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Abstract
Functional humanized in vitro nerve models are coveted as an alternative to animal models due to
their ease of access, lower cost, clinical relevance and no need for recurrent animal sacrifice. To this
end, we developed a sensory nerve model using induced pluripotent stem cells-derived nociceptors
that are electrically active and exhibit a functional response to noxious stimuli. The differentiated
neurons were co-cultured with primary Schwann cells on an aligned microfibrous scaffold to
produce biomimetic peripheral nerve tissue. Compared to glass coverslips, our scaffold enhances
tissue development and stabilization. Using this model, we demonstrate that myelin damage can be
induced from hyperglycemia exposure (glucose at 45 mM) and mitigated by epalrestat (1 µM)
supplementation. Through fibrin embedding of the platform, we were able to create 3D
anisotropic myelinated tissue, reaching over 6.5 mm in length. Finally, as a proof-of-concept, we
incorporated pancreatic pseudoislets and endometrial organoids into our nerve platform, to
demonstrate the potential in generating nociceptor innervation models. In summary, we propose
here an improved tool for neurobiology research with potential applications in pathology
modeling, drug screening and target tissue innervation.

1. Introduction

The ability to detect external noxious stimuli and
internal organ dysfunction signals is essential to
maintain physical integrity and homeostasis [1]. This
process is mediated by nociceptors, which recog-
nize this input via specialized receptors, such as
the transient receptor potential vanilloid 1 (TRPV-
1), and conduct the information to the central
nervous system (CNS), whilst also locally releas-
ing neuropeptides, e.g. substance P, at the site of
stimulus [2, 3]. The perception of nociceptive pain
is contingent on the continuity of sensory peri-
pheral nerve (PN) fibers between target organs and
the CNS [4]. However, the PN is a fragile and
exposed tissue, prone to damage by trauma or dis-
ease [5]. Most cases of PN damage arise from diabetes
type II pathophysiological imbalances [6], which has

prompted significant research into prevention and
mitigation of diabetes-related disorders as well as
strategies for neural tissue repair [7, 8]. In other
pathological situations, the aberrant presence of
nociceptors within organs can lead to abnormal and
excessive pain. That is the case of chronic pancre-
atitis (CP), in which the main symptom is severe
abdominal pain, caused in part by peripheral sens-
itization [9–11]. Similarly, women with endomet-
riosis, a benign condition affecting up to 10% of
reproductive-aged women, experience nociceptive
pain because of infiltrating nociceptors within endo-
metriotic implants and inflammatory sensitization of
peripheral nociceptors [12].

To better understand PNs growth, repair meth-
ods and involvement in associated pathologies, it
is necessary to develop improved neurobiology
research platforms. Furthermore, such platforms
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are instrumental in discovering compounds for
neuropathy prevention, pain alleviation and nerve
repair. To this end, biomimetic and functional three-
dimensional (3D) in vitro models of PNs and tis-
sue innervation can provide a simple, cost-effective
and clinically relevant research tool to substitute
the expensive and ethically loaded animal models.
In this pursuit, few in vitro models using human
sensory neurons and nociceptors in particular, have
been reported. Wainger et al proposed a model using
nociceptors from reprogrammed fibroblasts that were
electrically active and sensitive to noxious stimuli
[13]. Similarly, Jones et al [14] reported a sens-
ory neuron model, with electrically excitable cells,
obtained from human embryonic stem cell differen-
tiation. Both models consist, however, of 2D disor-
ganized and non-myelinated cultures, which do not
reflect the biological architecture of mature nerves.
To achieve myelination, Clark et al [15] generated
co-cultures of induced pluripotent stem cells (iPSCs)
derived sensory neurons with primary rat Schwann
cells (SCs) on matrigel-coated coverslips. However,
the use ofmatrigel limits clinical applicability (poten-
tial batch-to-batch variability) and the resultant tis-
sue morphology is still flat and random. While 3D
cultures exhibiting anisotropic neurites from iPSCs-
derived motor neurons have already been reported
for the creation of motor nerve [16] or innervated
muscle platforms [17, 18], 3D biomimetic mod-
els with human functional sensory neurons are still
limited.

We show here the development of a 3D sens-
ory nerve model with biomimetic architecture and
applicability for pathology modeling, drug testing
and target tissue innervation. First, we developed a
method to produce, in large-scale, uniform iPSCs-
derived trunk neural crest (NC) spheroids (neuro-
spheres) within an agarose mold. The neurospheres
can be harvested from the mold and further dif-
ferentiated into functional nociceptors that exhibit
electrical activity and sensitivity to noxious stimuli
(resininferatoxin, RTX). To develop a biomimetic
nerve model, we co-cultured the neurospheres with
primary rat SCs on an aligned microfibrous scaffold,
which enhances neural tissue formation in terms
of length, alignment and area, and improves tissue
stabilization, compared to traditional glass covers-
lips. Using our 3D co-culture platform, we modeled
diabetes-related myelin damage, through acute
hyperglycemia exposure, and show that epalrestat
is able to mitigate the damage. To upscale tissue
formation, we combined the scaffold platform with
a fibrin hydrogel, to create anisotropic myelinated
axons, with over 6.5 mm in length, densely packed
within a 3D matrix. Finally, using the biofabricated
nerve platform,we incorporated pancreatic pseudois-
lets and endometrial organoids to demonstrate, as a
proof-of-concept, the potential to generate various
nociceptor-innervated models.

2. Materials andmethods

2.1. Agarose microwell platform fabrication
A 3% (w/v) sterile agarose (Thermo Fisher Sci-
entific) solution was prepared in phosphate buffered
saline (PBS). Eight milliliter of agarose solution were
poured onto an in-house fabricated Polydimethyl-
siloxane (PDMS) stamp with the negative template of
1580 microwells with 400 µm diameter. Centrifuga-
tion at 845 g was performed to remove air bubbles,
followed by chilling for 45 min at 4 ◦C for agarose
solidification. When solid, the agarose blocks were
removed, cut to fit in a 12 well-plate, washed with
70% ethanol, then washed twice in PBS solution and
left at 4 ◦C until further use. The day before cell
seeding, PBS was replaced with Dulbecco´s Modi-
fied Eagel Medium (DMEM)/F-12 medium (Thermo
Fisher Scientific) and kept in the incubator at 37 ◦C,
5% CO2 overnight.

2.2. iPSCs culture
The human iPSC line LUMC0031iCTRL08 (Provided
by the Leids Universitair Medisch Centrum iPSC core
facility) was cultured on Geltrex coated dishes at
a density of 10 × 103 cm−2 in mTESR1 medium
(Stem Cell Technology). Cells were fed every day
with completely fresh medium and passaged weekly
using Gentle Cell Dissociation Reagent (Stemcell
Technologies).

2.3. iPSCs differentiation into nociceptors and
neurosphere formation
In order to induce iPSCs differentiation into
nociceptors, we adapted and modified the protocol
published by Chambers et al [19]. Nociceptor induc-
tion was initiated using single cell suspension of
undifferentiated iPSCs detached with accutase, fol-
lowed by seeding of 200 cells/microwell in mTESR1
medium supplemented with 10 µm of Y-27 632 and
0.5% Geltrex (in solution) onto 400 µm agarose
microwells. Cell suspension was forced to settle by
centrifugation at 290 g for 2 min. Afterwards, cells
were incubated for 24 h and were given a complete
media change with mTESR1 medium. At this time,
the cellular spheroid is formed and cell synchroniza-
tion is initiated by the addition of mTESR1 medium
supplemented with 1% dimethyl sulfoxide (DMSO).
The cells were maintained for 72 h in the synchroniz-
ation medium. Post synchronization cells were given
a PBS wash and nociceptor induction was initiated
by addition of dual mothers against decapentaple-
gic (SMAD) inhibition media containing Advanced
RPMI 1640 supplemented with Glutamax (both
Thermo Fisher Scientific), 100 nM LDN-193 189
(Tocris) and 10 µM SB431542 (Tocris). The spheres
were maintained for 48 h in the dual SMAD inhib-
ition media. Following this, NC commitment was
induced via media containing Advanced RPMI 1640
supplemented with Glutamax, 3 µM CHIR99021
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(Tocris) and 1 µM retinoic acid (Tocris). The spheres
were maintained in the NC induction media for 5 d
with media change every alternate day. Following
this stage, the spheres were incubated in notch inhib-
ition media, consisting of Advanced RPMI supple-
mented with Glutamax, 10 µM SU5402 (Tocris)
and 10 µM (2S)-N-[(3,5-Difluorophenyl)acetyl]-
L-alanyl-2-phenyl]glycine 1,1-dimethylethyl ester
(DAPT) (Tocris), for 48 h.

Finally, the neurospheres, composed of trunk NC
cells, were collected and seeded on coverslips or scaf-
folds. In these substrates, cells were cultured in neural
maturation medium for at least 5 d to reach the
nociceptor phenotype. The neural medium is com-
posed of Neurobasal Medium, 0.5 mM Glutamax,
100 U ml−1 penicillin and 100 µg ml−1 streptomycin
(all Thermo Fisher Scientific), 100 ng ml−1 human
nerve growth factor (NGF), 50 µg ml−1 ascorbic acid
(all Sigma-Aldrich), 25 ng ml−1 human neuregulin-1
type III (NRG-1 sensory and motor neuron-derived
factor (SMDF)) and N21 supplement (both from
R&D systems).

