of the Annual International
Conference of the IEEE Engineering in Medicine and Biology Society, Montreal, QC,
Canada, July 2020, 2520–2523. doi:10.1109/EMBC44109.2020.9175695

Caramazza, L., Nardoni, M., De Angelis, A., Paolicelli, P., Liberti, M., Apollonio, F.,
et al. (2020b). Proof-of-Concept of electrical activation of liposome nanocarriers: from
dry to wet experiments. Front. Bioeng. Biotechnol. 8, 819. doi:10.3389/fbioe.2020.00819

Caramazza, L., Paffi, A., Liberti, M., and Apollonio, F. (2021b). Experimental and
numerical characterization of a grounded coplanar waveguide for nanoelectroporation
applied to liposomes. Int. J. Microw. Wirel. Technol. 13 (7), 663–672. doi:10.1017/
S1759078721000441

Castells-sala, C., Ribes, M. A., Children, B., and Recha, L. (2015). Current applications of
tissue engineering in biomedicine. J. Biochips Tissue Chips. doi:10.4172/2153-0777.s2-004

Chow,W. N., Simpson, D. G., Bigbee, J. W., and Colello, R. J. (2007). Evaluating neuronal
and glial growth on electrospun polarized matrices: bridging the gap in percussive spinal
cord injuries. Neuron Glia Biol. 3 (2), 119–126. doi:10.1017/S1740925X07000580

Corey, J. M., Lin, D. Y., Mycek, K. B., Chen, Q., Samuel, S., Feldman, E. L., et al. (2007).
Aligned electrospun nanofibers specify the direction of dorsal root ganglia neurite
growth. J. Biomed. Mater. Res. - Part A 83 (3), 636–645. doi:10.1002/JBM.A.31285

Damianakis, E. I., Benetos, I. S., Evangelopoulos, D. S., Kotroni, A., Vlamis, J., and
Pneumaticos, S. G. (2022). Stem cell therapy for spinal cord injury: a review of recent
clinical trials. Cureus 14 (4), e24575. doi:10.7759/CUREUS.24575

De Angelis, A., Denzi, A., Merla, C., Andre, F. M., Mir, L. M., Apollonio, F., et al.
(2020). Confocal microscopy improves 3D microdosimetry applied to nanoporation
experiments targeting endoplasmic reticulum. Front. Bioeng. Biotechnol. 8, 552261.
doi:10.3389/fbioe.2020.552261

Diop, M., Diop, M., Epstein, D., Gaggero, A., Cherif, I., Cherif, I., et al. (2021).
Chronic diseases Quality of life, health and social costs of patients with spinal cord
injury: a systematic review. Eur. J. Public Health 31. doi:10.1093/eurpub/
ckab165.177

Dong, Z. Y., Pei, Z., Wang, Y. L., Li, Z., Khan, A., and Meng, X. T. (2019).
Ascl1 regulates electric field-induced neuronal differentiation through PI3K/akt
pathway. Neuroscience 404, 141–152. doi:10.1016/J.NEUROSCIENCE.2019.02.004

Dowlati, E. (2017). Spinal cord anatomy, pain, and spinal cord stimulation
mechanisms. Seminars Spine Surg. 29 (3), 136–146. doi:10.1053/J.SEMSS.2017.
05.002

Famm, K., Litt, B., Tracey, K. J., Boyden, E. S., and Slaoui, M. (2013). A jump-start for
electroceuticals. Nature 496, 159–161. doi:10.1038/496159a

Formento, E., Minassian, K., Wagner, F., Mignardot, J. B., Le Goff-Mignardot, C. G.,
Rowald, A., et al. (2018). Electrical spinal cord stimulation must preserve
proprioception to enable locomotion in humans with spinal cord injury. Nat.
Neurosci. 21 (12), 1728–1741. doi:10.1038/S41593-018-0262-6

Gisbert Roca, F., García-Bernabé, A., Compañ Moreno, V., Martínez-Ramos, C., and
Monleón Pradas, M. (2021). Solid polymer electrolytes based on polylactic acid nanofiber
mats coated with polypyrrole. Macromol. Mater. Eng. 306 (2), 1–14. doi:10.1002/mame.
202000584

