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Chapter 1  

 

General Introduction 
 
Afonso Malheiro, Paul Wieringa, Lorenzo Moroni 

 

Department of Complex Tissue Regeneration, MERLN Institute for Technology-Inspired 

Regenerative Medicine, Maastricht University, The Netherlands 

 

 

 

Abstract 

 

Nerves and blood vessels (BVs) establish extensive arborized networks to innervate tissues 

and deliver oxygen/metabolic support. Developmental cues direct the formation of these 

intricate and often overlapping patterns, which reflect close interactions within the peripheral 

neurovascular (NV) system. Besides the mutual dependence to survive and function, nerves 

and BVs share several receptors and ligands, as well as principles of differentiation, growth 

and pathfinding. NV interactions are maintained in adult life and are essential for certain 

regenerative mechanisms, such as wound healing. In pathological situations, e.g. diabetes 

mellitus type II, the NV system can be severely perturbed and become dysfunctional. 

Unwanted neural growth and vascularization is also associated with the progression of some 

pathologies, such as cancer and endometriosis. In this review, we describe the fundamental 

NV interactions in development, highlighting the similarities between both networks and wiring 

mechanisms. We also describe the vascular and neural network contributions to regenerative 

processes and potential pathological dysfunctions. Finally, we provide an overview of current 

in vitro models used to replicate and investigate the NV ecosystem, addressing present 

limitations and future perspectives.  
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The peripheral neurovascular system  

 

With the evolution of ever larger multicellular organisms, distinct tissues began to form 

with increasing complexity, eventually creating distinct organs that were capable of performing 

highly specialized tasks. Throughout this process, the development and evolution of the 

vascular and nervous system was key. The vascular network covered the organs, providing 

oxygen and nutrient supply and removing the metabolic waste. Similarly, the nervous system 

extended branches that connected target organs to the central nervous system (CNS), 

establishing communication and permitting coordination of tasks1,2. The result was the 

formation of extensive and arborized patterns of nerves and blood vessels (BVs), with 

significant overlap between the two networks (fig. 1a-c). The mutual dependence of nerves 

and blood vessels (BVs) also contributed to this neurovascular (NV) alignment, since nerves 

require vascularization to ensure oxygen and metabolic support (fig. 1d), whereas large BVs 

need innervation to regulate vasodilation and vasoconstriction3,4.  

 This chapter will cover the peripheral NV system, highlighting developmental aspects, 

interactions during regeneration and NV dysfunction in pathological situations. Finally, current 

in vitro models of peripheral NV units will be discussed. 

 

 
 

Figure 1. The neurovascular network. Illustrations of the vessel (a) and nerve (b) network 

drawn by Andreas Vesalius, a 16th-century Flemish anatomist and physician. (c) Example of 

vessels (red) and nerves (green) following a similar path. (d) Illustration of the vasa nervorum, 

showing how vessels cover the peripheral nerves. (a,b,c) were extracted from Carmeliet et al. 

(2005)1 and (d) was extracted from Mizisin et al. (2011)5.  
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Reaching the target 

 

The formation of both vascular and nervous system is tightly controlled by a series of 

developmental cues that ensure the formation of a complex and highly stereotypical mature 

network. In the evolutionary history, BVs arose later than nerves, but co-adopted the same 

architectural principals and molecular mechanisms as those responsible to wire up the nervous 

system6. As a consequence, both tissues share several signaling pathways and principles of 

growth, differentiation, organization and pathfinding6,7. During embryonic development, 

vasculature is formed at an earlier stage than nerves, when mesoderm-derived angioblasts 

differentiate and coalesce to form the primary vascular plexus, in a process termed 

vasculogenesis8. Subsequent vessel formation occurs mainly via sprouting angiogenesis, as 

the vascular network extends and remodels to cover avascular regions9.  The peripheral nerve 

system (PNS) arises from the trunk neural crest, as neurons of different subtypes send neurite 

projections in a spatially and temporally orchestrated manner10. Arising from the CNS, 

parasympathetic nerve fibers project towards most organs to innervate them. From the dorsal 

root ganglia and sympathetic ganglia, sensory and sympathetic neurons, respectively, extend 

axons towards their targets, while motor neurons from the ventral spinal cord send projections 

to the periphery11. To vascularize and innervate tissues, BVs and nerves make use of similar 