2.4. Dissociated sensory neuron culture
iPSCs neurospheres were collected on day 9 of dif-
ferentiation in an Eppendorf containing Advanced
RPMI supplemented with Glutamax, and dissociated
enzymatically with 1 ml of Trypsin Ethylenediamine-
tetraacetic acid (EDTA) for 10 min at 37 ◦C and 5%
CO2. Cells were pelleted at 1200 rpm for 7 min and
resuspended in neural maturation medium, followed
by mechanical dissociation though gentle repeated
pipetting. The 5× 103 cells cm−2 were seeded onmat-
rigel coated (1:200 inDMEM)35mmpetri dishes (for
the patch clamp experiment) or 5× 104 cells cm−2 on
a six well plate (EIA experiment) and extra medium
was added. The cultures were maintained in the same
medium for up to 45 d, at 37 ◦C, 5% CO2, with
medium refreshment every 3 d. Cells probed for the
conversion efficiency were let to attach for less than
24 h and then fixed.

2.5. Primary SCs harvesting, purification and
culture
Primary SCs were harvested from the sciatic nerves of
neonatal Wistar rat pups, following protocols com-
pliant with the Dutch Animal Experimental Act and
approved by the local ethical committee and national
ethical authority, central committee for animal exper-
iments. The license registration number 10 700 was
used in communication with the Dutch authorities.
The extraction and digestion of nerve segments and
SC isolation and purification was conducted as previ-
ously described by us [20] and originally reported by
Kaewkhaw et al [21].

2.6. Scaffold fabrication and sterilization
The scaffolds were fabricated via a two-step electro-
spinning process, using a custom-built apparatus,

with ambient (temperature and humidity) control.
In the first step, we produced a release layer by elec-
trospraying a solution of 50% polyethyleneoxide
(PEO, Mn = 3350, Sigma-Aldrich) in Milli-Q
onto aluminum foil. The solution was flowed at
2 ml h−1 through a 0.8 mm inner diameter stain-
less steel needle (Unimed S.A.), while at 20 kV and
at 10 cm from a rotating mandrel (60 mm dia-
meter; 5000 rpm). Afterwards, we punched 12 mm
circular holes on a nonwoven polyurethane mesh
(6691 LL (40 g m−2), a kind gift from Lantor
B.V., the Netherlands), which was placed over the
PEO-sprayed foil. The aligned scaffolds were pro-
duced via electrospinning of a Polybutylene tere-
phthalate 300PEOT55PBT45 (PolyVation) in 75:25
chloroform/1,1,3,3-hexafluoroisopropanol solution
over the mesh support structure. For this, the solu-
tion flowed at 0.75 ml h−1 through a 0.5 mm inner
diameter stainless steel needle, while at 12 kV and at
10 cm from a rotating mandrel (at 5000 rpm). Dur-
ing both steps, the humidity was set at 35%–40% and
the temperature at 22 ◦C–24 ◦C. Finally, individual
scaffolds were obtained by punching a 15 mm-outer
diameter sections concentric to the 12mmholes, thus
resulting in polyurethane mesh ring with spanning
electrospun fibers. To detach the scaffolds from the
aluminum foil, these were dipped in deionized water
and left in PBS until further use. Prior to cell seed-
ing, scaffolds were sterilized for 2 h in 70% ethanol,
followed by air drying, several PBS washes and then
maintained in PBS until further use.

2.7. Peripheral nerve (PN) platform generation
To fabricate our PN platform we followed the pro-
cess graphically illustrated in figure 1.While the iPSCs
differentiate and form neurospheres as described
above, we simultaneously seeded the scaffolds with
100× 103 primary SCs and cultured these for 7 dwith
SC medium (formulation described in Malheiro et al
[20]). During this time, cells proliferated and aligned
with the scaffold fibers to form highly anisotropic SCs
bands within 7 days. At day 7, the SC medium was
completely removed and 125 µl of neural medium
was added. The neurospheres were transferred from
the agarose mold to an Eppendorf containing 1 ml of
neural medium and manually seeded onto the cen-
ter of the scaffold (one neurosphere per scaffold). The
scaffolds were transferred to a 24 well-plate and the
neurospheres were let to adhere for 6 h at 37 ◦C, 5%
CO2. After this period, 0.75ml of neural mediumwas
added and an FKM O-ring (ERIKS) placed on top of
the mesh ring to prevent scaffold floating.

For comparison, we also cultured neurospheres
on scaffolds devoid of SCs, but with laminin coat-
ing, matrigel coating or no coating at all. For this,
we incubated the scaffolds overnight with laminin
solution: 100 µl of 1 µg ml−1 laminin-1 (R&D sys-
tems) and 2 µg ml−1 poly-D-lysine (Sigma Aldrich)
in PBS; or matrigel solution: 100 µl of 1:200 dilution
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Figure 1. Illustration of the biofabrication steps to assemble our PN platform. (1) iPSCs differentiation into trunk NC cells and
neurosphere formation (∼200 cells per sphere) in an agarose microwell platform (scale bar is 400 µm). (2) Scaffold seeding with
primary rat SCs (100× 103 cells) and formation of aligned SC bands after 7 days of culture; scale bar is 5 mm. (3) 3D PN
platform assembly by neurosphere placement into the SC-seeded scaffold and co-cultured for 7 or 21 days, with or without a
fibrin hydrogel embedding. Fibrin addition permits neural growth beyond the scaffold plane. Scale bar is 5 mm and the white
arrow points to the neurosphere. (4) Overview of potential applications with this platform.

of matrigel stock (Fisher Scientific) in DMEM. The
following day, we washed off the coating twice with
sterile PBS and followed the same procedure for
neurosphere seeding. All culture conditions were
maintained for 7 or 21 days at 37 ◦C, 5% CO2, with
medium refreshment every other day.

2.8. Coverslip cultures
For sensory neuron marker characterization, we
coated a 12 mm glass coverslip with laminin (same
procedure as scaffold coating) and seeded one neuro-
sphere as described above. The neurons were further
cultured for 7 days with neural medium to induce
maturation.

As a control for the scaffolds, we cultured neuro-
spheres on bare (no coating), laminin, matrigel-
coated or SCs-seeded 12 mm glass coverslips (same
culture area as scaffolds). The laminin or matrigel
coating procedure was identical to the scaffolds. SCs
were seeded 7 days prior to neurosphere addition
with the same cell density used for scaffold seeding
(100× 103 cells in total;∼8.3× 103 cells cm−2). The
cultures were maintained in neural medium for 7 or
21 days at 37 ◦C, 5% CO2, with medium refreshment
every other day.

2.9. Fibrin embedded PN platform
To produce a 3D biomimetic PN platform we com-
bined a SCs-seeded scaffold with a neurosphere in a
fibrin hydrogel. To achieve this, we followed a similar
process as described above and illustrated in figure 1.
First, 100 × 103 SCs were seeded on the scaffolds
and induced to proliferate for 7 days. Thereafter, one
neurosphere was seeded and the medium change to
neural medium. After 1 day, we removed the medium
and embedded the constructs into a fibrin hydro-
gel, composed of 3.5 mg ml−1 human fibrinogen
(Enzyme Research Laboratories), 5 Uml−1 thrombin
(Sigma-Aldrich) and 2.5 mM CaCl2. After gelation
(∼15 min), neural medium containing 100 µg ml−1

aprotinin was added. The cultures were maintained
for 7 or 21 days at 37 ◦C, 5% CO2, with medium
refreshment every other day.

2.10. Pancreatic pseudoislets generation and
innervation
To innervate pancreatic pseudoislets, we first gen-
erated spheroids composed of a mixture of alpha
TC1 clone 6 cells (ATCC, CRL-2934) and INS1E
cells (AddexBio), then added these onto a neuro-
sphere seeded scaffold. To do this, we started
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by expanding alpha TC cells in medium com-
posed of DMEM, 15 mM (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES), 0.1 mM
non-essential aminoacids, 2 g l−1 glucose (all Thermo
Fisher Scientific), 10% FBS, 1.5 g l−1 sodium
bicarbonate (both Sigma-Aldrich), 0.02% bovine
serum albumin (BSA) (VWR) and INS1E cells in
medium composed of Roswell Park Memorial Insti-
tute (RPMI), 2-mercaptoethanol, glutamax, HEPES,
100 U ml−1 penicillin and 100 µg ml−1 streptomycin
(all Thermo Fisher Scientific) and 10% heat inac-
tivated FBS (Sigma-Aldrich). When ready, the cells
were seeded on a 200 µm agarose microwell plat-
form at a ratio of 3:7 alpha TC/INS1E cells to yield
approximately 250 cells per spheroid (protocol adap-
ted from Hilderink et al [22]). The spheroids were
cultured for 3 d in medium composed of 1:1 alpha
TC/INS1E medium, then flushed from the platform
and carefully pipetted onto a laminin-coated scaf-
fold already containing one 7 d grown neurosphere.
The spheroids were left to adhere overnight, after
which we added 300 µl of fibrin hydrogel com-
posed of 3.5 mg ml−1 human fibrinogen (Enzyme
Research Laboratories), 5 U ml−1 thrombin (Sigma-
Aldrich) and 2.5 mM CaCl2. Cultures were main-
tained for 10 d with medium composed of 2:1:1
neural medium/alpha TC medium/INS1E medium
at 37 ◦C, 5% CO2.

2.11. Endometrium spheroids generation and
innervation
The human endometrial adenocarcinoma cell line
Ishi-M3-HSD-A is derived from Ishikawa cell line
after genetic modification to introduce the luciferase
fused with the green fluorescent reporters genes [23].
Cell line Ishi-M3-HSD-A used in the present exper-
iment was authenticated by Short Tandem Repeat
(AmpFlSTR IdentifilerTM PCR Amplification Kit;
Thermo Fisher Scientific) profiling and tested negat-
ive for mycoplasma (MycoAlert, Promega).