Gisbert Roca, F., Más Estellés, J., Pradas, M. M., and Martínez-Ramos, C. (2020).
Axonal extension from dorsal root ganglia on fibrillar and highly aligned poly(lactic
acid)-polypyrrole substrates obtained by two different techniques: electrospun
nanofibres and extruded microfibres. Int. J. Biol. Macromol. 163, 1959–1969. doi:10.
1016/j.ijbiomac.2020.09.181

Gisbert Roca, F., Serrano Requena, S., Monleón Pradas, M., and Martínez-Ramos, C.
(2022). Electrical stimulation increases axonal growth from dorsal root ganglia Co-
cultured with Schwann cells in highly aligned PLA-PPy-Au microfiber substrates. Int.
J. Mol. Sci. 23 (12), 6362. doi:10.3390/ijms23126362

Haider, Z., Nikolayev, D., Le Drean, Y., De Angelis, A., Liberti, M., Sauleau, R., et al.
(2021). Local dosimetry at cellular and subcellular level in HF and millimeter-wave
bands. IEEE J. Microwaves 1 (4), 1003–1014. doi:10.1109/jmw.2021.3111965

James, N. D., McMahon, S. B., Field-Fote, E. C., and Bradbury, E. J. (2018).
Neuromodulation in the restoration of function after spinal cord injury. Lancet
Neurology 17 (10), 905–917. doi:10.1016/S1474-4422(18)30287-4

Janoušková, O. (2018). Synthetic polymer scaffolds for soft tissue engineering.
Physiological Res. 67, S335–s348. doi:10.33549/physiolres.933983

Jin-Ming, J. (2015). The finite element method in electromagnetics. Available at:
https://books.google.com/books/about/The_Finite_Element_Method_in_Electromagn.
html?hl=it&id=DFi-BgAAQBAJ (Accessed July 19, 2023).

Kotnik, T., Rems, L., Tarek, M., and Miklavčič, D. (2019). Membrane electroporation
and electropermeabilization: mechanisms and models. Annu. Rev. Biophysics 48, 63–91.
doi:10.1146/annurev-biophys-052118-115451

Kumamaru, H., Lu, P., Rosenzweig, E. S., Kadoya, K., and Tuszynski, M. H. (2019).
Regenerating corticospinal axons innervate phenotypically appropriate neurons within
neural stem cell grafts. Cell Rep. 26 (9), 2329–2339.e4. doi:10.1016/J.CELREP.2019.
01.099

Langer, R., and Vacanti, J. (2016). Advances in tissue engineering. J. Pediatr. Surg. 51
(1), 8–12. doi:10.1016/j.jpedsurg.2015.10.022

Lee, J. Y., Bashur, C. A., Goldstein, A. S., and Schmidt, C. E. (2009). Polypyrrole-
coated electrospun PLGA nanofibers for neural tissue applications. Biomaterials 30 (26),
4325–4335. doi:10.1016/j.biomaterials.2009.04.042

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Fontana et al. 10.3389/fbioe.2023.1264406

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1264406/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1264406/full#supplementary-material
https://doi.org/10.1056/NEJMoa1803588
https://doi.org/10.1056/NEJMoa1803588
https://doi.org/10.1093/brain/awu038
https://doi.org/10.1002/SMLL.201600665
https://doi.org/10.1038/s41393-022-00795-w
https://doi.org/10.1186/s12929-018-0491-8
https://doi.org/10.1002/BEM.20692
https://doi.org/10.23919/EuMC54642.2022.9924496
https://doi.org/10.23919/EuMC50147.2022.9784171
https://doi.org/10.1109/EMBC44109.2020.9175695
https://doi.org/10.3389/fbioe.2020.00819
https://doi.org/10.1017/S1759078721000441
https://doi.org/10.1017/S1759078721000441
https://doi.org/10.4172/2153-0777.s2-004
https://doi.org/10.1017/S1740925X07000580
https://doi.org/10.1002/JBM.A.31285
https://doi.org/10.7759/CUREUS.24575
https://doi.org/10.3389/fbioe.2020.552261
https://doi.org/10.1093/eurpub/ckab165.177
https://doi.org/10.1093/eurpub/ckab165.177
https://doi.org/10.1016/J.NEUROSCIENCE.2019.02.004
https://doi.org/10.1053/J.SEMSS.2017.05.002
https://doi.org/10.1053/J.SEMSS.2017.05.002
https://doi.org/10.1038/496159a
https://doi.org/10.1038/S41593-018-0262-6
https://doi.org/10.1002/mame.202000584
https://doi.org/10.1002/mame.202000584
https://doi.org/10.1016/j.ijbiomac.2020.09.181
https://doi.org/10.1016/j.ijbiomac.2020.09.181
https://doi.org/10.3390/ijms23126362
https://doi.org/10.1109/jmw.2021.3111965
https://doi.org/10.1016/S1474-4422(18)30287-4
https://doi.org/10.33549/physiolres.933983
https://books.google.com/books/about/The_Finite_Element_Method_in_Electromagn.html?hl=it&amp;id=DFi-BgAAQBAJ
https://books.google.com/books/about/The_Finite_Element_Method_in_Electromagn.html?hl=it&amp;id=DFi-BgAAQBAJ
https://doi.org/10.1146/annurev-biophys-052118-115451
https://doi.org/10.1016/J.CELREP.2019.01.099
https://doi.org/10.1016/J.CELREP.2019.01.099
https://doi.org/10.1016/j.jpedsurg.2015.10.022
https://doi.org/10.1016/j.biomaterials.2009.04.042
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1264406