pathfinding mechanisms. Sprouting BVs designate a specialized endothelial cell as “tip cell” to 

sense the environment and pave the way, while trailing “stalk cells” proliferate and form 

capillary lumens to allow blood flow. In a similar fashion, neuron growth cones project 

numerous filopodia that actively extend and retract in response to the environment4,7. Both 

tissues manage to travel to distant targets by dividing their path into smaller segments bounded 

by intermediate targets, thus simplifying the navigational task1,6. To help in this, and to promote 

growth and survival, there is a plethora of signals and respective receptors that are shared 

between BVs and nerves (table 1). These signals can act at a short range when matrix-bound 

or at a long range when freely soluble, and can either provide an attractive or a repulsive 

cue2,7,9 (fig. 2). As an example of common signals, nerve growth factor (NGF) is a known 

neurotrophic factor but can also exert a positive influence on endothelial cell (EC) proliferation, 

survival and migration12,13. Similarly, the vascular endothelial growth factor (VEGF) family is a 

well-characterized inducer of vasculogenesis and angiogenesis, but evidence has shown it 

can also promote neurogenesis, neuroprotection and neural growth14. Furthermore, four 

families of classic axonal guidance cues — ephrins, netrins, slits and semaphorins — were 

discovered to induce vessel guidance as well (table 1). These cues can stimulate attraction or 

repulsion, depending on receptor configuration or activity of secondary messengers7,9. Besides 

this developmental stereotypical configuration of larger BVs and nerves, target tissues also 

regulate vessel sprouting and axonal arborization. Hypoxic tissues secrete VEGF to recruit 
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vascular supply, whereas target tissues devoid of synaptic input secrete neurotrophic factors, 

such as NGF, to attract innervation. In both cases, once the target tissue is sufficiently supplied 

with oxygen or electrically stimulated, the production of growth factors (GFs) by the target 

tissue subsides1.  

 

 

 

Ligand 

 

Form 

 

Receptor 

Type of cue 

Nerves Blood vessels 

 

Ephrin 

Cell membrane-

bound 

▪ Eph Attractant15 / 

Repellent16 

Attractant17 / 

Repellent18 

 

 

Netrin 

 

 

Matrix-bound 

▪ Deleted in 

Colorectal 

Cancer (DCC) 

▪ Unc5 

 

Attractant19,20 / 

Repellent19,20,21 

 

Attractant22/ 

Repellent23 

 

Slit 

 

Matrix-bound 

▪ Roundabout 

(Robo) 

Attractant24/ 

Repellent25,26 

Attractant27/ 

Repellent24 

 

Semaphorin 

 

Diffusible 

▪ Plexin 

▪ Neuropilin (Nrp) 

Attractant28/ 

Repellent28 

Attractant29/ 

Repellent29,30 

 

Table 1. Common signals and receptors shared by nerves and blood vessels and their 

influence on pathfinding (attraction or repulsion). 
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Figure 2. Pathfinding mechanisms of nerves and BVs. (a,b) Attractive and repulsive cues 

determine the direction of axons and sprouting vessels. (a) Both axons and endothelial cells 

(ECs) express Nrp1 at their filopodia, to which Sema3A and VEGF bind.  Sema3A causes 

repulsion whereas VEGF attracts the filopodia. (b) As a result, axons or ECs move towards 

the VEGF gradient. (c-e) Role of VEGF signaling in vessel branching. (c) The soluble 

VEGF120 does not bind to the matrix and consequently fails to provide long-range guidance. 

(d) The VEGF164 isoform provides both short-range matrix guideposts and long-range 

attraction gradients that allow the sprouting vessel to reach the target efficiently. (e) The 

VEGF188 isoform bind only to matrix and thus does not provide any long-range attraction, 

causing the sprout to be misguided over short distances. (a-e) were extracted from Carmeliet 

et al. (2003)2 after permission. 