Cells were maintained in standard monolayer
culture as described earlier [23], using RPMI 1640
medium (Thermo Fisher Scientific) supplemen-
ted with sodium-pyruvate, L-glutamine, penicillin-
streptomycin and 5% FBS at 37 ◦C with 5% CO2 in
humidified air. For organoid formation, cells were
detached using with Accutase (Thermo Fisher Sci-
entific), pelleted and resuspended in ice-cold matri-
gel (Becton Dickinson). Droplets of 25 µl matrigel
suspension were pipetted into a 6 wells plate to form
domes containing 2000 cells each. Matrigel domes
were allowed to polymerize for 15 min at 37 ◦C, 5%
CO2 andwere subsequently coveredwith pre-warmed
endometrium organoid culture medium (RPMI
1640, sodium-pyruvate, L-glutamine, penicillin-
streptomycin and 5% fetal bovine serum). Medium
was refreshed twice a week, while monitoring the
organoids condition.

For the innervation experiments, we carefully
picked up the matrigel domes with a sterile spatula
and transferred to a laminin-coated scaffold contain-
ing one 7 days grown neurosphere. The spheroids
were left to adhere overnight, after which we added
300 µl of fibrin hydrogel composed of 3.5 mg ml−1

human fibrinogen (Enzyme Research Laboratories),
5 U ml−1 thrombin (Sigma-Aldrich) and 2.5 mM
CaCl2. Cultures were maintained for 10 d with
mediumof neural/endometrium at 1:1 ratio, contain-
ing 100 ng ml−1 NGF, at 37 ◦C, 5% CO2.

2.12. Flow cytometry
iPSCs (100 × 103) were blocked for non-specific
binding with 0.2 µg of polyglobin (Grifols) for
15 min at 4 ◦C, then incubated with the antibod-
ies against human SSEA-3-AF647, SSEA-4-AF647,
TRA 1–60-PE, TRA 1–81-PE (all from BD Bios-
ciences) for 15 min at 4 ◦C. The cells were then
washed twice in Fluorescence-activated Cell Sorting
(FACS) buffer containing PBS supplemented with
0.1% bovine serum albumin (Sigma-Aldrich) and
0.0005% sodium azide (Sigma-Aldrich). The cells
were further were incubated for 10 min at 4 ◦C with
1:1000 dilution of 1 mg ml−1 propidium iodide (PI)
for the detection of dead cells. The cells were analyzed
on a FACS Accuri flow cytometer analyzer (Becton
Dickinson). The primary gating for selection of cells
for analysis was done by selecting PI negative cells,
which were further analyzed for the expression of the
individual respectivemarkers. The data acquiredwere
analyzed using FlowJo software (FlowJo).

2.13. RNA extraction, reverse transcription, and
quantitative RT-PCR
Harvested neural spheroids or cells were lysed in Tri-
zol (ThermoFisher Scientific) and total Ribonucleic
acid (RNA) was isolated using an RNeasy Mini Kit
(QIAGEN). The RNA was reverse-transcribed with
random primers and iScript™ cDNA Synthesis Kit
(Invitrogen). Quantitative PCR was carried out using
a Real-Time Polymerase chain reaction (PCR) Sys-
tem (Biorad) and iQ SYBRGreen Supermix for qPCR
(Biorad). Relative mRNA expression levels were ana-
lyzed by the ∆∆CT method and normalized to Gly-
ceraldehyde 3-phosphate dehydrogenase (GAPDH)
gene expression. Three replicates were used per con-
dition. Detailed primer information is provided in
table S1 (available online at stacks.iop.org/BF/14/
014105/mmedia).

2.14. Electrophysiology
Membrane potential of iPSC neurons of ∼40 days
post-differentiation was recorded in current-clamp
mode. Action potentials (APs) were elicited by applic-
ation of 200 pA current for 5 ms at a cycle length
of 1 s. All measurements were performed in the
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whole-cell configuration at physiological temperat-
ure (37 ◦C). Cells were superfused with an extracellu-
lar solution containing: 145 mM NaCl, 5.4 mM KCl,
1 mMMgCl2, 10 mMHEPES, 1.8 mMCaCl2, 10 mM
glucose, adjusted at pH 7.4 with NaOH. Borosilic-
ate glass pipettes were pulled (DMZUniversal Puller)
at a resistance of 1.5–2.5 MΩ when filled with an
internal solution containing: 110 mM KCl, 15 mM
NaCl, 0.2 mM EGTA-KOH, 0.1 mM CaCl2, 10 mM
HEPES-KOH, 5 mM ATPMg2+-salt, 10 mM glucose,
adjusted at pH 7.2 with KOH. Membrane capacit-
ance and series resistance were measured and com-
pensated in every cell. Signals were acquired with
an AxoPatch-1D amplifier (Axon Instrument), con-
nected to a Digidata 1322 A (Axon Instrument) and
sampled at 1 KHz after low-pass filtering at 10 KHz.
Eight measurements were taken from a pool of four
samples and the experiment repeated once. The final
results were taken from an average of 8 measure-
ments, displayed in table S2.

2.15. Quantification of substance P released from
iPSCs-derived nociceptors after resiniferatoxin
stimulation
Dissociated neurosphere cultures were prepared as
described before and cultured for 10 days. Before
changing the medium for the experiment, the cells
were washed thoroughly with PBS. Then, 250 µl of
control medium (normal neural medium), neural
medium containing 100 nM RTX (Alomone Labs) or
neural medium containing 100mMpotassium chlor-
ide (KCl) were added to the cultures. These were con-
ditions incubated at 37 ◦C, 5% CO2 for 5 min with
gentle agitation. The supernatant was collected from
each condition and immediately stored at −80 ◦C.
To quantify the amount of substance P, we used the
human substance P EIA kit (Phoenix Pharmaceut-
icalsT, EK-061-05), and followed the manufacturer
protocol. This experiment was performed once and
five replicates per condition were used.

2.16. iPSCs-derived nociceptors morphology after
resiniferatoxin and capsazepine (CPZ) stimulation
Neurospheres were seeded on laminin-coated cov-
erslips as described above and cultured for 7 days.
After this period, the culture medium was changed
to control medium (normal neural medium), neural
medium containing 1% ethanol (EtOH, vehicle con-
trol), neural medium containing 10 µM RTX or
neural medium containing 10 µM RTX and 100 µM
CPZ (Sigma-Aldrich) (both with 1% EtOH). To eval-
uate the neurite morphology, the initial 24 h of cul-
ture was tracked with brightfield microscopy and
after this period the cells were fixed for subsequent
immunostaining toβIII-tubulin. At t= 24 h cell viab-
ility was also quantified with the PrestoBlue™ Cell
Viability Reagent (Thermo Fisher Scientific). Min-
imum of five replicates were used per condition.

2.17. Brightfield microscopy for live cells
To capture micrographs of live cells, we used the
Nikon Eclipse TI-E microscope with an Okolabs
environmental control. For the tracking of neurite
morphology during the RTX/CPZ experiment, we
transferred the coverslips containing the cell cultures
to a 35 mm petri dish (Ibidi) and added control
medium or medium supplemented with the drugs.
The images were acquired immediately, taking frames
every 5 min for 24 h.

2.18. Hyperglycemia test
The PN platform (without fibrin embedding) com-
posed of SCs and one neurosphere was fabricated
as described above and cultured for 21 days to
allow mature myelin formation. At that point the
medium was changed to either control medium
(normal neural medium), hyperglycemic medium
composed of normal medium supplemented with
45 mM glucose (Sigma-Aldrich, G7021) or hypergly-
cemic medium plus 1 µM epalrestat (Sigma-Aldrich,
SML0527). Cultures were kept at 37 ◦C, 5% CO2

for additional 48 h and then fixed with 4% para-
formaldehyde (PFA) for 20 min at room temperat-
ure. Following this, the samples were prepared for
immunostaining and transmission electron micro-
scopy (TEM) as described below. Five replicates were
used per condition.

2.19. Microscopy
Immunocytochemistry samples were fixed with 4%
PFA for 20 min at room temperature (RT), rinsed
thoroughlywith PBS, and left in PBS until further use.
Samples were permeabilized for 30 min at RT with
0.1% Triton X-100 in PBS, followed by rinsing with
PBS and blocking with blocking buffer composed of
5% goat serum, 0.05% Tween-20, and 1% BSA in
PBS, overnight at 4 ◦C, under mild agitation. After-
wards, samples were incubated overnight at 4 ◦Cwith
primary antibody solutions in blocking buffer. The
next day, the samples were washed with a wash buf-
fer composed of 0.05% Tween20 and 1% BSA in PBS,
and incubated for 2 h at RT with secondary antibody
solutions in wash buffer. Following this, we rinsed
the samples with PBS, stained with 4′,6-diamidino-
2-phenylindole (DAPI) (0.2 µg ml−1) for 10 min at
RT, and left them in PBS until imaging. The detailed
list of used primary and secondary antibodies can be
found in tables S3 and S4 respectively. Images were
acquired using either an inverted epifluorescence
microscope coupled with a spinning disk (Nikon
Eclipse Ti-e) or a confocal laser scanning microscope
(Leica TCS SP8).

Samples for TEM were prepared as described
in Malheiro et al [20]. After cutting, sections were
stained with a toluidine blue solution (0.1% w/v in
MiliQ water) for 1–2 min for histological evaluation
of myelin presence (using a light microscope at 10 to
20X). Four sections, previously confirmed for myelin
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presence, were taken from each biological sample and
the same number of rings prepared. Finally, samples
were imaged with FEI Tecnai G2 Spirit BioTWIN
iCorr.

