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Multielectrode arrays would benefit from intimate engagement with neural
cells, but typical arrays do not present a physical environment that mimics
that of neural tissues. It is hypothesized that a porous, conductive hydrogel
scaffold with appropriate mechanical and conductive properties could support
neural cells in 3D, while tunable electrical and mechanical properties could
modulate the growth and differentiation of the cellular networks. By
incorporating carbon nanomaterials into an alginate hydrogel matrix, and
then freeze-drying the formulations, scaffolds which mimic neural tissue
properties are formed. Neural progenitor cells (NPCs) incorporated in the
scaffolds form neurite networks which span the material in 3D and
differentiate into astrocytes and myelinating oligodendrocytes. Viscoelastic
and more conductive scaffolds produce more dense neurite networks, with an
increased percentage of astrocytes and higher myelination. Application of
exogenous electrical stimulation to the scaffolds increases the percentage of
astrocytes and the supporting cells localize differently with the surrounding
neurons. The tunable biomaterial scaffolds can support neural cocultures for
over 12 weeks, and enable a physiologically mimicking in vitro platform to
study the formation of neuronal networks. As these materials have sufficient
electrical properties to be used as electrodes in implantable arrays, they may
allow for the creation of biohybrid neural interfaces and living electrodes.

Although advances in photolithographic
processing of these films have led to de-
creased feature sizes and increased elec-
trode densities, the electrodes have limita-
tions in terms of material conformability
and chemical stability in aqueous environ-
ments, especially in applications of stimu-
lation.®13] In contrast, polymers are flexi-
ble, biocompatible, and occasionally intrin-
sically conductive.'"*!5! Further, this class
of materials can be made porous and with
high surface areas.['®!”] The latter is impor-
tant when considering the emerging fields
of biohybrid electronics and living elec-
trodes, where cells are integrated directly
into the electrodes to offer more biocom-
patible and stable interfaces, as the incorpo-
rated cells will be in contact with the host
cells.!18-20]

Initial biohybrid electronics studies
demonstrated that neural and glial cells
could remain viable for up to 4 weeks when
incorporated in polymer-coated metals or
conductive polymers, such as polypyrrole
(PPy), with an increased neurite out-
growth in PPy as compared to the coated
metal electrodes.[?!723] Soon after, PPy was

1. Introduction

Implantable multielectrode arrays are used to modulate elec-
trically active tissues by recording and/or stimulation at the
electrode sites.['”] These electrodes are traditionally composed
of highly conductive materials, such as thin metal films.

combined with polystyrenesulfonate (PSS) to be electrochem-
ically deposited as a high-surface area “fuzzy” electrode coat-
ing to further improve cell integration.**?] Now, poly(3,4-
ethylenedioxythiopene) is doped with PSS, or commonly known
as PEDOT:PSS, and can be electrodeposited into small, confined
microchannels for equally “fuzzy” but also more mechanically
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Figure 1. A porous biomaterial scaffold with embedded carbon nanomaterials. A) Schematic of the scaffold, with a porous matrix of alginate (blue)
that mechanically traps conductive carbon nanomaterials such as graphene flakes (GF, gray squares) and/or carbon nanotubes (CNT, black lines). B)
Scanning electron microscopy (SEM) micrographs of the scaffold, with the alginate left gray, the GFs falsely colored in red, and the CNTs falsely-colored
in blue. Scale bar: T um. C) Schematic showing the fabrication of the porous scaffolds.

compliant surfaces.!?*28] However, despite modifications of PE-
DOT:PSS and PPy systems, including incorporation into a hy-
drogel matrix to provide better cell interfaces, these composites
have limitations. The porous nature of these conductive hydro-
gels is minimal which results in limited ability for cells to in-
tegrate and migrate through the matrix. Additionally, the me-
chanical properties of existing scaffolds are vastly different from
native neural tissues, as the composites are more than 1000x
stiff than the tissuel?**°! and unlike living tissues, demonstrate
no viscoelasticity.3’3] In contrast, viscoelastic hydrogel matri-
ces embedded with minimal amounts of conductive additives can
match the properties of biological tissues while demonstrating
sufficient conductivity to record and/or stimulate the underlying
tissue with a signal-to-noise ratio >10.34

Here, we investigate how the integration and differentiation
of neural progenitor cells (NPCs) can be affected by changing
the mechanical and electrical properties of conductive, porous hy-
drogels (Figure 1A). The mechanical and electrical properties of
the scaffolds can be independently tuned to investigate how each
can affect the growth and differentiation of NPCs for more than
12 weeks. Additionally, these high surface area scaffolds (Fig-
ure 1B) enable the application of electrical stimulation, providing
a platform to investigate its effects on NPC differentiation, while
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also altering the mechanical properties to direct cell phenotype
and network formation. These electrically conductive, viscoelas-
tic, and porous scaffolds are facile to fabricate (Figure 1C), and
can recapitulate important physiologic properties, thus offering
advancements to biohybrid electronics and neural interfaces.

2. Results and Discussion

2.1. An Electrically and Mechanically Tunable Porous Scaffold

To create bioelectronic hydrogel scaffolds with the mechanical
profiles of neural tissues, an alginate matrix was mixed with con-
ductive nanomaterials. A previously reported method to fabri-
cate viscoelastic electrodes was modified! in order to preserve
the viscoelastic, tissue-like mechanics of the alginate hydrogel,
and to further minimize the amount of high aspect ratio addi-
tives added to the scaffold. The approach involved the freezing
of the formulations before hydrogel crosslinking, to both create
porosity and reduce the amount of conductive additives needed
to achieve percolation. During the freezing step, ice crystals were
formed and the non-soluble conductive additives confined to
the polymer solution surrounding the ice. When the ice was re-
moved and the porous composition crosslinked, the concentrated
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Figure 2. Electrical properties of the scaffold can be adjusted by varying amounts of each carbon nanomaterial, while keeping mechanical properties
largely consistent. A) Quantification of the storage modulus (G’), and B) tan(5) of the scaffolds with varying amounts of total carbon (graphene flakes
and carbon nanotubes) using nanoindentation analysis (N = 6 independent gels, n > 5 measurements per gel). Gels with 1% (blue) and 2% (red)
w/v alginate content are compared. Mean and standard error are shown for each graph. C) Quantification of the bulk G’ versus % strain, with varying
amounts of carbon (%) and with either 1% or 2% w/v alginate. N = 4 independent gels for each composition. Legend (right) denotes the alginate w/v
% of the composite, and the total amount of additive in the scaffold (%). D) Quantification of gel conductivity with varying amounts of carbon, for 1%
(blue) and 2% (red) w/v alginate. N = 5 independent gels for each composition, with n > 12 measurements per gel. Mean and s.d. are shown for each

graph.

additives could form an electrically percolating path (Figure S1,
Supporting Information).