 

 

The NV wiring 
  

 From embryonic development to adulthood, the NV networks maintain an ordered 

configuration, where nerves and BVs often follow a convergent path. To arrive at this 

composition, two distinct mechanisms are known to be in place. One is the existence of a 

central mediator that attracts and directs nerves and BVs organization31. This is observed in 

the mouse whisker pad, which displays a double ring structure around each follicle, composed 
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of nerves (inner ring) and BVs (outer ring). In mutant mice, lacking trigeminal neurons and thus 

lacking nerve rings, vessel rings still form normally. Similarly, in mice with deformed vessel 

rings, nerve rings are able to form normally. These findings indicate the existence of a central 

and independent patterning mechanism32. The other patterning mechanism results from the 

direct influence of a tissue on the other. A well-characterized example of this occurs in the 

developing limb skin, where cutaneous nerves invade the primary capillary plexus and induce 

nerve-vessel alignment33,34. The recruitment of vessels to the vicinity of nerves, occurs via 

secretion of Cxcl12 by Schwann cells (SCs) and neurons, which attracts Cxcr4+ ECs. Following 

NV alignment, VEGF-A secreted by the SCs and neurons induces arteriogenesis, marked by 

upregulation of ephrinB2 and Nrp1. Nrp1 upregulation further leads to increased sensitivity to 

VEGF-A, which helps to maintain this nerve-artery congruency (fig. 3a-d and f-m). In mutant 

mice lacking sensory and motor nerves, the vessels exhibited an altered pattern and defective 

arterial differentiation. Furthermore, in mutants with abnormal nerve patterns, remodeled 

arteries aligned with these nerves and could undergo arterial differentiation11. Taken together, 

these observations indicate a direct influence of nerves on BVs. Conversely, a direct influence 

of BVs on nerve patterning also occurs. This is the case for sympathetic nerve alignment with 

arteries, as observed in the skin. Smooth muscle cells cover the arteries and secrete artemin, 

which acts as a neurotropic factor, attracting sympathetic fibers to ride along the arterial (and 

sensory fiber) template (fig. 3e). Because artemin secretion gradually shifts distally, a local 

growth factor gradient is perpetuated to guide sympathetic fibers as they grow towards the 

target organ, resulting in NV alignment2,11,35.  
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Figure 3. a-e: Mechanisms of NV patterning within the developing limb skin. a) Formation of a 

primary capillary plexus via vasculogenesis at E11.5. b) Sensory axons accompanied by 

Schwann cells invade the vascular plexus at E13.5 and secrete signals (e.g. Cxcl12) to pattern 

the vessels. c) In response to those signals, the vessels align with the nerves. d) BVs aligned 

with the nerves undergo arteriogenesis in response to nerve and Schwann cell-derived VEGF-

A, upregulating ephrinB2 and Nrp-1. e) Sympathetic axons innervate the limb skin, using the 

BVs and sensory nerves as a template for migration. Sympathetic innervation of the arteries is 

necessary to regulate vessel tone. f-m: NV congruency in the embryonic and adult skin. f-i: NV 

alignment on E15.5 mouse embryo skin. Whole-mount immunofluorescence micrograph 

showing the alignment of nerves (green) and arteries (red). j-m: NV alignment is maintained in 

the adult phase. Whole-mount ear skin preparations from an adult mouse, showing nerves 

(green) and BVs (red) following parallel paths.  All images were extracted from James et al. 

(2011)11, after permission. 
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NV dysfunctions  

 
Damage to the PN tissue can occur in diverse situations, from localized traumatic 

insults (nerve crush, compression, stretching or transection)36, to systemic disorders, such as 

in Guillain-Barré syndrome or diabetes mellitus type II37. Because of the close interlink between 

nerves and BVs, peripheral neuropathies often result in NV dysfunctions.  

The PN contains an abundant and redundant vascular supply (fig. 1d). Thus, if the 

blood flow is partially interrupted due to an artery block (e.g. atherosclerosis, thrombosis, etc.), 

ischemia can still be prevented38. However, in the eventuality of complete blood flow 

interruption, ischemia ensues and can provoke axonal conduction block and distal axonal 

degeneration. Ischemia can also arise after nerve damage if regeneration is incomplete, 

resulting in chronically denervated nerve stumps. In these situations, blood flow is typically 

reduced as a result of poor vascular regeneration due to an unfavorable environment (e.g. 

scarring or fibrosis) or due to lower metabolic demands because of axonal loss38. Traumatic 

injuries, however, account only for a small fraction of neuropathy cases. In diabetes mellitus 

type II (DM), 50 % of individuals develop a neuropathy within time37,39. DM can lead to profound 

alterations in the vascular, glial and neuronal components, with potential severe consequences 

affecting not only the PNs but also other organs such as kidneys (diabetic nephropathy), eyes 

(diabetic retinopathy) and skin (fig. 4a)40. The most common pathogenic insults are 

dyslipidemia, hypertension, impaired insulin signaling, and most frequently hyperglycemia40,41. 