2.20. Image analysis
Three dimensional image reconstructions and neur-
ite/myelin volume measurements were processed
with Amira (Thermo Fisher Scientific). All other
imageswere prepared and analyzed using Fiji software
(https://fiji.sc/). To quantify the different paramet-
ers of tissue morphology, we obtained and analyzed
images of the whole sample. To measure the orient-
ation degree of fibers, neurites and myelin, we used
the OrientationJ plugin [24] and applied theMeasure
function over circular ROIs that capture thewhole tis-
sue to obtain the coherence values (where 0 is full iso-
tropy and 1 is full anisotropy). To measure the neur-
ite length, we used the Simple Neurite Tracer plugin
[25], andmeasured the distance between the cell bod-
ies and the edge of the respective axons. Cell counts
were performed using the standard Analyze Particles
function to DAPI+ objects. To measure the axonal
area, we first converted images of βIII tubulin+ cells
to binary images and measured the pixel area occu-
pied by the neurites, excluding cell bodies. Then,
we divided this value by the total area of the scaf-
fold. For the myelination area, we measured the pixel
area of MBP+ segments and divided this value by
the area of the scaffold. G-ratio measurements were
done using the G-ratio plugin (http://gratio.efil.de/)
[26]. Myelin decompaction analysis was carried by
first measuring the area below the most outer ring
and themost inner ring (expectedmyelin area). Then,
the image was converted to binary image and the
same areas were determined (actual myelin area). To
determine the decompaction area we used the fol-
lowing formula: (1 − (expected myelin area/actual
myelin area)) × 100. For all experiments we used
at least five biological replicates per condition. For
the tissue morphological analysis (neurite alignment,
axonal area andmyelin area) we imaged and analyzed
the whole sample. For neurite length quantification
we took at least 15 measurements per sample. For
myelin morphometric analysis (g-ratio and myelin
decompaction) we took at least five measurements
per sample.

2.21. Statistical analysis
The graphs were built and the data was analyzed
using the software GraphPad Prism. Bar graphs are
shown as mean ± SD and boxplots represent data
points between theminimal andmaximal value. Stat-
istical significances were determined employing an
unpaired t-test, one-way or two-way analysis of vari-
ance (ANOVA) followed by a Tukey’s honestly sig-
nificant difference (HSD) post-hoc test (∗p < 0.05,

∗∗ p < 0.01, ∗∗∗p < 0.005, ∗∗∗∗p < 0.0001 and ns is
p > 0.05).

2.22. Illustrations
Illustrations were designed with either Adobe Illus-
trator CC 2018 (Adobe), SolidWorks (Dassault Sys-
tèmes) or with biorender (https://biorender.com/).

3. Results

3.1. Generation of human nociceptor neurospheres
from iPSCs
To generate human nociceptor neurospheres we fol-
lowed a two-step process detailed in figure 2(a).
First, human iPSCs displaying a pluripotency phen-
otype (figure S1) were seeded on a 400 µm agarose
microwell mold (200 cells/microwell; 1580 microw-
ells) and the cells synchronized via DMSO treatment
for 3 days. We then followed a differentiation pro-
tocol adapted from Chambers et al [19] in which
human iPSCs were driven towards nociceptors, via a
NC intermediate, in a quick and efficient manner. At
day 2, and for 5 days, retinoic acid was supplemen-
ted together with CHIR99021 to promote cell aggreg-
ation. Retinoic acid supplementation is essential for
the integrity of the spheroids, as its absence leads to
poorly formed and loose clusters (figure S2(b)). At
day 7, cells reached the NC stage denoted by the pres-
ence of SOX10+ cells (figure S2(a)). To distinguish
between cranial and trunk NC cells, we immunos-
tained cells for ETS1, a cranial marker, and Phox2B,
a trunk marker [27]. As shown in figure 2(b), most
cells were Phox2B+ rather than ETS1+, evidencing
commitment to the trunk phenotype. To confirm
this, we also analyzed gene expression at different
time points (figure 2(c)). At day 2, the expression of
both markers was null. After 3 days, cells displayed a
robust expression of ETS1, while Phox2B expression
was still null. However, after 4 days of differentiation,
we observed an inversion in marker expression, as
cells exhibited an upregulation of Phox2B and down-
regulation of ETS1. Finally, at day 7 cells expressed
only Phox2B, while ETS1 expression was null. At day
7 and for 2 days, we inhibited the notch signaling
pathway through DAPT and SU5402 supplementa-
tion. At this stage, multiple uniform and cohesive
spheroids (figures 2(d) and S2(c)) with an average
diameter of 308.7 ± 38.6 µm were achieved. The
conversion efficiency of this process up to this stage
was measured via immunostaining to dissociated
cells, revealing that 84.77% of these were positive for
calcitonin-gene related peptide (CGRP) and 77.36%
were positive to BRN3A (from the total cell count)
(figure S3). For the second part of the process (at day
9 of differentiation), the neurospheres were harves-
ted from the mold, seeded in a substrate of choice,
and cultured with NGF-containing medium for at
least 7 days, to finalize the nociceptor differentiation
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Figure 2. Differentiation process of iPSCs into nociceptor neurons. (A) Timeline of the protocol used to generate nociceptor
spheroids from iPSCs cells. (B) Immunostaining of ETS1 (cranial marker; in red) or Phox2B (trunk marker; in red) on NC
clusters (DAPI is shown in blue) (day 7 of differentiation). (C) Gene expression kinetics determined by quantitative Reverse
transcription polymerase chain reaction (RT-PCR) analysis. Relative gene expression levels of transcripts to GAPDH expression at
the indicated day point of differentiation of NC markers ETS1 (cranial) and Phox2B (trunk) (n= 3). (D) Brightfield micrograph
of agarose microwells containing round and uniformly sized clusters with 308.7± 38.6 µm of diameter (scale bar is 400 µm). (E)
Immunostaining to sensory neuron markers (in green)—substance P, CGRP, TRPV-1 and BRN3A—shows the successful
differentiation of iPSCs into nociceptor neurons. Images are from neurospheres cultured for 7 days on laminin-coated coverslips.
βIII-tubulin is shown in red and DAPI in blue.

protocol, whilst growing neurites in situ. To validate
the acquisition of a nociceptor phenotype, we cul-
tured the neurospheres on laminin-coated coverslips
for 7 days and immunostained for the nociceptor-
specific markers—substance P, CGRP and TRPV-1—
and for the sensory neuron transcription factor—
BRN3A. As shown in figure 2(e), all markers were
expressed within grown neurons and located either
along the length of the axons (substance P, CGRP and
TRPV-1 correlated with βIII-tubulin) or in the nuc-
leus (BRN3A correlated with DAPI). A comparison
with primary nociceptors from rat dorsal root gan-
glion (DRG) neurons is provided in figure S4. In sum,
we were able to generate a large number of even-sized
nociceptor neurospheres in simple and quickmanner.

3.2. Neuron function testing on nociceptor
neurospheres
Nociceptor neurospheres were either dissociated
to single cells (figures 3(a)–(c)) or kept intact
(figures 3(d)–(g)) in order to validate neuron
function, i.e. electrical excitability, and nociceptor
function in particular, i.e. responsiveness to noxious
stimuli. Whole-cell patch clamp measurements to
dissociated neurons showed a mean membrane capa-
citance of 16.2 ± 4.2 pF, a mean resting membrane
potential (RMP) of −44.1 ± 7.1 mV. All probed
neurons were excitable and able to fire APs with a
mean AP amplitude of 67.4 ± 26.2 mV and an over-
shoot peak of 23.3 ± 28.5 mV (n = 8) (figure 3(b)).
To probe sensitivity to noxious stimuli, we measured
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Figure 3. Neuron function tests on iPSCs-derived nociceptors. Top panel (A)–(C): tests on dissociated neurons. Bottom panel
(D)–(G): tests on neurospheres. (A) Brightfield micrograph of∼40 d old dissociated neurons. (B) Representative AP recorded
from the neurons in response to 200 pA current injection for 5 ms. The mean RMP was−44.1 mV and the mean overshoot was
23.3 mV. (C) Release of substance P in response to a noxious stimulus (RTX; white bars) from 10 days old nociceptors. Untreated
cells (black bars) and KCl-stimulated cells (gray bars) were used as controls. Graphical representation of the released substance P
(in pg) relative to Deoxyribonucleic acid (DNA) amount (in µg). (D), (E) Stimulation of nociceptor neurospheres with RTX
10 µM or RTX 10 µM plus CPZ 100 µM. Untreated (normal neural medium) or vehicle (neural medium with 1% EtOH) were
used as controls. (D) Live cell brightfield frames at t = 0 h or t = 6 h. The red arrows point to areas were neurite retraction
overtime is visible (scale bar is 100 µm). (E) Immunostaining to βIII-tubulin of samples fixed 24 h after drug exposure. (F)
Corresponding neurite length measurements (15 measurements per sample) and (G) cell metabolic activity (in arbitrary units) of
samples 24 h after drug exposure. For (D) and (E) note that untreated cultures are not shown. All experiments were performed
once and a minimum of five replicates were used per condition. The boxplots in (F) represent data points from the minimum to
maximum value. All graph bars are represented as mean value± SD and the statistics were performed with one-way ANOVA
followed by a Tukey’s HSD post-hoc test, where ∗∗∗∗p < 0.0001, ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05 and ns denotes p > 0.05.