As the gel scaffolds were to be seeded with cells, the properties
of the gels were targeted to match the properties of neural tissues,
with G’<10 kPa, tan(5) > 0.2, and a conductivity of ¢ > 3 S m’!
for sufficient recording and/or stimulation of the incorporated
neurons.?%343¢ To understand how the scaffold physical proper-
ties changed with increasing amounts of carbon nanomaterials,
the local and bulk mechanics were assessed using nanoindenta-
tion (Figure 2A,B) and rheology (Figure 2C). Compositions at dif-
ferent concentrations of alginate, and at different additive com-
positions of graphene flakes (GF) and carbon nanotubes (CNT)
between 0 and 1% total carbon content were compared. In our
previously reported work, we found that scaffolds with both GF
and CNT had greater conductivity than scaffolds with similar to-
tal carbon content but with just one of the additives. Scaffolds
with GF content from 0 to 0.26% and CNT content from 0 to
0.997% were fabricated to ensure the material was easy to handle,
mechanically stable, and with less variability in the distribution
of conductive particles, as these formulations would later incor-
porate cells.

The local mechanical properties across the different gels were
similar, with all formulations softer than 30 kPa (Figure 2A).
Generally, the 2% w/v alginate formulations had larger mod-
uli, with increased variability across the different samples. The
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tan(§), in contrast, was larger, and thus the gels were more vis-
coelastic, for the 1% w/v alginate samples, although interestingly
the standard deviation across all samples was less than that of
the G’ measurements (Figure 2B). When the bulk mechanical
properties were compared, the mechanical properties changed by
less than an order of magnitude over all the tested formulations
(Figure 2C).

The electrical properties of the formulations were also com-
pared (Figure 2D). All values were between 4 and 10 S m’!, and
more conductive than the porous gels without any additives (<1
S m). When compared to the nonporous formulations of the
same compositions, the latter were more than 2 orders of mag-
nitude less conductive (Figure S2, Supporting Information). For
the porous gels, formulations with 1% w/v alginate were slightly
more conductive than the 2% w/v gels, with slightly higher vari-
ability. These gels were also more fragile, and were more likely to
break when handled (Figure S3, Supporting Information). The
variability in mechanical and electrical properties of gels is likely
related to the fabrication process, which involves simple mixing
and mechanical suspension of the additives in the polymer solu-
tions; the resulting random distribution of particles during mix-
ing and freezing steps likely led to some variability in particle
distributions.

Gel formulations with less than 0.4% carbon additives in an
alginate matrix of 1.5% and 2% w/v were able to meet the
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Figure 3. Porous conductive scaffolds can be tuned to support cell cultures of D1 MSCs and primary neuronal cells. A-i) Photomicrograph of a 0.23%
carbon content porous scaffold (black) seeded with D1 mesenchymal stem cells (D1 MSCs) after 2 d. Cells are stained using a live (green, calcein)/dead
(red, ethidium) assay. Scale bar: 400 pum. (ii) Percentage of D1 MSCs that remain viable on viscoelastic scaffolds with varying amount of carbon content
(% content). Mean and s.d. are plotted for each composition, with at least 9 gels per condition. B-i) Photomicrographs of primary rat neurons and rat
glial progenitor cells seeded for 2 weeks in porous alginate-only scaffolds of different viscoelasticity (viscoelastic, elastic) and modulus (1 kPa, 6 kPa).
Cells are stained for Tuj1 (green), phalloidin (red), MBP (white), and Hoescht (blue). Scale bar: 240 pm. (ii) Quantification of the total coverage of
scaffold surface area by both cell types, and (i) quantification of the neurite coverage of scaffold surface area. Mean and s.d. plotted for each condition.
N = 3 independent gels, with at least n = 8 field of views compared for each condition. All numerical data are presented as mean + s.d. (one-way analysis
of variance (ANOVA) and Tukey’s honestly significant difference (HSD) post hoc test: ****P < 0.0001, 0.01 < *P < 0.05, non-significant (n.s.) P> 0.05).

desired mechanical and electrical properties and were used in all
the following cell studies.

2.2. Scaffolds Maintain Cell Viability and Neuronal Cell Network
Formation

D1 mesenchymal stem cells (D1 MSCs) from mice were first in-
corporated into viscoelastic RGD-alginate scaffolds with varying
amounts of conductive additives to assess their compatibility with
cells. The cells distributed within the pores of the scaffolds (Fig-
ure 3A-i), and maintained high viability across all scaffold condi-
tions after 2 d (Figure 3A-ii). Cell morphology changed slightly on
the gels with the highest amount of CNT (0.23%, 0.26%), which
suggested that the gel composition could affect the cells by in-
creasing the number of D1 MSCs which had protrusions (Figure
S4, Supporting Information).

Adv. Healthcare Mater. 2022, 2202221

2202221 (4 of 16)

Neural cells were next cultured on scaffolds of different vis-
coelasticity (viscoelastic, tan(s) = 0.3-0.35; elastic, tan() = 0.1-
0.15) and mechanical modulus (soft, 1 kPa; stiff, 6 kPa) (Fig-
ure S5, Supporting Information). Primary neuronal cells alone
formed networks on the various scaffolds, with the densest net-
works resulting on the viscoelastic soft materials, but the net-
works were relatively sparse. To promote more robust network
formation, a 2:1 ratio of rat primary neurons and rat glial progen-
itor cells (GPCs) were then added into porous scaffolds. Here, the
scaffold mechanical properties were compared rather than elec-
trical properties, to first assess the role of mechanical environ-
ment on the resulting cellular networks (Figure 3B-i). Networks
of lattice-like structures formed on all scaffolds, with a substan-
tially increased amount of substrate surface area covered by cells
in all of the gel conditions (Figure 3B-ii), as compared to cov-
erage on a control of poly-d-lysine coated glass (Figure S6, Sup-
porting Information). In both viscoelastic gels, the cell coverage
was substantially higher than on the elastic gels (Figure 3B-ii).