Increased intracellular glucose levels activate the polyol pathway, which converts glucose to 

sorbitol via aldose reductase activity. Sorbitol accumulation leads to elevated osmotic 

pressure, oxidative stress and mitochondrial dysfunction that results in cellular damage41,39,42. 

Myelinating SCs express aldose reductase and are consequently affected by hyperglycemia, 

which is manifested by de-differentiation to an immature phenotype, denoted by reduced 

myelin protein synthesis. Due to this, the myelin layer can reduce in thickness (demyelination) 

and develop morphological aberrations, such as infoldings, outfoldings and layer 

decompaction (fig. 4c), ultimately leading to lower nerve conduction velocities39,42,43. 

Furthermore, SC dysfunction also includes reduced secretion of trophic factors, such as ciliary 

neurotrophic factor (CNTF) and desert hedgehog, which support neurons and ECs41. Similarly, 

ECs also express aldose reductase and suffer behavioral alterations. Most notably, the polyol 

pathway flux activates the proinflammatory and prothrombotic pathways, potentially leading to 

capillary membrane thickening and pericyte/smooth muscle cell dysfunctions that can result in 

loss of BV coverage (fig. 4e-l)41,44,45. The end result is vessel leakage and reduced blood flow, 

which decreases the trophic and oxygen support to neurons and SCs, causing cellular 

damage.  
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Neural and vascular growth can also be directly associated to pathologies and provoke 

unwanted consequences. A major example is the role that vascularization and innervation play 

in the onset and development of tumors. The dependence of vascularization for tumor growth 

has been known for long, because as in any other tissue, cells that are farther than 200 µm 

from a BV will suffer hypoxia. Therefore, for tumors to growth beyond 1-2 mm, they need to 

recruit BVs, which is done through the secretion of angiogenic factors, such as VEGF, 

fibroblast growth factor (FGF), epidermal growth factor (EGF), hepatocyte growth factor (HGF) 

and platelet-derived growth factor (PDGF)46. There are several mechanisms for tumor 

vascularization, including not only the classical sprouting angiogenesis, but also 

intussusception, vessel co-option, vasculogenesis, vasculogenic mimicry and 

lymphangiogenesis47. The vascular network that is formed within tumors is vastly different from 

the one in normal tissues and that formed during wound healing. Normal BVs display an 

ordered, hierarchical and uniform architecture and appropriate mural cell coverage. 

Conversely, BVs in tumors exhibit a tortuous and irregular shape and their density is 

heterogeneous. Moreover, these BVs are leaky and lack appropriate pericytes/smooth muscle 

cell coverage8,46. To prevent tumor growth, several strategies have been deployed, but most 

research has focused in inhibiting VEGF signaling46,47. To this matter, anti-VEGF antibodies 

(e.g. bevacizumab) have been used clinically in combination with chemotherapy or cytokine 

therapy, but produced only a small increase in patient’s survival8,46. This resistance to VEGF 

inhibitors stems from the adaptation of tumors to other forms of vascularization, such as 

vasculogenic mimicry and vessel co-option from surrounding tissues46. Additionally, other non-

targeted angiogenic factors such as FGF and HGF can also attract BV ingrowth8. More 

surprisingly, nerves were also discovered to play a preponderant role in tumor initiation and 

progression. In various examples, such as in prostate, gastric and pancreatic cancer, nerves 

were found to stimulate tumor development, and tumor denervation via surgical or 

pharmacological techniques was effective in suppressing further growth48. This influence of 

nerves derives from the release of neuropeptides (e.g. substance P) and neurotransmitters 

(e.g. acetylcholine) from nerve fibers surrounding the tumor and in the tumor, which are able 

to modulate metastatic cascades49. Another important aspect of nerve-cancer relationship is 

that tumor cells also release neurotrophic factors. These signals lead to the activation of cancer 

cell survival, proliferation and invasion, but also stimulate the outgrowth of nerves into the 

tumor48. Secretion of NGF, either in final or precursor (proNGF) form, has been detected in 

various forms of cancer (e.g. breast and prostate). Because of this, tumor suppression 

strategies using anti-NGF antibodies have been explored, with success in preventing tumor 

growth, metastasis and angiogenesis in breast cancer50. Furthermore, the expression of axon 

guidance molecules, including different semaphorin and slit isoforms have also been detected 

in solid tumors, although their role in axonogenesis is still unclear.  
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Cancer is not the only pathology whose progression and symptoms are directly linked 

to NV tissue development. In endometriosis, an inflammatory condition affecting 5-10 % of 

women in reproductive age, whose exact origin is still unknown, a heavily vascularized and 

innervated ectopic tissue resembling the endometrium, develops in pelvic area sites (e.g. 