the secretion of substance P after stimulation with
RTX, a TRPV-1 agonist and analog of capsaicin [28].
As exhibited in figure 3(c), RTX exposure led to an
immediate release of substance P from the nociceptor
population. Specifically, RTX-stimulated neurons
displayed a 2.12-fold increase of released substance
P per DNA (p < 0.05) compared to unstimulated
neurons. KCl-depolarized neurons showed an incre-
ment of 1.6 times compared to RTX-stimulated neur-
ons (p < 0.01) and 3.8 times compared to unstim-
ulated cells (p < 0.0001). Literature reports have
shown that capsaicin exposure can lead to nerve
fiber retraction and local denervation, after topical

application of capsaicin on the skin [29]. Because
of this, we explored if RTX exposure would lead
to neurite retraction and if that effect could be
mitigated by blocking the TRPV-1 channel with
the antagonist CPZ [28]. To this end, the neurite
morphology of nociceptor neurospheres was mon-
itored for 24 h after the application of RTX alone
or with RTX together with CPZ and compared with
unstimulated cells or cells stimulated with vehicle
medium (neural medium with 1% EtOH). As visible
in figure 3(d), the neurites of neurospheres stimu-
lated with vehicle (figure 3(d) left column and movie
S1) or RTX plus CPZ (figure 3(d) right column and
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movie S3) remained unaffected and showed little
movement, except for the natural movement of live
neurons. Contrarily, when stimulated with RTX only
(figure 3(d) middle column and movie S2), we could
observe an immediate neurite retraction (first 15 m),
followed by a lag period and neurite regrowth. As
a consequence, after 24 h of culture in these con-
ditions, neurites of RTX-stimulated neurospheres
were significantly shorter than untreated cultures
(p < 0.001), vehicle control (p < 0.01) and RTX/CPZ-
stimulated neurospheres (p < 0.05) (figures 3(d)
and (f)). Notably, neurite length in vehicle control
samples and RTX/CPZ-stimulated neurospheres was
not significantly different (p > 0.05) than untreated
cultures. Finally, we also measured cell metabolic
activity after 24 h of culture under these conditions
and observed that there was no significant differ-
ence (p > 0.05) among them, evidencing that despite
neurite retraction, the neurons remain viable after
RTX exposure (figure 3(g)). In sum, the differenti-
ated nociceptors were electrically active and could
sense and react to noxious stimuli.

3.3. Fabrication of 2D PN platform
3.3.1. 7 days culture
After characterization of nociceptor functionality,
we developed a 3D biomimetic PN platform com-
posed of a neurosphere/SCs co-culture on an aligned
microfibrous scaffold (figure S6(a)). The scaffold is
composed of alignedmicrofibers with an average dia-
meter of 1.37 ± 0.20 µm and coherence (alignment
degree) of 0.74 ± 0.04. To investigate the impact of
the scaffold, we also cultured cells on glass covers-
lips and evaluated the performance of both substrates
after 7 days of culture. The scaffold fibers generated
aligned and elongated bands of SCs, in stark contrast
to the flattened and isotropic morphology of SCs cul-
tured on glass coverslips (figure S6(b)).

Neurospheres at day 9 of differentiation were
placed on SC pre-cultured scaffolds/coverslips (one
neurosphere per substrate) to establish the co-culture
system. The effect of exogenous SCs on neurite
growth and morphology was compared to cover-
slips/scaffolds that were uncoated, laminin-coated
or matrigel-coated (figure 4). Uncoated coverslips
did not even permit neurosphere attachment, while
uncoated scaffolds allowed both neuron attachment
and neurite outgrowth. This growth was however sig-
nificantly shorter than all scaffolds with any form
of coating (p < 0.0001) (figure S7(a)). When cov-
erslips were pre-coated with laminin, matrigel or
SCs, the neurospheres could attach and grow neur-
ites (figure 4(a), left column). The neurosphere mor-
phology depended on the coverslips coating, as the
cluster remained intact when coated with laminin
(figure 4(a) top left image) or seeded with SCs
(figure 4(a) bottom left image), but not when coated

with matrigel (figure 4(a) middle left image). In the
latter, neurons dissociated from the cluster, prolifer-
ated and migrated outwards. As a result, we could
not measure the axonal area, due to an unclear
contrast between cell bodies and neurites. For the
other two conditions, neurites were clearly emanat-
ing from the neurosphere and covered a total area
of 3.6 ± 2.4% (laminin coating) or 3.4 ± 1.4% (SC
seeding), not significantly different (p > 0.05) com-
pared to uncoated scaffolds (2.4 ± 1.0%). When
comparing neurite length, only coverslips with SCs
were significantly higher compared to all other con-
ditions (p < 0.0001) showing a mean length of
644.7 ± 258.2 µm (figure 4(B)). Regarding neur-
ite alignment (figure 4(c)), coherence measurements
indicated isotropic growth for all conditions with no
significant differences between substrates.

By comparison, neurospheres cultured on scaf-
folds showed significantly increased (p < 0.0001)
neurite length and overall neurite alignment
compared to coverslips with equivalent coat-
ings (figures 4(b) and (c)). Scaffolds coated with
matrigel exhibited the longest neurite length
(3071.0 ± 1568.0 µm) and highest coherence value
(0.58 ± 0.09). SC-seeded scaffolds performed better
than no coating or laminin-coated scaffolds, show-
ing a mean neurite length of 1612.0 ± 491.0 µm
compared to 544.3 ± 189.3 µm for no coating and
966.1 ± 378.2 µm for laminin and an alignment of
0.38± 0.06 in contrast with 0.20± 0.05 for no coating
and 0.38 ± 0.12 for laminin; interestingly, scaffolds
with no coating showed a statistically similar neurite
length compared to growth on a SC-coated covers-
lip (p > 0.05), indicating that the lowest performing
scaffold is equivalent to the optimal coverslip con-
dition after 7 days of culture. Regarding axonal area,
a matrigel coating led to a significantly larger scaf-
fold coverage (13.3 ± 6.4%; p < 0.001) compared to
laminin or SCs (3.4± 1.9% and 3.9± 2.4%, respect-
ively), which was similar to coverslips. Scaffolds with
no coating, resulted in a neurite area of 2.4%, the
lowest value from all scaffold conditions.

SCs that were pre-seeded on either scaffolds
or coverslips achieved an intimate association with
neurites, although with clear differences regarding
overall tissue organization (figure S6(c)). In covers-
lips (figure S6(c) top images), neurite projection was
radial, isotropic and disorganized.Moreover, SCs ten-
ded to migrate towards the neurosphere, grouping
around it in high density. In contrast, SCs seeded
on scaffolds maintained their aligned morphology
(figure S6(c) bottom images) and neurites appeared
to follow the directional cues provided by the fiber
topography and aligned SCs, leading to an organized
and anisotropic pattern. In sum, scaffolds preserved
the neuron clustering and promoted longer andmore
aligned neurite outgrowth compared to coverslips.

10



Biofabrication 14 (2022) 014105 A Malheiro et al

Figure 4. Characterization of neurosphere morphology in coverslips or scaffolds, with different coatings, after 7 days of culture.
(A) Immunostaining to βIII-tubulin showing the overall axonal growth on coverslips (left column) or scaffolds (right column)
coated with laminin (top row), matrigel (1:100 in DMEM; middle row) or SCs (bottom row). Quantification of (B) neurite length
(in µm) (at least 15 measurements per sample), (C) neurite alignment (0 is full isotropy and 1 is full anisotropy) and (D) neurite
area (% of total area). The boxplots represent data points between the minimum and maximum values. The graphs bars represent
mean value± SD. In all experiments, a minimum of five replicates were used per condition, and the experiments were performed
twice. Statistics were performed with two-way ANOVA followed by a Tukey’s HSD post-hoc test, where ∗∗∗∗p < 0.0001,
∗∗∗p < 0.001, ∗∗p < 0.01, ns denotes p > 0.05. N.A. means not applicable. On the scaffold group, the stars with no associated bar
represent comparisons with the no coating condition.

3.3.2. 21 days culture
After 21 days of culture, both neurite length and
area increased compared to day 7. In coverslips cul-
tures, SCs gradually led to neurosphere dissociation,
similarly to the matrigel-coated coverslips, result-
ing in a neural network of multiple interconnected
clusters; this hampered further axonal area quantific-
ation for both conditions. Only the laminin-coated
coverslip preserved neurosphere integrity (figure 5(a)
left column), with a neurite area of 12.4 ± 7.1%
(figure 5(d)) and the longest neurite growth (mean
length of 1335.8 ± 772.8 µm) of all coverslip con-
ditions (figure 5(b)). From day 7 to day 21 (figure
S8), we detected a 3.5-fold increase in growth for
the laminin condition, whereas matrigel condition
only imparted a 1.15-fold increase and the SCs con-
dition registered a 0.69-fold decrease. This suggests
that the maintenance of the neurosphere integrity is

beneficial for enhanced neurite outgrowth, as cluster
dissociation leads to the formation of a network with
reduced outgrowth. Despite differences in growth,
there was a generalized lack of preferred orientation
with no differences in neurite alignment among con-
ditions (figure 5(c)).