© 2022 Wiley-VCH GmbH

AsUBDIT suowwo)) aanear) dqeardde ayy £q pauIaA0S e SR Y s JO sa[nI 10§ AIeIqr auruQ A3[IA UO (SUOTIPUOD-PUB-SULID}/ WO K3[1m° K1eIqi[aur[uoy//:sdy) SUOnIpuUO)) pue SWIS], Ay 23S *[£70T/20/90] U0 Areiqr auruQ A1 ‘ANSIATUN) pIeATeH AQ [2Z20TZ0T WYPR/Z001 01 /10p/wod Ka[im’ Areiqijaurjuo//:sdny woiy papeoumod 0 ‘6922612



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

Additionally, the neurite-only coverage of the scaffolds was al-
most double on the viscoelastic soft substrates, which best
matched the neural tissue mechanical properties, as compared to
any other gel (Figure 3B-iii). In the elastic gels, there were more
frequent and larger aggregates of cells which had some neurite
projections. The soft gels demonstrated phalloidin-positive cells
localized at the nodes around the pores, perhaps suggesting these
cells provided structural support to the neurite networks. These
phalloidin-positive cells formed larger aggregates on the soft elas-
tic gels, with a much smaller presence on the elastic stiff gels. Fi-
nally, staining for myelin basic protein (MBP, white) revealed few
GPCsin all cultures, with an increase on the soft viscoelastic gels.

2.3. Viscoelastic and Conductive Scaffolds Promote NPC
Differentiation into Multiple Lineages

Neural progenitor cells (NPCs) derived from human embryonic
stem cells (hESCs) were next seeded onto scaffolds due to their
high proliferative ability and multi-lineage potential to differen-
tiate into neurons, astrocytes, and oligodendrocytes (Figure S7,
Supporting Information). In addition to formation of various cell
types important to support neuronal networks at high scaffold
densities, the human-derived NPCs allowed for a better platform
to study the development of human neural cells and tissues, and
offered a better transition to assess the integration of biohybrid
electronics in implantable multielectrode arrays. NPCs were first
added on top of the scaffolds to assess the compatibility of cells
on the materials in 2D after 2 weeks (Figure S8, Supporting Infor-
mation) and 4 weeks (Figure S9, Supporting Information). Both
viscoelastic and elastic scaffolds, that were either soft (1 kPa) or
stiff (6 kPa) were compared, and the softer, viscoelastic gels al-
lowed for increased neuronal differentiation and neurite cover-
age of the scaffold.

Next, NPCs were transfected with tdTomato to allow for eas-
ier visualization, and cultured on (2D) to assess viability for 4
weeks (Figure S10, Supporting Information), and then in (3D)
viscoelastic and elastic substrates (2D) and scaffolds (3D) of sim-
ilar stiffness (1 kPa), with varying carbon content for 6 weeks.
First, NPCs were seeded on top of nonporous gels with no car-
bon additives to evaluate how 2D cultures would form on vis-
coelastic and on elastic substrates (Figure 4). After 1 week in
culture, NPCs had formed aggregates, which were larger on the
elastic gels, and slightly less circular with some sprouting on
the viscoelastic gels (Figure 4A). These aggregates were positive
for stem cell markers (Nestin: green, Sox2: white). At 5 weeks,
the viscoelastic substrates contained far fewer stem-positive cells
which were distributed throughout the scaffold, rather than in ag-
gregates. In contrast, the elastic gels maintained cell aggregates,
which were smaller in size than at 1 week, but with a similar
organization of stem-positive cells in the periphery of the clus-
ters. Further, the decrease in stem-positive cells at week 5 was
less pronounced in elastic gels. Analysis of differentiated neu-
ronal markers (Tujl:green, NeuN: white) revealed neuronal cell
coverage over most of the viscoelastic substrates, with only small
aggregates of cells, many of which were not positive for the dif-
ferentiated markers, on the elastic gels (Figure 4B).

Next, the neurite network formation (Tujl: green) and cell
coverage were qualitatively and quantitatively compared across
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different viscoelasticity and scaffold conductivity over time for
cells seeded in 3D (Figure 5A). In addition to differences in me-
chanical properties (viscoelastic, elastic) of the scaffolds, the con-
ductivity and amount of carbon additives were compared. As
the scaffold conductivity increased, the percentage of aggregated
cells, which was defined by a bundle of cells larger than 100 ym
in diameter, decreased and cells instead distributed around the
pores (Figure 5B). Additionally, as observed previously, the NPCs
formed more aggregates on the elastic gels as compared to the
equivalent viscoelastic formulation, with a more pronounced dif-
ference at higher carbon contents. The number of neuronal cells
(Tuj1+) increased with the scaffold carbon content in both the vis-
coelastic and elastic gels (Figure 5C). Viscoelastic gels generally
contained more neuronal cells than the equivalent elastic formu-
lations although at the highest carbon content scaffolds the neu-
ron content was similar.

When the scaffolds were assessed for astrocytes (GFAP:
white), the distribution and size of these cells were also different
across scaffold mechanics and conductivity (Figure 6A). The as-
trocytes were always in a plane below the neurons and were both
smaller and more abundant on the viscoelastic scaffolds (Fig-
ure 6B). On viscoelastic scaffolds, the astrocytes also formed long
projections that spanned underneath neurites. Further, the cells
were more likely to be found along the neurites at the perimeter
of cells, rather than in the center of the clusters. There were fewer
GFAP+ cells on the elastic scaffolds, but the cells were also much
larger and localized in the center of aggregates. There was a sig-
nificant increase in astrocytes on the higher carbon content vis-
coelastic scaffolds. Interestingly, there was no significant change
in the astrocytes across the different conductivities in the elastic
scaffolds.

The differentiation of NPCs to oligodendrocytes, which pro-
duce the fatty myelin sheaths that insulate axons, was also as-
sessed (MBP: white) (Figure 7A). There was more total myelin
as well as longer myelinated segments on the viscoelastic gels
than on any of the elastic gels. At the highest carbon content
on viscoelastic scaffolds, the length of myelin spanned almost
400 um (Figure 7B). Myelin thickness, as well as continuous seg-
ments, increased on the more conductive viscoelastic substrates,
but there were no substantial changes on the elastic scaffolds
(Figure 7C). At 0.24% carbon content, the myelin amount was
not statistically different but as the cells formed fewer aggregates
and there were more neurons, the myelin was thicker and was
found along neurites rather than sporadically in aggregates (Fig-
ures 7A,C). This was visible on the elastic scaffolds, as well, even
though the total length of myelin was quite low. At the highest car-
bon content (0.37%), the myelin was more abundant. Myelin was
readily visualized with a Z-stack 3D reconstruction (Figure S11,
Supporting Information), as the gels were each ~#1 mm thick and
had networks of cells that spanned the length of the gel. Analysis
of gels at week 2 confirmed there were no myelinated segments
at this time point (Figure S12, Supporting Information), and ad-
ditional images show the progress of myelination on viscoelastic
and elastic scaffolds (Figure S13, Supporting Information).