ovaries, ligaments, peritoneal surfaces, etc.). The formation of this tissue can lead to severe 

pain, the most common symptom51. Similarly to tumor vascularization, endometrial implant 

vascularization is proportionally related to its size and is triggered by an angiogenic switch from 

its hypoxic cell mass52. This angiogenic switch is denoted by the large release of angiogenic 

factors, such as VEGF, FGF and angiopoietin (Ang-1) by the endometrial implant but also by 

recruited activated macrophages and other inflammatory cells, including neutrophils, dendritic 

cells and regulatory T cells53. Hormone stimulation, namely estrogen, is also responsible to 

stimulate vascularization. Again, sprouting angiogenesis is not the only vascularization 

mechanism, since vasculogenesis from circulating endothelial progenitor cells (EPCs) and 

inosculation of pre-established vascular networks can also provide a vascular supply to 

endometriotic lesions53. In women without endometriosis, the functional layer of endometrium 

is absent of innervation. However, endometriotic lesions display a rich innervation of mainly 

sympathetic and sensory fibers, particularly nociceptors expressing the transient receptor 

vanilloid subtype 1 (TRPV-1)3,54. Both the endometrial cells and the immune cells — 

macrophages, mast cells and neutrophils — establish an inflammatory environment rich in 

neurotrophic factors, containing NGF, brain derived growth factor (BDNF) and neurotrophin-3 

(NT-3) that attract nerve fibers. These fibers are thought to contribute to the inflammatory 

environment by secreting pro-inflammatory molecules. At the same time, nociceptor fibers 

surrounding and infiltrated in the endometriotic implant become sensitized by this inflammatory 

milieu and convey this information to the CNS, where a pain sensation will be perceived3,55. To 

alleviate pain, treatments must focus in targeting and arresting NV tissue development. 

Currently, there is no effective therapy for endometriosis-associated pain, and most research 

has focused in inhibiting angiogenesis, via VEGF blockers and receptor tyrosine kinase 

inhibitors3.  
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Figure 4. NV dysfunctions in DM. (a-d) Illustration of the different types of damage in DM 

neuropathies, involving axonopathy, schwannopathy and microvasculopathy. (a) Skin section 

showing epidermal nerve fiber loss in a diabetic patient (left panel) compared to a healthy one 

(right panel). Scale bar is 40 μm. b) Axonal and myelin degeneration resulting in nerve fiber 

loss. c) Endoneurial capillaries from patients with DM. Top panel shows a capillary from a 

patient without DM neuropathy, and bottom panel shows a capillary from a patient with DM, in 
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which endothelial cell hyperplasia and basement membrane thickening led to capillary lumen 

size reduction. d) Narrowing of individual capillaries might not prevent blood from passing 

through the endoneurial capillary bed per se, but the resulting increase in velocity of blood 

prevents efficient oxygen extraction, causing hypoxia. (e-j) NV abnormalities in the ear skin of 

an adult mice with DM. Whole-mount immunostaining to BVs (blue, PECAM-1), axons (green, 

Tuj1) and vascular smooth muscle cells (αSMA) on control (e) and diabetic (f) mice. (g-j) 

Magnification of the box regions shown in (e,f) showing axonal abnormalities and lack of 

vascular smooth muscle cells coverage in diabetic mice. Asterisks indicate skin damage from 

the dissection and/or staining procedure and scale bar is 100 µm. (k,l) Quantification of αSMA 

presence shows reduced mural cell cover in diabetic specimens. (a-d) was extracted and 

modified from Gonçalves et al. (2017)41 and (e-j) was extracted from Yamakazi et al. (2018) 45 

after reprinting permission. 