All scaffold cultures, including uncoated scaf-
folds, exhibited an increase in length and axonal area
compared to the earlier time point (figure 5(a) right
column, figures S7(b) and S8). In terms of neurite
length this temporal increment corresponded to 1.61
times for uncoated, 2.2 times for laminin, 1.25 times
formatrigel and 1.9 times for SCs samples (figure S8).
Compared to coverslips cultures, the neurite length
(figure 5(b)) was significantly enhanced (p < 0.0001)
in all scaffold conditions. Matrigel-coated scaffolds
promoted again the largest neurite extension, with
a mean length of 3858.4 ± 1083.0 µm and area of
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Figure 5. Characterization of neurosphere morphology in coverslips or scaffolds, with different coatings, after 21 days of culture.
(A) Immunostaining to βIII-tubulin showing the overall axonal growth on coverslips (left column) or scaffolds (right column)
coated with laminin (top row), matrigel (1:100 in DMEM; middle row) or SCs (bottom row). Quantification of (B) neurite length
(in µm) (at least 15 measurements per sample), (C) neurite alignment (0 is full isotropy and 1 is full anisotropy) and (D) neurite
area (% of total area). The boxplots represent data points between the minimum and maximum values. The graphs bars represent
mean value± SD. In all experiments, a minimum of five replicates were used per condition, and the experiments were performed
twice. Statistics were performed with two-way ANOVA followed by a Tukey’s HSD post-hoc test, where ∗∗∗∗p < 0.0001,
∗∗∗p < 0.001, ∗∗p < 0.01, ns denotes p > 0.05. N.A. means not applicable. On the scaffold group, the stars with no associated bar
represent comparisons with the no coating condition.

38.9 ± 14.6%, followed by SC-seeded scaffolds with
a mean length of 3076.5 ± 995.8 µm and area of
18.95 ± 5.2%, then laminin-coated scaffolds with
a mean length of 2130.1 ± 619.4 µm and area of
16.21 ± 5.3% and finally uncoated scaffolds with
a mean length of 878.1 ± 292.3 µm and area of
4.16± 1.16% (figures 4(b) and (c)).

In the early stages (up to 7 days), SCs promote
a more accelerated neurite outgrowth compared to
laminin coatings, but this growth tends to slow down
as SCs begin to myelinate axons. Since myelina-
tion results in thicker and straighter segments [30]
(figures 6(a) and S9), this hypothetically explains
why we detected the highest neurite alignment for
SC-seeded scaffolds (0.44 ± 0.16) (figure 5(a)). All
scaffold conditions at 21 days in vitro (DIV) led to

increased (p < 0.05) alignment compared to similarly
coated coverslips.

For both coverslips and scaffolds,myelinationwas
observed by day 21 as an abundance of MBP+ seg-
ments that spatially correlated with βIII-tubulin+

structures (figure 6). Unmyelinated cultures, i.e. cul-
tures devoid of SCs, did not have MBP+ segments
(figure S10). In coverslips, the myelin was disorgan-
ized, randomly oriented and partially overlapping
(figures 6(a), S9(a) and (b)). These myelinated cul-
tures weremechanical unstable, attributed to the high
lipid content that results in poor surface attachment
(data not shown). On the other hand, co-cultures
in scaffolds resulted in long, straight and anisotropic
myelin bundles (figure 6(a) bottom image), with
overall great mechanical stability. The presence of
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Figure 6.Myelin visualization and quantification of neurosphere/SCs co-cultures on coverslips or scaffolds for 21 days. (A)
Overview of myelin segments (marked by myelin basic protein (MBP) in gray) on coverslips (top) and scaffolds (bottom). The
shadow lines visible in the top image are imaging artifacts resultant from tile merging. (B) Detailed view of myelin segments from
coverslips (top row) or scaffold cultures (bottom row), showing the co-localization of neurites (left column; βIII-tubulin staining
in green) and myelin (middle column; MBP in red). (C) MBP area (% of βIII-tubulin+ area /MBP+ area). (D) MBP alignment
(0 is full isotropy and 1 is full anisotropy). Both graph bars show the mean value± SD. (E) TEMmicrograph of a myelin cross
section, from a 21 days old scaffold co-culture, depicting compact and thick myelin layers (average thickness is 89.1± 17.6 nm).
The red arrows point to spots where the presence of compact myelin is visible. Scale bar is 200 nm. These experiments were
performed twice (n= 5). For imaging analysis, we took at least five images per sample. Statistics were performed with an
unpaired t-test, where ∗∗∗∗p < 0.0001 and ∗∗∗p < 0.001.

other mature myelin proteins, such as myelin protein
zero (P0) was also detected (figure S8(c)).

Quantification ofmyelin formation andmorpho-
logy revealed that scaffolds had a larger myelin area
(62.2 ± 19.73% versus 28.78 ± 21.34% in cover-
slips; figure 6(c)) and improved myelin alignment
(0.25 ± 0.09 versus 0.07 ± 0.05 in coverslips;
figure 6(d)). Further in-depth TEM analysis of a scaf-
fold cross-section (figure 6(e)) detected the presence
of several compacted myelin layers, with an average
thickness of 89.1± 17.6 nm.

In brief, scaffolds promoted a continuous neural
growth and long-term stability of the cluster, as well
as longer and more aligned neurites than coverslips.

Myelination was also enhanced and more anisotropic
in scaffold co-cultures.

3.4. Hyperglycemia model and drug testing
After establishing the myelinated co-culture scaffold
platform, we investigated hyperglycemia-induced
damage on myelin and evaluated the mitigating
effect of epalrestat, an aldose reductase inhibitor
[31] (figure 7(a)). After 21 days of co-culture, the
cells were cultured for 48 h in just hyperglycemia
(45 mM glucose) or hyperglycemia plus epalrestat
(glucose at 45 mM plus epalrestat at 1 µM); nor-
mal neural medium was used as control. As shown
in figure 7(b), control cultures (left column) and
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Figure 7. Hyperglycemia-induced damage and epalrestat prevention, on 21 days scaffold co-cultures. (A) Illustration of the
myelin morphology in normal (left image) or hyperglycemic (right image) state, where aberrations such as layer decompaction
are present. At day 21, co-cultures were treated for 48 h with glucose (45 mM) (middle column) or glucose (45 mM)+ epalrestat
(1 µM) (right column) within neural medium. Untreated cells (normal medium) were used as control. (B) Immunostaining for
βIII-tubulin (green, top row) and MBP (red, bottom row) shows that exposure of myelinated cultures to high glucose
concentrations leads to myelin damage. However, when epalrestat is supplemented, myelin disruption can be mitigated. (C) TEM
micrographs of myelin cross sections, evidencing myelin layers decompaction and abnormalities in hyperglycemic conditions. In
normal conditions or hyperglycemic conditions containing epalrestat, myelin appears normal. (D) G-ratio and (E) myelin
decompaction measurements from TEMmicrographs, shown as mean value± SD. Experiments were performed twice (n= 4).
Statistics were obtained with one-way ANOVA followed by a Tukey’s HSD post-hoc test, where ∗∗∗∗p < 0.0001, ∗∗∗p < 0.001,
∗p < 0.05 and ns means p > 0.05.

those supplemented with epalrestat (right column)
appeared normal, with no significant damage. Con-
trarily, hyperglycemia cultures (middle column)
showed signs of myelin disruption, particularly vis-
ible by MBP immunostaining (in red). TEM micro-
graphs of control cultures (figure 7(c) left image)
revealed compact myelin layers with no particular
irregularities. In hyperglycemia cultures (figure 7(c)
middle image), it was particularly evident that
myelin layers separated from each other, exhibiting
a decompacted structure. Finally, myelin morpho-
logy in hyperglycemia with added epalrestat con-
dition (figure 7(c) right image) resembled control
cultures, with most layers well compacted and with

no signs of abnormalities. TEM images were quanti-
fied according to g-ratio, a standard parameter, and
myelin decompaction percentage, based on an estab-
lished algorithm [20]. G-ratio measurements showed
that both control and glucose plus epalrestat groups
produced similar results, with a g-ratio value of 0.66
and 0.63, respectively (figure 7(d)). The glucose-only
group produced a lower value of 0.46 (p < 0.0001),
due to myelin layer decompaction. This was reflected
in the myelin decompaction measurements, where
the control group had the lowest decompaction
(8.4%), the hyperglycemic condition had the highest
decompaction (22.2%), and the condition of hyper-
glycemia with epalrestat registered decompaction
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value (13.8%) that was equivalent to control and sig-
nificantly lower than hyperglycemia alone (p < 0.05).

In sum, hyperglycemia induce myelin damage,
evidenced by layer decompaction, which could be
mitigated with epalrestat supplementation.

3.5. Development of a large PN biomimetic
platform
To develop a more representative model that bet-
ter emulates the 3D hierarchical microarchitecture
of a PN, scaffolds containing neural and glial tis-
sue were embedded in a fibrin hydrogel. In the 3D
image reconstructions shown in figure 8(a), scaf-
folds with no hydrogel generated an anisotropic and
planar neurite growth (figure 8(a) left column) with
only a small volume increase from day 7 to day 21,
from 0.0025 to 0.0039 µm3, respectively (figure 8(b)).
When co-cultures were supplemented with fibrin,
neurite growth maintained directional alignment
(similar to all conditions and time points, figure
S11) but was notably multiplanar (figure 8(a) right
column), with still a small increase overtime but com-
paratively larger than bare scaffolds at both 7DIV (∼3
fold; 0.0078 µm3) and 21 DIV (∼2 fold; 0.0094 µm3)
(figure 8b and movie S4). Fibrin embedding also
promoted a significant increase (p < 0.001) of myelin
volume at day 21 compared to scaffold-only co-
cultures (figure 8(c)), with a mean myelin volume
of 0.0012 µm3 versus 0.00046 µm3, respectively.
This was also reflected in histological cross-sections
(figure 8(d)), which showed a larger number of
myelin rings in fibrin-scaffolds than in bare scaffolds.