Both viscoelastic (Figure 8A) and elastic (Figure 8B) scaffolds
with 0.24% carbon content were imaged at a larger field of view,
to compare the NPC differentiation and distribution in the ma-
terial. The viscoelastic scaffolds demonstrated a neurite network
that spanned the entire scaffold, without filling the pores of the
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Figure 4. Neural progenitor cells (NPCs) can be integrated onto the scaffolds (2D) for multiple weeks. A-i) Photomicrographs of NPCs seeded onto
scaffolds of different mechanical properties (viscoelastic, elastic), and with no carbon additives. Cells are compared after 1 week (left) and 5 weeks
(right) in the scaffold, and stained for Nestin (green), Sox2 (white), NPC-tdTomato (red), and Hoescht (blue). Scale bar: 240 um. (ii) Quantification of
the stem-positive cells (Nestin+, Sox2+) after 1 or 5 weeks, on the viscoelastic and elastic scaffolds. N = 3 gels per condition and at least n = 6 field of
views for each condition and N = 4 gels per condition. Numerical data are presented as mean + s.d. (one-way analysis of variance (ANOVA) and Tukey’s
honestly significant difference (HSD) post hoc test: ****P<0.0001, 0.0001 < ***P <0.001, non-significant (n.s.) P> 0.05). B) Photomicrographs of
NPCs after 5 weeks in viscoelastic (left) and elastic (right) substrates, stained for differentiated neural markers Tuj1 (green), NeuN (white), NPC (red),

and Hoescht (blue). Red triangles indicate the sprouting behavior observed on the viscoelastic scaffolds. Scale bar: 300 um.

biomaterial and with regions of myelination throughout the scaf-
fold. In the elastic scaffolds, there were larger aggregates of cells
without neurites, and with a decreased percentage of neurites on
the scaffold. There were a few regions of myelination on the elas-
tic scaffold, which were closer together rather than distributed
throughout the scaffold.

2.4. Electrical Stimulation of the Conductive Scaffolds Enhances
NPC Differentiation

The impact of exogenous electrical stimulation on NPC growth
and differentiation was next explored. Based on the earlier re-
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sults, only viscoelastic scaffolds were utilized, and scaffolds with
no carbon, 0.23%, 0.26%, and 0.28% were explored. This reduced
carbon range was chosen as these scaffolds offered similar neu-
ron and astrocyte benefits as the 0.37% carbon contents, but were
more mechanically stable. While the mechanical properties of
these formulations were not significantly different (Figure 2A,B),
the conductivity was slightly different depending on the exact
amount of GF and CNT added. The narrow range in carbon con-
tent was explored to see how the amounts of additives could affect
the viability of NPCs as external stimulation is applied. Square
wave pulses were applied for 15 minutes to all the scaffolds, ei-
ther daily or every other day, for a duration of 8 d, (Figure 9A).
After 6 d in vitro (DIV), scaffolds that received stimulation daily
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Figure 5. Neurons form less cellular aggregates on more conductive scaffolds and neurites span the scaffold architecture. A) Photomicrographs of
NPCs in the scaffolds of different mechanical properties (viscoelastic, elastic) and scaffold carbon content (%), compared after 6 weeks in culture and
stained for neuronal markers. Tuj1 (green), NeuN (white), NPC (red), Hoescht (blue). Scale bar: 310 um. B) Quantification of the number of cells that
have aggregated together (aggregate diameter > 100 um) across scaffold carbon content (%) and mechanical properties (viscoelastic: blue; elastic: red).
At least N = 5 field of views compared for each condition. C) Quantification of the neurons (Tuj1+) in culture (%), across scaffold carbon content (%)
and mechanical properties (viscoelastic: blue; elastic: red). At least n = 7 fields of view compared for each condition and N = 2 gels per condition. All
numerical data are presented as mean +s.d. (one-way analysis of variance (ANOVA) and Tukey's honestly significant difference (HSD) post hoc test:
#%%%P < 0.0001, 0.001<**-<0.01, 0.01 < *P < 0.05, nonsignificant (n.s.) P> 0.05).

had very few viable cells (Figure 9B). In contrast, viable cells that
infiltrated throughout the entire scaffold were found with stimu-
lation every other day (Figure S14, Supporting Information).
After stimulation was completed, the cells were left in the scaf-
folds for a total of 51 DIV and analyzed for NPC differentiation
to neurons (Figure 10A) and astrocytes (Figure 10B), and myeli-
nation (Figure 10D). In gels that had been stimulated daily, there
were many cells that were not positive for any of these differen-
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tiation markers, with sparse Tuj1 networks and no myelin stain-
ing. On scaffolds that had received stimulation every other day,
there was a significant increase in the number of differentiated
neurons (Figure 10A), and this increase was further amplified on
scaffolds with carbon additives. There was also a significant in-
crease in the differentiation into astrocytes, especially on the scaf-
folds with added carbon. Astrocytes were again located in planes
below the neurons, but formed much longer protrusions and
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Figure 6. Astrocyte differentiation after 6 weeks on scaffolds is impacted by scaffold mechanical and electrical properties. A) Photomicrographs of NPCs
in the scaffolds of different mechanical properties (viscoelastic, elastic) and scaffold carbon content (%), compared after 6 weeks in culture and stained
for astrocyte marker, with neurites visualized as well. Top 2 rows, merged images: Tuj1 (green), GFAP (white), NPC (red), Hoescht (blue); bottom 2 rows,
GFAP and Hoescht, only. Scale bar: 200 um. B) Quantification of the astrocytes (GFAP+) in the cultures (%), across scaffold carbon content (%) and
mechanical properties (viscoelastic: blue; elastic: red). At least N = 4 field of views compared for each condition and at least N = 2 gels per condition.
All numerical data are presented as mean +s.d. (one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) post hoc test:
*#x%P < 0.0001, 0.0001 < ***P < 0.001, 0.001<**P<0.01, nonsignificant (n.s.) P> 0.05).
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Figure 7. Myelination length and quantity are impacted by scaffold mechanical and electrical properties. A) 3D reconstructions of photomicrographs
of NPCs in the scaffolds of different mechanical properties (viscoelastic, elastic) and scaffold carbon content (%), compared after 6 weeks in culture
and stained for oligodendrocyte marker. Tuj1 (green), MBP (white-magenta), NPC (red), Hoescht (blue). Scale bar: 180 pm. B) Photomicrograph of a
viscoelastic scaffold with 0.37% carbon content, showing myelinated (white-magenta) neurites (green) spanning the entire length of the scaffold. Scale
bar: 240 pm. C) Quantification of the length of myelin (white-magenta, um) across scaffold carbon content (%) and mechanical properties (viscoelas-
tic: blue; elastic: red). At least n = 5 field of views compared for each condition and N = 3 gels per condition. All numerical data are presented as
mean =+ s.d. (one-way analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) post hoc test: ****P <0.0001, 0.001 < **P < 0.01,
0.01<*P<0.05, nonsignificant (n.s.) P>0.05).

networks than on gels that had received no stimulation (Fig-
ure 10B). Astrocytes were in the center of cell aggregates (Fig-
ure 10C), rather than in the periphery when there was no stimu-
lation. In many regions of aggregated cells, the astrocyte protru-
sions were found perpendicular to the neurites.