 

 

NV interactions in regeneration  
 

Both the neural and vascular system possess the ability to react to damage and engage 

in a repair process to restore functionality. By sensing the environment, neural and vascular 

cells can alter their phenotype and enter in a regenerative mode that encompasses remodeling 

and regrowth until homeostasis is achieved. Understanding these repair mechanisms is critical 

for the development of smart therapies that can harness and potentiate the natural healing 

ability of tissues.  

The events following a PN injury have been thoroughly investigated, and it is now clear 

that BVs play a crucial role in the success of PN regeneration. After a traumatic injury, 

damaged axons secrete the neuropeptides substance P (SP) and calcitonin gene-related 

peptide (CGRP) that promote enlargement of intraneural BVs56. Vasodilation coupled with the 

release of monocyte chemoattractant protein-1 (MCP-1) by SCs prompts the recruitment of 

resident and circulating macrophages57. The arrival and differentiation of these cells is crucial 

for PN regeneration, as activated macrophages phagocyte the axonal and myelin debris that 

inhibit axonal regrowth (Wallerian degeneration)58. Moreover, macrophages also secrete 

VEGF-A in response to hypoxia to induce neovessel formation, and secrete IL-1 to stimulate 

SC secretion of NGF and SC proliferation59. The newly formed vessels are critical to ensure 

oxygen and metabolic support to proliferating SCs that organize in cellular tracks, termed 

bands of Büngner, to act as conduits for regrowing axons56. In the situation of full nerve 

transection, BVs can also act as templates for Bands of Büngner. In a study by Cattin et al.60, 

the authors discovered that macrophages invade the regenerating bridge, formed between the 

nerve stumps, and secrete VEGF-A in response to hypoxia. The latter is responsible for EC 

attraction and formation of a network of anisotropic vessels that span the bridge. Following 
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this, SCs use these vessels as tracks to proliferate and cross the bridge, taking regrowing 

axons along. In mice with an absent or compromised PN vasculature, nerve repair was 

compromised, confirming the dependence of nerve growth on vasculature.  

These discoveries have propelled the development of new therapies that can improve 

the PN regeneration potential. Hobson et al. have demonstrated that supplementation of VEGF 

in a silicon nerve guide enhances vascularization, axonal regeneration and SC migration, in a 

dose-dependent manner61. In a different strategy, Fang et al.62 used a gene-delivery system 

to introduce plasmid DNA encoding for NGF and VEGF in rats with a crushed sciatic nerve, 

and observed a synergistic effect of both GFs compared to individual dosages. Furthermore, 

VEGF-only doses led to higher sciatic function index and thicker myelin sheaths than NGF-

only doses. Because VEGF is also a neurotrophic factor, it is not clear whether the 

improvement of neural regeneration seen in both studies is a direct consequence of neovessel 

presence or VEGF-stimulation. Nevertheless, the pre-establishment of vascularization prior to 

nerve growth is now regarded as a critical and necessary step for effective PN repair. Due to 

this, several nerve grafts have been designed to stimulate vascularization63. Earlier strategies 

included the use of nerve grafts with intact vasculature64 or the use of artificial guides that were 

pre-vascularized in vivo65. However, such strategies are limited due to the need of autologous 

transplantation. More recently, tissue engineering approaches have incorporated ECs within 

biomaterial nerve guides, and shown successful vascular and neural regeneration66. Whether 

the nerve guide is pre-vascularized or permits a rapid in vivo vascularization, future repair 

strategies are now regarding vascularization as a central concern for efficient PN regeneration.  

NV regeneration is not only important in the context of PN repair, but also to restore 

function to other organs. In the wound healing process, the precise and regulated participation 

of BVs and nerves is essential for an appropriate tissue regeneration. The first phase of this 

process is hemostasis, where BVs become constricted and a fibrin clot is formed in order to 

stop bleeding. The clot and the surrounding wound tissue releases pro-inflammatory cytokines 

and GFs, such as FGF, EGF and transforming growth factor (TGF)-β to attract inflammatory 

cells, thus commencing the inflammatory phase. During this phase, infiltrating neutrophils, 

lymphocytes and macrophages are responsible for clearing wound debris and inducing a 

reparative state that promotes vascularization, extracellular matrix (ECM) formation and re-

epithelialization67. In the hypoxic wound site, ECM fragments and activated macrophages 

release a myriad of angiogenic GFs, including VEGF, FGF (1 and 2) and TGF-β that trigger an 

angiogenic response68. Recruited ECs become activated and secrete proteolytic enzymes 

(e.g. matrix metalloproteinases) that degrade the surrounding ECM in order to proliferate, 

migrate and form new capillaries69,70. Following this, BVs are stabilized via mural cell 

recruitment and ECM deposition. Once the oxygen levels are restored, a remodeling phase 
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begins to promote vessel regression and replacement of the provisional ECM with a collagen 

type I-rich matrix68,70.  