Liu, H., Lv, P., Zhu, Y., Wu, H., Zhang, K., Xu, F., et al. (2017). Salidroside promotes
peripheral nerve regeneration based on tissue engineering strategy using Schwann cells
and PLGA: in vitro and in vivo. Sci. Rep. 7, 39869–39911. doi:10.1038/srep39869

Liu, P., and Miller, E. W. (2020). Electrophysiology, unplugged: imaging membrane
potential with fluorescent indicators. Accounts Chem. Res. 53 (1), 11–19. doi:10.1021/
acs.accounts.9b00514

Marracino, P., Caramazza, L., Montagna, M., Ghahri, R., D’abramo, M., Liberti, M.,
et al. (2021). Electric-driven membrane poration: a rationale for water role in the
kinetics of pore formation. Bioelectrochemistry 143, 107987. doi:10.1016/j.bioelechem.
2021.107987

Naskar, S., Kumaran, V., Markandeya, Y. S., Mehta, B., and Basu, B. (2020).
Neurogenesis-on-Chip: electric field modulated transdifferentiation of human
mesenchymal stem cell and mouse muscle precursor cell coculture. Biomaterials
226, 119522. doi:10.1016/j.biomaterials.2019.119522

Paffi, A., Pellegrino, M., Beccherelli, R., Apollonio, F., Liberti, M., Platano, D., et al.
(2007). A real-time exposure system for electrophysiological recording in brain slices.
IEEE Trans. Microw. Theory Tech. 55 (11), 2463–2471. doi:10.1109/TMTT.2007.908657

Ramos, T., and Moroni, L. (2020). Tissue engineering and regenerative medicine
2019: the role of biofabrication - a year in review. Tissue Eng. - Part C. Methods 26 (2),
91–106. doi:10.1089/ten.tec.2019.0344

Rowald, A., Komi, S., Demesmaeker, R., Baaklini, E., Hernandez-Charpak, S. D.,
Paoles, E., et al. (2022). Activity-dependent spinal cord neuromodulation rapidly
restores trunk and leg motor functions after complete paralysis. Nat. Med. 28 (2),
260–271. doi:10.1038/S41591-021-01663-5

Schmidt, C. E., and Leach, J. B. (2003). Neural tissue engineering: strategies for repair
and regeneration. Annu. Rev. Biomed. Eng. 5, 293–347. doi:10.1146/annurev.bioeng.5.
011303.120731

Schnell, E., Klinkhammer, K., Balzer, S., Brook, G., Klee, D., Dalton, P., et al. (2007).
Guidance of glial cell migration and axonal growth on electrospun nanofibers of poly-ε-
caprolactone and a collagen/poly-ε-caprolactone blend. Biomaterials 28 (19),
3012–3025. doi:10.1016/j.biomaterials.2007.03.009

Wagner, F. B., Mignardot, J. B., Le Goff-Mignardot, C. G., Demesmaeker, R., Komi, S.,
Capogrosso, M., et al. (2018). Targeted neurotechnology restores walking in humans
with spinal cord injury. Nature 563 (7729), 65–71. doi:10.1038/s41586-018-0649-2

Wan, Z., Zhang, P., Liu, Y., Lv, L., and Zhou, Y. (2020). Four-dimensional bioprinting:
current developments and applications in bone tissue engineering. Acta Biomater. 101,
26–42. doi:10.1016/j.actbio.2019.10.038

Wang, Y., Tan, H., and Hui, X. (2018). Biomaterial scaffolds in regenerative therapy of
the central nervous system. BioMed Res. Int. 2018, 1–19. doi:10.1155/2018/7848901

World Health Organization (2007). Neurological disorders affect milions globally:
WHO report.