Despite changes in the astrocyte number and phenotype, elec-
trical stimulation every other day had no impact on the amount
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of myelin found in the gels (Figure 10D). The myelin spanned
~100 um and only along a few of the neurites (Figure 10E), as
observed in Figure 7A,C. This could relate to the specifics of
electrical stimulation, as the exogenous electrical pulses were
generated by a function generator. While designed to have pos-
itive and negative components that spanned the entire duty cy-
cle, the pulses were not perfectly biphasic. A biphasic stimulator
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(A) Viscoelastic
—

Figure 8. NPC differentiation and localization are affected by scaffold me-
chanical and electrical properties. A) 3D reconstructions of photomicro-
graphs of NPCs in a viscoelastic 0.24% conductive scaffold, and B) 3D
reconstructions of photomicrographs of NPCs in an elastic 0.24% con-
ductive scaffold. Cells stained after 6 weeks for Tuj1 (green), MBP (white),
NPC (red), Hoescht (blue) and imaged over a larger field of view. Scale
bar: 450 um.

could offer more compatible pulses for stimulation, and further
improve the differentiation and myelination capabilities of the
oligodendrocytes.[37#]

Interestingly, while the application of exogenous electrical
stimulation did not affect the myelination of the neurites, the in-
herent electrical properties of the scaffold substantially increased
the presence of neurons (Figure 10A), presence of astrocytes (Fig-
ure 10B), and the amount of myelination (Figure 10D). From the
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0% carbon to 0.23-0.28% scaffolds, the % neurons in the culture
increased from ~60% to ~80% respectively, and the % astrocytes
increased from ~2% to ~13%, respectively. Additionally, while
scaffolds with no carbon additives had myelin segments <50 um,
the scaffolds with 0.23-0.28% carbon content had many myelin
segments which were > 100 pm. As the inherent conductivity
already had an influence on the composition of the cultures, the
further exploration of electrical stimulation parameters could fur-
ther enhance these differences.

3. Conclusions

We report a highly tunable biomaterial scaffold, which can sup-
port the growth, proliferation, and network formation of various
cell types, from MSCs to neurons and NPCs. When incorporat-
ing NPCs into the scaffolds, the cells were able to differentiate
into different neural cell lineages. Further, NPCs were able to
form neuronal networks with regions of myelination and struc-
tural support by astrocytes. The porous scaffolds overcome many
existing limitations in biohybrid electronics, such as the use of
materials with mechanical properties that are very different from
those of native neural tissue, minimal ability for neuronal cells
to form 3D networks, and the use of metals which release ions or
apply high charge injection of current into the cultures.

While enabling the investigation of the roles of mechanical and
electrical environment(s) in the development of neurons. As me-
chanical and electrical properties may have different effects in the
formation of each cell type and the resulting cellular networks,
the platform allows for independent investigation of each stimu-
lus.

In terms of the mechanical properties of the scaffold, the mod-
ulus has been shown to influence network formation of neurons
and astrocytes,[?%41=%1 but little work has been done to investigate
the impact of the viscoelasticity of scaffolds on neural cells. The
more elastic hydrogel formulations contained more and larger
aggregates of neural cells. This could be because the cells are un-
able to remodel these scaffolds. The extracellular matrix, in con-
trast, is viscoelastic in nature and is continuously modulated by
cells. As the viscoelastic scaffolds are able to better recapitulate
the mechanical modulus and properties of the extracellular ma-
trix, neurons may be able to better spread on the material and
form networks that mimic those found in vivo.

In terms of electrical properties, scaffolds of higher conduc-
tivity tend to contain more CNTs which form dense bundles,
and increase the surface roughness of the scaffolds. Past stud-
ies have demonstrated improved integration of neuronal cells
onto materials with high surface area, such as by micro- and
nanotopographies.l*#71 Tt has been reported that these rougher
materials regulate and activate the YAP/TAZ pathway,*3*1 and
increase paxillin-mediated adhesion.[*] As the latter binds to pro-
teins involved in reorganizing the actin cytoskeleton, and as the
neuronal growth cone involves actin dynamics, the increased
roughness of the more conductive scaffolds could facilitate the
formation of neuronal networks. Further, there are multiple ad-
ditives and hydrogels which would be compatible with the fabri-
cation method, thus allowing for increased tunability of the me-
chanical and electrical properties of the scaffolds and further reg-
ulation of these mechanosensors.
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Figure 9. Application of exogenous electrical stimulation on NPC-laden scaffolds to modulate resulting networks. A-i) Schematic showing the parameters
of the electrical pulses applied to the scaffold. (i) Schematic showing the set-up of electrical stimulation. The conductive scaffold (gray) is cell-laden
(yellow) and placed between two parallel platinum wires (blue), which have been machined to fit into the lid of a six-well tissue culture plate. Electric
fields are generated across the scaffold as electrical pulses are applied (pink arrow). B-i) Photomicrographs showing the NPCs in viscoelastic-only
scaffolds after 6 total days of the stimulation paradigm. Cells are stained using a live (green, calcein)/dead (red, ethidium) assay. Scale bar: 120 um. (ii)
Quantification of the viability (%) of cells in the scaffold, comparing cells that received daily stimulation (red), stimulation/2 d (green), or no stimulation
(blue) over a 6 d study, with scaffolds of different carbon content for each stimulation condition. At least n = 3 fields of views are compared and at
least N = 2 gels per condition. All numerical data are presented as mean + s.d. (one-way analysis of variance (ANOVA) and Tukey’s honestly significant
difference (HSD) post hoc test: ***¥*P < 0.0001, non-significant (n.s.) P> 0.05).

Since electrical pulses can be applied without damaging the
biomaterial networks, or displacing any conductive particles, the
scaffolds can be used to deliver exogenous electrical stimula-
tion and study how electrical pulses can be used to differenti-
ate or guide the NPCs. Future work could investigate how dif-
ferent pulse profiles could best differentiate NPCs into specific
lineages, and further promote the differentiation into neurons
and astrocytes. Additionally, since the described biomaterial en-
ables the formation of 3D neuronal co-cultures in physiologically-
mimicking environments, the materials offer a more transla-
tional platform to assess the influence of drugs and other small
molecules on the networks.