The participation of nerves is also determinant for a successful and quick wound 

healing process. The skin is richly innervated by sensory and sympathetic fibers and defective 

innervation in neuropathies such as spinal cord injury or DM, can result in impaired wound 

healing71. Both the sensory and sympathetic fibers secrete several neurotransmitters and 

neuropeptides that have been shown to play vital roles and enhance the wound healing 

process72. For instance, the vasoactive intestinal peptide (VIP) and NGF stimulate re-

epithelialization and angiogenesis; while the first promotes collagen deposition, the second 

promotes collagen maturation and remodelling73. Sensory neurons, in particular, have been 

shown to accelerate skin re-epithelization in a wound healing model, via SP mediation74. In 

animal models denervated of sensory fibers, wound healing was delayed and incomplete73,75. 

SCs also aid in the regenerative process by differentiating to a repair phenotype and providing 

trophic support via paracrine signaling to non-neural cells at the wound site76. The secretome 

of nerve fibers can directly influence skin cells, for instance by promoting proliferation of 

keratinocytes and fibroblasts. However, it can also indirectly contribute to the wound healing, 

by enhancing the angiogenesis process. As an example, SP stimulates vasodilation, vascular 

permeability and EC proliferation. Similarly, CGRP is a potent vasodilator and stimulates EC 

proliferation and wound contraction71. In sum, nerves and BVs interact with each other and 

directly with skin tissue to drive the wound healing mechanisms.  

Contrary to amphibians, the ability to regenerate limbs is absent in adult mammals, with 

the exception of the distal digit77,78. If the digit tip is removed distal to the nail bed, tissue 

regeneration is still possible via a process deeply influenced by nerves. Using a murine digit 

tip regeneration model, Johnson et al.77 proposed that after damage, axons degenerate and 

their associated SCs undergo dedifferentiation. Dedifferentiated SCs localize to the 

regenerating blastema and start secreting GFs, particularly oncostatin M (OSM) and platelet-

derived growth factor AA (PDGF-AA), which promote the proliferation of the blastema 

mesenchymal precursor cells. Blastema cell expansion is essential for the regeneration of 

tissues such as bone and dermis, and in the absence or dysregulation of SC activity, blastema 

expansion is insufficient to drive full multi-tissue regeneration. Once regeneration is complete, 

axons regrow into the newly formed tissue and associate with dedifferentiated SCs, which 

either differentiate to a mature phenotype or maintain their regenerative program. 

In some situations, often related to disease-induced neuropathies, NV regeneration is 

not possible and the damage can be irreversible. If the underlying cause of neuropathy is not 

removed, spontaneous regeneration cannot occur and treatments are rendered futile79. 

Despite the worldwide prevalence of diabetic neuropathy (DN), leading to nerve function loss, 

there is yet no cure for this disease79. In DN, the skin is often affected and shows reduced 
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density of epidermal nerve fibers (ENFs), which causes loss of sensorial ability and impaired 

wound healing80,81. Some research has focused in promoting functional recovery of denervated 

skin by stimulating the regrowth of ENFs. For this, therapies aim to protect intact neurons and 

induce the regrowth of previously pruned ENFs towards the right targets79. Due to the chance 

of off-targets, systemic drug delivery systems have been abandoned in favor of localized 

therapies. For instance, local insulin treatments have shown improved skin innervation and 

conduction velocities in diabetic rodents82,83. Similarly, transdermal delivery of GFs have also 

demonstrated potential in promoting re-innervation84,85.  

 

In vitro NV models  
 

 The current understanding of NV interactions in a healthy or pathological state is still 

limited. As knowledge expands, it will be possible to develop new therapies and further improve 

existing ones.  