To showcase the long-term development and sta-
bility of this fibrin-embedded platform, we main-
tained the co-cultures for 35 days and evaluated the
resulting tissue morphology. The engineered neural
tissue retained its 3D organization and exhibited
highly aligned myelinated axons that achieved over
6.5 mm in length in all growth planes (figures 8(e)
and (f)), which is the largest reported value in literat-
ure, to the best of our knowledge.

3.6. Applicability for target tissue innervation
To demonstrate the potential use of the fibrin PN
platform for the creation of innervated tissue mod-
els, we show here the possibility of adding pancre-
atic pseudoislets (figures 9(a)–(d)) and endometrial
organoids (figures 9(e)–(h)) within the construct.
Pancreatic pseudoislets were generated with a mean
diameter of 41.9 ± 2.98 µm (figures S12(a) and
(b)), composed of alpha (alpha TC1) and beta cells
(INS1E) at a ratio of 3:7 [32]. Neurospheres were
cultured on laminin-coated scaffolds for 7 days to
initiate neural growth, after which several pancre-
atic pseudoislets were added and the entire con-
struct embedded in fibrin. The co-cultures were
maintained for an additional 10 days, during which
time the pseudoislets survived and nociceptors from
the neurospheres extended and surrounded them

(figures 9(c) and (d)). Further reflecting native
rodent pancreatic tissue, alpha (glucagon+; in green)
and beta cells (insulin+; in red) reorganized and
formed segregated clusters according to cell type [33].
Immunostaining for substance P (white) revealed
that nociceptor axons were able to penetrate the
cluster and establish an intimate association with the
pancreatic cells, particularly insulin+ cells.

To create an endometrium model, a GFP+

human endometrial adenocarcinoma cell line (Ishi-
M3-HSD-A) [23] was seeded within matrigel domes
to form organoids of regular size, with a mean
diameter of 59.9 ± 12.1 µm (figures 9(e)–(f),
S12(c) and (d)). Matrigel domes containing several
organoids were picked and positioned on a laminin-
coated scaffold in the vicinity of a 7 DIV neuro-
sphere. After 10 days, we confirmed that the endo-
metrial organoids attached, survived, and retained
their spherical shape throughout the co-culture
period (figure S13). Nociceptor neurites were able
to penetrate through the matrigel domes and estab-
lish an intimate association with endometrial cells
(figures 9(g), (h), and S13).

3.7. Discussion
Nociceptive pain perception is essential for normal
organ function and physical integrity maintenance.
However, sensory nerves can be affected by a mul-
titude of insults, ranging from trauma to disease-
induced neuropathies, which hinder this sensorial
ability. At the same time, nociceptive pain is a com-
mon symptom of a large range of pathologies, bring-
ing discomfort and reduced life quality to diseased
individuals. Current understanding of neuropathies
and painmechanisms in a pathological context is lim-
ited by current research tools, which consist of animal
models or oversimplified 2D in vitromodels. Animal
models are expensive, difficult to assess and are not
always clinically translatable to humans [34]. In vitro
models, on the other hand, can provide an inexpens-
ive, simple and direct translational research platform
[35]. To date, some in vitro human nociceptor mod-
els, containing neurons that are able to elicit APs and
are sensitive to noxious stimuli, have already been
reported [13, 14]. However, the tissue in these models
does not replicate the 3D anisotropic axonalmorpho-
logy that characterizes the PN. Moreover, the repor-
ted neurons are unmyelinated, which represents only
the slow transmission nociceptors (C-fibers) and not
the myelinated fast transmission fibers (Aδ) [1, 2].
This lack of proper architectural and cellular rep-
resentation limits the translational potential of the
models and demands for improved biomimetic PN
platforms.

In this work, we demonstrate the fabrica-
tion of a 3D culture platform containing func-
tional iPSCs-derived nociceptors neurospheres with
myelinated or unmyelinated anisotropic neurites. To
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Figure 8. Enhancement of the PN platform via fibrin hydrogel addition on the neurosphere/SC scaffold co-culture. (A) 3D
reconstruction of the neurite volume of neurospheres embedded with (right column) or without (left column) fibrin at 7 days
(top row) and 21 days (bottom row) of culture. (B) Quantification of the neurite volume in cultures with (gray bars) and without
(black bars) fibrin embedding at 7 (left side) and 21 (right side) days of culture, indicating that fibrin addition significantly
increased neurite volume. (C) Quantification of the myelin volume in cultures with (gray bars) and without (black bars) fibrin
embedding at 21 days of culture, showing an increase in myelin volume in cultures embedded with fibrin hydrogel. In both (B)
and (C), the graph bars are represented as mean value± SD. Experiments were performed twice (n= 5). Statistics were
performed with two-way ANOVA followed by a Tukey’s HSD post-hoc test (B) or an unpaired t-test (C), where ∗∗∗p < 0.001,
∗∗p < 0.01 and ∗p < 0.05. (D) Toluidine blue–stained tissue sections showing myelin cross-sections in dark blue (pointed by red
arrows), evidencing a higher density of dark blue spots in the fibrin condition. Scale bar is 25 µm. (E) 3D reconstruction of a
neurosphere/SCs platform cultured with fibrin for 35 days, showing the formation of layered and highly aligned myelinated
neurites. (F) Overview of the growth of a 35 DIV co-culture, showing the formation of highly aligned and long (over 6.5 mm)
neurites throughout the platform. For (E) and (F) βIII-tubulin is shown in green, MBP in red and DAPI in blue.
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Figure 9. Nociceptor innervation of target tissues within the fibrin-embedded PN platform. (A)–(D) Pancreatic pseudoislets
innervation. (A) Illustration of the used pancreatic islet model composed of α cells (alpha TC cells) and β cells (INS1E cells) at
3:7 ratio respectively. (B) Agarose microwell mold containing several spheroids with 41.9± 2.98 µm. Scale bar is 200 µm.
(C) Overview of the platform showing the presence of several pancreatic pseudoislets (insulin, red) surrounding the neurosphere
(substance P, white). (D) Detailed view of the white dashed ellipse shown in (C) showing infiltrating nociceptor fibers within the
pseudoislets. Glucagon is shown in red and DAPI in blue. Scale bar is 500 µm for (C) and 100 µm for (D). (E)–(H) Endometrial
organoid innervation. (E) Illustration of the endometrial model composed of GFP+ Ishikawa organoids formed within matrigel
domes. (F) Brightfield image superimposed with the green fluorescent channel showing the cultured endometrium organoids,
with a diameter of 59.9± 12.1 µm. Scale bar is 100 µm. (G) Overview of the co-culture platform showing several organoids (GFP,
green) around the neurosphere (βIII-tubulin). (H) Detailed view of the white dashed ellipse shown in (G), depicting neurite
invasion on the endometrial organoid. DAPI is shown in blue. Scale bar is 500 µm in (G) and 50 µm in (H).

produce these neurospheres we modified the pro-
tocol described by Chambers et al for accelerated
conversion of iPSCs into nociceptors [19]. In our
two-step method, we started by seeding iPSCs on
an agarose microwell device that induces the form-
ation of spheroids via cell self-aggregation. Because
of this, we were able to generate a large number of
uniformly sized cell clusters (over 1500) that form a
miniature version of a DRG [36].With an average size
of ∼300 µm, the neuron cluster is sufficiently large
to generate dense and long neuronal tissue, but still
sufficiently small to rely on diffusion alone for oxy-
gen and nutrient support. Additionally, at this size,
the neurospheres are easily observable with a naked
eye, and thus can be picked and transplanted into
a desired location on the scaffold (figure 1 and 2D).

Contrarily, other nociceptor differentiation protocols
culture cells on flat surfaces, producing disorgan-
ized and non-homogeneous cultures [19, 37]. Before
commencing differentiation, we adopted a strategy
for cell synchronization via DMSO treatment, which
has been reported as an effective method to arrest
the iPSCs cycle and simultaneously maintain their
pluripotency characteristics [38]. Following this, the
differentiation protocol was initiated and after 7 days
cells exhibited a trunk NC phenotype (figures 2(b)
and (c)). Contrary to Chambers et al protocol, we
supplied retinoic acid after day 2, which has been
reported as a promoter of trunkNC specification [27]
and enhanced the spheroids cohesion (figure S2(b)).
At day 9 of differentiation, the neurospheres were har-
vested for the second part of the process, where these
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were placed on the desired culture substrate and cul-
tured for at least 7 days, to simultaneously promote
maturation to a nociceptor phenotype and neurite
outgrowth on the substrate. The use of neurotrophic
factors in this last stage was reduced to just NGF,
which proved enough to promote growth and pheno-
type acquisition. In just a 3 week period, we were able
to obtain several neurospheres (over 1500) exhibiting
characteristic nociceptor markers such as substance
P, CGRP and TRPV-1 expression (figure 2(e)). The
obtained neurons were electrically active, presenting
an RMP value slightly higher than other reported
iPSCs neurons [39, 40], but all able to elicit APs when
stimulated (40 DIV cultures; figure 3(a) and table
S2). These differentiated nociceptors also released
substance P in response to a noxious stimulus (RTX)
(10 DIV cultures; figure 3(b)), denoting the pres-
ence of a functional TRPV-1 channel [28, 37]. For
these experiments, we used dissociated neuron cul-
tures in order to improve the access of the electrical
probe to single cells and ensure that substance P
release was unhindered by the cell cluster. Clustered
nociceptors, representing a more biomimetic form,
also revealed functionality, as shown by the reversible
RTX-induced neurite retraction from 7 DIV neuro-
spheres (movie S2). RTX (or capsaicin) activation of
TRPV-1 promotes calcium influx, which in turn can
lead to mitochondrial dysfunction and inhibition of
metabolism, resulting in the collapse of nerve endings
[41]. This effect is observed on the skin, where after
topical capsaicin treatment, epidermal nociceptor
fibers are reversibly lost [29]. We could replicate this
process using RTX, and additionally, neurite retrac-
tion could be significantly reduced by co-addition
of a TRPV-1 antagonist (CPZ) (figures 3(d)–(f)
and movie S3). After 24 h, all conditions showed
similar metabolic activity (figure 3(g)), evidencing
that nociceptors neurites can be targeted, without
loss of viability, using an RTX sub-toxic application
(10 µM).