The porous, conductive alginate scaffolds can support neural
cells for more than 12 weeks, while offering sufficient electrical
properties to be used as the electrodes in implantable multielec-
trode arrays. This would enable biohybrid electronics which of-

Adv. Healthcare Mater. 2022, 2202221

2202221 (11 of 16)

fer a tissue-mimicked interface, while remaining viscoelastic and
able to conform to the site of implantation. These materials can
be further employed for tissue engineering applications both in
vitro and in vivo to modulate neuronal cultures and tissues.

4. Experimental Section

Fabrication of Conductive Hydrogels: To prepare the porous gels, vary-
ing amounts of conductive nanoparticles were mixed into 1%, 1.5%, or
2% (w/v) RGD-alginate dissolved into DiH20. Alginate with two different
molecular weights was used to form gels with “elastic” or “viscoelastic”
properties, respectively: High Molecular Weight (HMW) alginate Protonal
LF10/60, and Low Molecular Weight (LMW) alginate Protonal LF10/60
3mRad irradiation. RGD-alginate was prepared by coupling the oligopep-
tide GGGRGDSP (Peptides International) to the sterile alginate using car-
bodiimide chemistry, as previously described.[*%] The RGD concentration
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Figure 10. Evaluation of neurons, astrocytes, and oligodendrocytes after exogenous electrical stimulation of NPC-laden scaffolds. A) Photomicrographs
of the cells at 51 d in vitro (DIV), after following the stimulation paradigm for the first 8 d of culture, and stained for neuronal markers. Tuj1 (green),
NPC (red), Hoescht (blue). Scale bar: 330 um. Quantification (right) of neurons in the cultures (%), across each stimulation condition, with at least n
=5 fields of view compared across each condition and at least N = 3 separate gels. B) Photomicrographs of the cells at 51 DIV, after receiving 8 d of
the stimulation paradigm, stained for astrocytic and neurite markers. Top row: merged images, Tuj1 (green), GFAP (white), NPC (red), Hoescht (blue);
bottom row: GFAP and Hoescht, only. Scale bar: 180 um Quantification (right) of the astrocytes (%) in the cultures, comparing different scaffold carbon
content and different stimulation paradigms (daily: red, green: every 2 d, blue: no stimulation) with at least n = 5 fields of view per condition, and at least
N = 3 separate gels. C) Photomicrograph of cells at 51 DIV, after receiving stimulation every other day in the first 8 d, to show the size and distribution
of astrocytes over a larger field of view. Tuj1 (green), GFAP (white), NPC (red), Hoescht (blue). Scale bar: 210 pm. D) Photomicrographs of cells at 51
DIV, after receiving 8 d of the stimulation paradigm, and stained for oligodendrocyte and neurite markers. Tuj1 (green), MBP (white-magenta), NPC
(red), Hoescht (blue). Quantification (right) of length of myelin (um) in each condition for different stimulation paradigms (daily: red, green: every 2
d, blue: no stimulation) with at least n = 5 fields of view per condition, and at least N = 3 separate gels. E) Photomicrograph of cells at 51 DIV, after
receiving stimulation every other day in the first 8 d, to show the size and distribution of myelination in a smaller field of view. Tuj1 (green), MBP (white-
magenta), NPC (red), Hoescht (blue). Scale bar: 250 um. All numerical data are presented as mean +s.d. (one-way analysis of variance (ANOVA) and
Tukey’s honestly significant difference (HSD) post hoc test: ****P <0.0001, 0.0001 < ***P < 0.001, 0.001 < **P<0.01, 0.01 < *P < 0.05, nonsignificant
(n.s.) P>0.05).
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was, on average, 20 RGD peptides coupled to 1 alginate chain. The me-
chanical properties of alginate gels with the same amount of crosslinker,
with and without RGD, were unchanged,!>'l even when conductive parti-
cles have been added to the gels (Figure S15, Supporting Information).

The mixture was briefly vortexed before being placed in a sonicator bath
for 10 min, twice (solutions were briefly vortexed between each sonication
step). The solution was then cast into tissue culture plates (typically 12, 24,
or 48 well plates depending on the number of cells available) before being
frozen at -20 C. Once frozen, the plates were transferred to a lyophilizer
(Freezone, Labconco). Gels were cross-linked by ionic crosslinking with
Ca?* dissolved in ethanol at a concentration of 450 x 103 wm.

Briefly, to make conductive formulations, the particles were mechani-
cally suspended into the hydrogel matrix and then vortexed/sonicated as
described above. Two types of carbon nanomaterials were used to create
the conductive hydrogels: multiwalled carbon nanotubes (CNT) (Nanocyl
NC3100) and graphene flakes (GF) (Sixonia, Germany at a concentration
of 2.143 mg mL"! in water without any additives). The CNTs had a diam-
eter of 10 nm and a length of 1.5 um, and the GF were 1-2 um in lateral
dimensions. The relative amounts of GF and/or CNT added to each gel
composition, as well as the amount of hydrogel and the total % carbon in
Table S1 (Supporting Information) are included.

Mechanical Measurements:  Scaffolds were characterized using
nanoindentation and rheology. In both cases, at least 4 gels per condition
were tested. The local, surface properties of the gels were measured by
nanoindentation, using a G200 nanoindentator (Keysight Technologies)
with a spherical tip (diameter: 400 um). Mechanical characterization of
the material was done at room temperature using hydrated gels. At least
ten measurements were taken per gel, each at different locations, and
gels were rehydrated every five measurements to avoid drying. The elastic
modulus (G’), storage modulus (G") and tan(6) were recorded. For both
the local and bulk properties, the G, G”, and tan(6) were characterized.

Rheological characterization was done with a DHR-2 TA Instrument.
Conductive hydrogels discs of 20 mm in diameter were placed on the
rheometer, and a 20 mm flat plate geometry was used to measure the
samples across a strain sweep and with a constant frequency at 1 Hz, and
then a frequency sweep at 0.5% strain. At least 3 samples for each gel
composition were characterized, and the samples were >1 mm thick.

In all cases of local and bulk mechanical characterization, the samples
were measured in a hydrated state (e.g., cell media, PBS with 10 x 103 m
CaCl,). They were removed from their mold, placed on a clean glass slide,
and any excess liquid was wicked away. To ensure that the samples were
not drying out, the sample was changed every 6 min.

Electrical Measurements: The conductivity of the gels was obtained by
a 4-point probe and resistance meter to measure the sheet resistance, R,
of the material. Four insulated wires were soldered to pins of a header,
with a spacing of 2.54 mm between adjacent pins. This probe spacing was
more than 10x smaller than the gel diameter to avoid any edge effects.
The two outer probes conduct current, and the inner two probes are used
to measure the voltage change. From R, conductivity can be calculated:

1
TR xtxC

M

where t: thickness of the gel, C: correction factor defined by the geometry of
the sample with respect to the spacing of the probes and can be calculated
using the following reference, ] and o: conductivity of the gel. The sheet
resistance was measured at 10-20 locations on the gel, and at least 3 gels
per composition were measured before plotting the average conductivity
for each formulation.