Xie, J., Macewan, M. ] R., Willerth, S. M., Li, X., Moran, D. W., Sakiyama-Elbert, S. E.,
et al. (2009). Conductive core-sheath nanofibers and their potential application in neural
tissue engineering. Adv. Funct. Mater. 19, 2312–2318. doi:10.1002/adfm.200801904

Xu, Y., Huang, Z., Pu, X., Yin, G., and Zhang, J. (2019). Fabrication of Chitosan/
Polypyrrole-coated poly(L-lactic acid)/Polycaprolactone aligned fibre films for
enhancement of neural cell compatibility and neurite growth. Cell Prolif. 52 (3),
e12588. doi:10.1111/CPR.12588

Yang, F., Murugan, R., Wang, S., and Ramakrishna, S. (2005). Electrospinning of nano/
micro scale poly(l-lactic acid) aligned fibers and their potential in neural tissue engineering.
Biomaterials 26 (15), 2603–2610. doi:10.1016/J.BIOMATERIALS.2004.06.051

Ye, H., Hendee, J., Ruan, J., Zhirova, A., Ye, J., and Dima, M. (2022). Neuron matters:
neuromodulation with electromagnetic stimulation must consider neurons as dynamic
identities. J. NeuroEngineering Rehabilitation 19 (1), 116–214. doi:10.1186/s12984-022-
01094-4

Zhang, M., Li, C., Zhou, L.-P., Pi, W., and Zhang, P.-X. (2021). Polymer scaffolds for
biomedical applications in peripheral nerve reconstruction. Molecules 26, 2712. doi:10.
3390/molecules26092712

Zhu, R., Sun, Z., Li, C., Ramakrishna, S., Chiu, K., and He, L. (2019). Electrical
stimulation affects neural stem cell fate and function in vitro. Exp. Neurol. 319, 112963.
doi:10.1016/j.expneurol.2019.112963

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Fontana et al. 10.3389/fbioe.2023.1264406

https://doi.org/10.1038/srep39869
https://doi.org/10.1021/acs.accounts.9b00514
https://doi.org/10.1021/acs.accounts.9b00514
https://doi.org/10.1016/j.bioelechem.2021.107987
https://doi.org/10.1016/j.bioelechem.2021.107987
https://doi.org/10.1016/j.biomaterials.2019.119522
https://doi.org/10.1109/TMTT.2007.908657
https://doi.org/10.1089/ten.tec.2019.0344
https://doi.org/10.1038/S41591-021-01663-5
https://doi.org/10.1146/annurev.bioeng.5.011303.120731
https://doi.org/10.1146/annurev.bioeng.5.011303.120731
https://doi.org/10.1016/j.biomaterials.2007.03.009
https://doi.org/10.1038/s41586-018-0649-2
https://doi.org/10.1016/j.actbio.2019.10.038
https://doi.org/10.1155/2018/7848901
https://doi.org/10.1002/adfm.200801904
https://doi.org/10.1111/CPR.12588
https://doi.org/10.1016/J.BIOMATERIALS.2004.06.051
https://doi.org/10.1186/s12984-022-01094-4
https://doi.org/10.1186/s12984-022-01094-4
https://doi.org/10.3390/molecules26092712
https://doi.org/10.3390/molecules26092712
https://doi.org/10.1016/j.expneurol.2019.112963
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1264406

	Electric field bridging-effect in electrified microfibrils’ scaffolds
	1 Introduction
	2 Materials and methods
	2.1 Reconstruction procedure and characterization of the microfibril patch 3D models
	2.2 Fine-tuning of the complete scaffolded electrodes’ 3D models

	3 Results
	4 Discussion
	4.1 Limitations and future work

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