After establishing nociceptor functionality, we
developed a PN model that replicates the native
morphology using an aligned microfibrous scaffold
(figure 1), which we previously reported as suitable
to induce anisotropic neurite and myelin formation
from rat DRGs and PC12 cells [20]. Unlike other
strategies that rely on platform wall constraining to
induce axonal alignment [16, 17], we simply used
a substrate whose fibers are highly efficient in dir-
ecting parallel axonal growth. Moreover, the fibers
coating can be easily customized, which endows the
platform with high versatility regarding the chem-
ical and cellular composition. To recreate a PN tis-
sue, we pre-seeded the scaffold with SCs, which pro-
liferated and organized in highly aligned cell bands
within 7 days (figure S6(b)). These SC bands replic-
ate the native bands of Büngner, which form in the
regenerating PN, to stimulate and guide regrowing
axons to their targets [42]. As a cell source, we used

the rat sciatic nerves, from which SCs can be extrac-
ted in high yield, are easily purified [21], and have
been shown to efficiently myelinate human iPSC-
derived sensory neurons [15]. To better evaluate the
influence of SCs in promoting neural growth, we
compared them with scaffolds coated with laminin
(major nerve extracellular matrix (ECM) protein)
[43] and matrigel (assortment of ECM proteins)
[44], which are standard coatings in in vitro PN
models [5]. Matrigel-coated scaffolds promoted the
highest neural growth followed by SCs-containing
scaffolds, which additionally were composed of vast
and anisotropic myelinated neurites. Compared to
glass coverslips, our scaffolds promoted higher neur-
ite length, alignment and area after 7 and 21 days
of culture (figures 4 and 5). Scaffolds also displayed
larger amounts of myelin and more aligned seg-
ments than coverslips cultures (figure 6), and in
both substrates we observed myelination of small
caliber axons (<1.5 µm) similarly to other reported
works [15, 45]. Furthermore, in all scaffold coatings
the neuron cluster remained intact, which allowed
a neurite outgrowth comparable to a DRG explant.
Contrary to this, matrigel coated coverslips promoted
neurosphere dissociation already at 7 DIV, and SC-
seeded coverslips showed a similar morphology after
21 DIV. Because matrigel is composed of an abund-
ant mixture of ECM molecules and growth factors,
which have been shown to be involved in neuronal
proliferation/migration, as is the case of entactin and
transforming growth factor beta (TGF-β) [46, 47],
we hypothesize that its coating on coverslips led to
the observed cluster break and neuron spread. In
the case of SC-seeded coverslips, we believe that the
unconstrained SC proliferation andmigration (figure
S6(C)), and subsequent ECM deposition, led to a
similar neuron morphology overtime. On the other
hand, the scaffold’s aligned microfibers facilitated
cell entrapment, prevented cluster dissociation, and
induced anisotropic neural growth [48–50].

Uncoated substrates, i.e. not containing any
adhesive units, such as laminin, are traditionally
not supportive of neuron attachment, survival and
growth [51]. However, uncoated scaffolds sup-
ported neural growth (figure S6) while uncoated
coverslips could not even allow cell attachment.
This can be explained by the abovementioned scaf-
fold’s topographical properties but also its chemical
composition, since polyethylene oxide taraphtalate
(PEOT/PBT) does not require functionalization to
allow nerve growth [52], contrary to glass [51]. In
sum, our scaffold provided a superior substrate than
glass coverslips, by promoting PN tissue development
with higher efficiency, robustness and biomimicry
level.

Using the scaffold co-culture system,we produced
myelinated tissue to investigate the resulting damage
from acute hyperglycemia exposure. Hyperglycemia
is a common pathophysiological imbalance resulting
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from diabetes mellitus type II and a cause of peri-
pheral neuropathy [7, 53]. In this situation, excess
intracellular glucose is converted to sorbitol by aldose
reductase, resulting in sorbitol accumulation, and
consequently in increased cellular osmolarity, oxid-
ative stress and mitochondrial dysfunction that leads
to cellular damage [8, 53, 54]. Hyperglycemia damage
is characterized by axonal degeneration and myelin
abnormalities, such as layer decompaction [54, 55]
(figure 7(a)). Thus, morphological evaluation can be
used to determine the presence of damage, and if
so, if it can be prevented by drug supplementation.
Among the existing drugs, aldose reductase inhibitors
such as epalrestat, have been explored as a method to
reduce sorbitol levels, with shown influence in mit-
igating hyperglycemic damage [8, 31]. To achieve an
acute hyperglycemic state, supraphysiological gluc-
ose concentrations (45 mM) can be supplied in the
culture medium, allowing a rapid modeling of blood
glucose spikes [20]. In our experiment, acute hyper-
glycemic exposure caused axonal and myelin dam-
age, morphologically similar to diabetic type II mice
[8], which was quantitatively manifested in increased
layer decompaction and decreased g-ratio (due to
layer separation), compared to control cultures. Sup-
plementation of epalrestat to hyperglycemic cultures
effectively mitigated the cellular damage, denoting a
benefit of sorbitol reduction in damage prevention
(figure 7). These results highlight the advantages that
in vitro platforms provide in comparison to animal
models, by permitting a rapid, simple and inexpens-
ive but still accurate modeling of pathologies, as well
as testing of therapeutic compounds. Additionally, in
diabetic animal models there are several physiological
processes altered at once, causing a systemic dam-
age that reduces the level of experimental control
and undermines data reliability [55, 56]. Although
we observe myelination of small caliber axons in our
in vitro 3D platform, myelination of axons smal-
ler than 1.5 µm remains a controversial finding and
should be investigated further in-depth and corrob-
orated in future studies. This will be greatly assisted
by advances in analytical techniques, such as the use
of third harmonic imaging (THI) to directly visu-
alize the 3D structure of axon myelination of liv-
ing cells [57]. While still rarely applied, such label-
free approaches avoid preparation artifacts associated
with more established techniques, such as TEM, and
provide more accurate 3D analysis of myelin wrap-
ping for thicker tissue constructs compared to wide-
field or confocal fluorescence microscopy.

To develop a more biomimetic PN model, we
embedded the cell-seeded scaffold in a fibrin hydro-
gel. Fibrin is a natural material present during nerve
regeneration and widely used within PN conduits
and models [58, 59]. Its addition permitted neurites
to grow beyond the scaffold, resulting in a neurite
and myelin volume enhancement compared to bare

scaffolds, while maintaining anisotropy (figure 8 and
movie S4). The formation and maintenance of an
overall neural tissue alignment suggests that the topo-
graphical guidance provided by the scaffold fibers and
SCs at the bottom of the substrate is sufficient to dir-
ect anisotropy throughout the whole construct. As
hypothesized in a previous work fromour group [20],
we believe that a combination of attractive and repuls-
ive paracrine cues are governing this phenomenon,
by propagating the neurite alignment from the bot-
tom to the upper layers. This suggests that the topo-
graphical guidance provided by the scaffold, at the
bottom of the construct, is sufficient to induce an
overall neurite alignment, in a process potentially
governed by axonal paracrine signaling [20, 60, 61].
Using the fibrin/scaffold PN platform, we demon-
strated the ability to create myelinated tissue with
long-term stability and exhibiting neurite dimensions
(over 6.5 mm), which are to the best of our know-
ledge, the highest ever reported in in vitro platforms
[16, 62].

Finally, as a proof-of-concept, we demonstrated
that different target tissues can be incorporated
within the fibrin/scaffold PN platform, with the aim
of generating nociceptor innervation models. As tar-
gets, we selected the pancreas, represented by pan-
creatic pseudoislets, and the endometrium, repres-
ented by endometrial organoids. Both the pancreas,
during CP [9, 10], and the endometrium, during
endometriosis [63, 64], are innervated by unmyelin-
ated nociceptors, which can become sensitized and
trigger nociceptive pain. However, the exact pain
pathophysiological mechanisms remain to be elucid-
ated and current research is exclusively conducted in
animal models, due to a lack of representative in vitro
models. In this work, we established culture condi-
tions that permitted simultaneous survival of all tis-
sues and nociceptor ingrowth towards the target tis-
sue, within 10 days of co-culture (figure 9). We did
not further explore the mechanisms of nociceptor
innervation or sensitization, as we merely intended
to show the potential and versatility of this platform
in generating various nociceptor innervation models.
Future studies should aim at decoding the biological
processes governing neural target/tissue interactions,
such as tissue-specific pain mechanisms, as well as
screening of compounds with therapeutical/analgesic
properties. Using this platform, such studies could be
conducted in a safe, convenient, quick and inexpens-
ive manner.

In summary, we demonstrate here the formation
of a 3D biomimetic nociceptor platform that can be
used to assess neural growth in fine-tuned microen-
vironments, to model diabetes-related pathologies
and to produce innervation models. We believe that
this platform could provide a new highly relevant
tool for neuroscience and for biomedical sciences in
general.
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