Porosity of the Conductive Hydrogels: Previously, the porosity of the
conductive scaffolds was reported and found that their porosity was min-
imally affected between 0% and 3% total carbon content (ref. [34], Fig-
ure S16, Supporting Information). The porosity between all formulations
was between 75% and 92%, with a slight decrease in porosity as higher
amounts of CNT were added. Using these results, formulations were cho-
sen in this study with relative amounts of GF and CNT that would keep the
porosity similar (between 85% and 92%) across all tested formulations.
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Cell Seeding onto the Gels (2D): Cells were placed on top of the non-
porous gels, in 2D, by pipetting a solution of cells in media on top of the
gel surface. 100 pL was added on top of each gel, and the cells were left
to attach to the gel surface for 15 min. After this initial window, the rest of
the media was added (+100 L to each well in a 24-well plate; +300 pL to
each well in a 12-well plate).

Cell Seeding into the Gels (3D): The scaffolds were removed from any
media they had been stored in before cell seeding and allowed to slightly
dry for 10 min to allow the cell solution to readily soak into the scaffold.
Cells were added into the porous scaffolds (3D), by placing two concen-
trated droplets (50 pL each) of cells into the scaffold, for a final cell density
of 100 000 cells per gel. After ~5 min, the rest of the media was added to
each well.

Cell Culture Maintenance: Various cell lines and types were used to
assess the cytotoxicity of the materials and investigate the properties of
the mechanical environment on cell networks.

Mesenchymal Stem Cells (MSCs):  Murine MSCs (D1s, ATCC) were
split when they reached 80% confluency, and were cultured using complete
DMEM media (DMEM+10% fetal bovine serum (FBS)+1% pen/strep).
Cells were seeded into gels cast into a 12-well plate (d = 15 mm) at a
density of 500 x 10° cells per well. A media change was performed every
2d.

Primary Neuron Cells:  Primary rat astrocytes and neurons were pur-
chased from Lonza, and seeded on top (2D) or inside (3D) gels. Cells
were kept in culture for 5-14 d, during which a half media change was
done every few days. Neural basal medium (NBM) with 2% B27 and 1%
Glutamax was used to culture the neuron and astrocyte coculture. Bright-
field microscopy was used to image the cells daily to confirm viability and
assess network changes. Cells were seeded into gels cast into a 24-well
plate (d = 13 mm) at a density of 10 x 10° cells per well. Half of the media
was changed every 4-5 d.

Glial Progenitor Cells (GPCs): Rat GPCs (Lonza) were purchased and
expanded for two passages before mixing with primary rat cortical neurons
(Lonza). To keep their stem state, a knock-out media (StemPro NSC SFM,
A1050901 ThermoFisher) supplemented with 1% GlutaMAX (35050-061,
ThermoFisher) and 10 ng mL"" PDGF-AA (recombinant human, PH60035)
was used to keep the GPCs undifferentiated. When the GPCs were added
to neurons, the neuronal media (described above) was used to support all
cell types, as neuronal media could still support GPCs. Cells were seeded
into gels at a ratio of 2:1 neurons to GPCs, and cast into a 24-well plate
(d = 13 mm) at a density of 40 x 10° cells per well. Half of the media was
changed every 4-5 d.

Generation of f hESCs:  hES cells (H1 (WAO1), WiCell) were electro-
porated with a plasmid containing an AAVS1-targeting sgRNA and Cas9-
2A-GFP (Addgene Plasmid #38 138) and a second donor template plas-
mid containing a splice acceptor with puromycin for selection from the
endogenous AAVS1 expression, a constitutively expressed tdTomato us-
ing the CAGGS promoter, and 800-900 bp homology arms for the AAVS1
locus flanking the sgRNA targeting cut site. Electroporations were done
using a 4D nucleofector (Lonza) according to the manufacturer’s instruc-
tions and 1:4 molar ratio of Cas9 to donor template plasmid. After elec-
troporation, cells were plated in a 10 cm Matrigel-coated dish and allowed
to recover for 3 d. After recovery, cells were selected with puromycin from
the endogenous AAVS1 expression for 5 d at 1 ug mL" to generate pure
tdTomato-positive hESCs.

Neuronal Progenitor Cells (NPCs):  hESCs were cultured in feeder-free
conditions on Matrigel (Corning) and mTesr Plus (StemCell Technologies)
and passaged every 5-7 d at approximately 1:10 split ratio using Versene
treatment for 4 min and removal from the culture dish with gentle pipet-
ting. NPC differentiation was carried out as previously described.[334]
Briefly, hESCs were collected as single cells using TrypLE Express and
seeded at 5 x 10 cells per well of a Matrigel-coated six-well plate in NPC
differentiation medium consisting of NGD base media (below) supple-
mented with 2.5 x 10® m Dorsomorphin (Peprotech), 10 ng mL" bFGF
(Peprotech), 1:500 dilution of human insulin solution (Sigma Aldrich
#19278), and 10 x 10 M ROCK inhibitor (Y-27632). NGD base medium
consisted of 500 mL neurobasal medium (Gibco), 5 mL 100x Gluta-
max (Gibco), 5 mL 10 000 U mL"" penicillin/streptomycin (Gibco), 10 x
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Table 1. Table of primary and secondary antibodies used, with their respec-
tive dilutions.

Primary antibody Dilution Secondary antibody Dilution
Tuj1 (Abcam ab18207) 1:1000 Anti-rabbit Alexa 647 1:500
Anti-rabbit Alexa 488 1:500
NeuN (Abcam ab104224) 1:500 Anti-mouse Alexa 488 1:500
poly NeuN (Invitrogen PA578599) 1:500 Anti-rabbit Alexa 488 1:1000
Nestin (Abcam ab22035) 1:100 Anti-mouse Alexa 488 1:300
NeuN (Abcam ab104224) 1:200 Anti-mouse Alexa 647 1:300
Sox2 (Abcam ab97959) 1:200 Anti-rabbit Alexa 647 1:300
GFAP (Abcam ab4648) 1:500 Anti-mouse Alexa 647 1:400
Poly MBP (Invitrogen PA110008) 1:1000  Anti-chicken Alexa 488 1:500
GFAP (Abcam ab68428) 1:500 Anti-rabbit Alexa 488 1:500

Phalloidin 488 1:200

10 m ascorbic acid, 5 mL 100x sodium pyruvate (Gibco), 0.5 m NaCl,
0.012% lactic acid, 3.5 ng mL"! biotin, 2 ug mL"! Albumax | (Gibco), and
2.5 mL of Neuroplex N2 supplement (Gibco). NPC differentiation media
was changed daily (minus ROCK inhibitor after the first day) until neu-
ral rosettes appeared. Three days after the rosette appearance, the cells
were passaged 1:2 for up to three passages as NPCs, and the media was
changed to NPC differentiation medium minus dorsomorphin. ROCK in-
hibitor was added back to the NPC differentiation medium minus dorso-
morphin for 1d during passaging. To freeze the NPCs, accutase enzyme
was added (1 mL/6 well), and incubated for 5-10 min until all the cells had
lifted off. The cells were collected with a p1000 tip into a 15 mL tube with
NPC media, and spun at 100 g for 8 min. The freezing solution consisted
of () Solution A: NPC media with rock inhibitor (1;500), and (ii) Solution
B: 80% KSR and 20% DMSO. Solution A was added first, chilled ahead
of time, and then a chilled Solution B was gentled added. The cells were
transferred to freezing vials and placed into freezing chambers in -80 °C.

For use in studies, NPC vials were thawed completely and transferred
to a 15 mL tube with NPC media. The cells were spun at 100 g for 8 min,
and resuspended in fresh NPC media (NBM+10 ng mL" FGF + Insulin
(1:500). Ahead of time, a 1:100 dilution of rBM in sterile DMEM was added
to each well of a six-well plate and left for 1 h at room temperature. The
rBM was then removed and stored at 4 °C with PBS until ready for use.
Thawed NPCs were added to each well with rock inhibitor (1:1000), and
media was changed daily. Cells were passaged 1:3 or 1:4 after 4-5 d, using
accutase to detach the cells. This process was repeated up to one more
time. When differentiating the NPC, the media was changed to a 1:1 mix
of NBM and DMEM/F12 HEPES with glutamine, with 0.5% N2, 1% B27,
1% Glutamax, and 1% pen per strep.

Cells were seeded into gels cast into a 24-well plate (d = 13 mm) at
a density of 100 x 10° cells per well. The media was half changed every
4-5 d, taking care to avoid disrupting the cells and tilting the plate at an-
gle to minimize the disturbances the cells might experience. An upright
EVOS light microscope was used to image the cells daily and observe any
significant changes in viability.

Immunohistochemistry (IHC) Staining: To prepare gels for IHC, the
gels were first fixed with a 4% solution of paraformaldehyde (PFA) for 15
min at room temperature, and then rinsed three times with PBS contain-
ing 10 x 10" m CaCl, Gels were stored at 4 °C in PBS + 10 x 10 m CaCl,
until ready for further steps. Prior to staining, the cells were permeabiliz-
ing with 0.1% Triton X-100 in PBS + CaCl, for 6-8 min, and then rinsed
3x with PBS + 10 x 10 m calcium, and then blocked in blocking buffer
(PBS + 10 x 10 m calcium with 5% goat serum and 1% BSA) for 1.5-3 h.
Samples were incubated with primary antibodies overnight in 4 °C and the
concentrations are found in Table 1. On the following day, the cells were
rinsed 6 times with blocking buffer and then incubated for 1-1.5 h at room
temperature with the secondary antibodies at the concentration listed be-
low. After 2 rinses, a Hoescht stain and/or phalloidin, if applicable, was
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added to the samples at room temperature for 45 min. Finally, the gels
were rinsed twice and then carefully transferred onto glass slides, where
mounting medium (Prolong Gold Glass Antifade, Invitrogen) and a glass
coverslip were added.

The following antibodies were used at the designated concentrations
found in Table 1.

Negative controls of the antibodies are provided in Figure S14 (Sup-
porting Information).

Image Acquisition: Images were collected using a Zeiss confocal, on
5%, 10%, 20x, 40X, and 63% objectives. Both 2D images as well as Z-stacks
were collected to create 3D reconstructions with IMARIS. Files were saved
as .czi and then converted to .tiff or .png using Image).

False Coloring of MBP:  To better visualize the MBP and myelin stain-
ing, images were opened with Adobe Photoshop and regions of interest
were selected with the “Quick selection tool” and/or the brush tool. The
desired regions were highlighted, and then a new layer added with “Color,”
at which time “magenta” was selected. The layer was overlayed on the orig-
inal image to create a magenta overlay on the MBP.

Electrical Stimulation Set-Up: The lid of a six-well plate was milled to
have 2 holes, spaced 20 mm, each with a 0.6 mm bit piece, so that the
openings could fit platinum wires (wire diameter: 0.5 um). The wires were
fed through the openings until they touched the bottom of the plate, and
bent to span the length of the well. Next, they were glued in place with 5
min epoxy and allowed to completely dry overnight. Cables (banana-clip)
were attached to a function generator, which was set to the desired fre-
quency, voltage amplitude, and duty cycle as well as pulse waveform. The
stimulation profile was confirmed by connecting an LED and observing the
pattern. The platinum lid was sprayed with ethanol and left to fully dry un-
der a tissue-culture hood. A new, sterilized 6-well plate was opened under
the hood, and the platinum-wire lid was placed on top. The well was filled
with the desired media, and the cell-laden scaffold was carefully placed
in the center of the well with sterile tweezers. Stimulation was applied to
the material by connecting the clip-end of the cable to the platinum wires,
with the anode on the left side and the cathode connected on the right
side, while the cells and plates were in the incubator. Pulses were applied
for the desired duration, after which the scaffold was carefully placed into
its original well (typically scaffolds were cast in 24 or 48 well plates to be
smaller than the spacing of the platinum wires).

Parameters of Electrical Stimulation: Although a function generator
was used to apply the pulses, the charge was balanced as much as possi-
ble; while proper biphasic pulses were not possible, positive and negative
portions of charge were included. The positive pulse came first and so at
the end of each duty cycle (50%), there was negative voltage. A low volt-
age range (V,, < 1V) was selected to minimize negative effects on the
NPCs and to remain far below the water window of our platinum elec-
trodes. The frequency was chosen based on the lower range reported in
existing literaturel>>°6] and presentations from conferences, to allow the
cells to fully repolarize after stimulation. This was also done as our goal
was to possibly affect differentiation rather than migration of the cells.
As the cells are distributed throughout the scaffold at DIV 51, rather than
clustered together, it is thought that the migration was not substantially
affected.

Statistical Analysis:  Statistical analysis was done using Prism 9, and
data were first confirmed to be normally distributed (Figure S17, Sup-
porting Information). The data was not preprocessed, and is presented
as mean =+ standard deviation (s.d.), as noted in the figure legends.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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