To date, most research has relied on the use of animal models, mainly rodent models. These 

offer a great tool to observe the intricate NV patterns (fig. 3) and their dysfunctions in a disease 

context (fig. 4). However, the complexity of animal models, their high cost and their innate 

divergence from human anatomy/physiology, limits the translational potential of the 

findings86,87. In this regard, in vitro NV platforms might be able to offer a better research tool 

that will allow to unlock the current enigmas. At the same time, the cell culture platform should 

allow to precisely control physiological conditions and perform controlled experiments, such as 

drug testing. However, the task of recreating a human 3D microenvironment with functional 

and mature nerves and BVs is not a simple one. At present, most research models have aimed 

to recreate the NV unit of the CNS88, and only a few peripheral NV models have been reported. 

In the work of Grasman et al.89, the authors established a two-dimensional (2D) co-culture of 

rat/chicken dorsal root ganglia (DRGs) with human umbilical vein endothelial cells (HUVECs), 

and showed that EC-derived BDNF enhances axonal growth (fig. 5a). Because HUVECs 

originate from the umbilical cord, a non-innervated tissue, this model relevance is limited. Yuan 

et al.90 described a similar system, but containing human microvascular endothelial cells 

(HMVECs) as a vascular population instead. These cells originate from the skin, a richly 

innervated tissue, and thus constitute a more relevant cell source. The authors reported that 

co-cultures of HMVECs and DRGs led to higher overall cell viability and higher mRNA levels 

and secretion of VEGF and NGF, compared to single cultures. Both these models consisted 

of planar cultures not representative of the native architecture of nerves and BVs. While axons 

can still elongate in 2D, ECs require a 3D cell adhesive and degradable matrix (e.g. collagen 

or fibrin hydrogel) to form capillaries with lumens. Therefore, the upgrade to 3D cell cultures is 

essential for proper NV tissue engineering. Additionally, alternative sources of neurons, of 
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human origin instead (from stem cell populations), are preferred over animal-derived DRGs, 

which require recurrent animal sacrifice. Besides this, DRGs correspond to only one neuronal 

phenotype (sensory) and are composed of a heterogenous cell population that needs to be 

purified to obtain pure neuron cultures. To overcome this, several stem cell differentiation 

protocols have been established to obtain functional and phenotypically distinct neuron 

populations91,92. Aiming to address current limitations, the work of Osaki et al.93 describes a 

NV microfluidic platform containing embryonic stem cell-derived motor neurons (ESC-MNs) 

and induced pluripotent stem cell (iPSC)-derived ECs within a collagen gel (fig. 5b-c). The 

presence of ECs was shown to improve neuron differentiation, axonal elongation and activity 

(measured by Ca2+ oscillation). On the other hand, neurons were able to influence vascular 

networks and promoted vessel enlargement. Still, this model presented some limitations 

regarding the fidelity of the engineered tissue. First, the absence of glial and mural cells is an 

oversimplification of the cellular milieu, precluding the formation of myelinated nerves and 

mature BVs. These support cells are indispensable for NV tissue function, participate in several 

biological process (e.g. regeneration mechanisms), and are affected in diverse pathological 

situations. Second, the size of the generated tissues is only a small scale representation of the 

actual structures, which in their actual dimensions are subjected to different physical 

forces/parameters (e.g. oxygen tension).   

Future efforts in modelling the peripheral NV unit must focus in achieving mature tissue 

morphologies and architectures representative of the complexity and dimensions of the human 

body. To date, most strategies report disorganized and sometimes flat neuron cultures with no 

glial cell support and vascular networks with immature morphologies, i.e. closed vessels and 

lacking mural cell stabilization. NV biofabrication improvements entail the generation of 3D 

neural tissues with anisotropic and myelinated axons emanating from a neuron cluster to 

replicate the peripheral nerve morphology and a 3D vascular network with open vessels 

stabilized by mural cells. Because the full replication of a whole PN is a demanding and 

impractical task due to its large size (can reach 1 meter), smaller segments can be reproduced 

as long the individual unit sizes are attained. 

Because the PN tissue is composed of phenotypically different populations, the 

generation of distinct and representative neuron models and evaluation of their properties and 

signaling pathways is also necessary. The ECM also plays a role in mediating or directly 

influencing tissue interactions, and thus the use of an ECM-like matrix that recapitulates in vivo 

chemical interactions and mechanical forces is crucial. The combination of NV models with 

perfusable systems that can deliver nutrients and drugs at physiological fluid flow conditions 

will also enhance the clinical potential of the model. This will permit the distribution of chemicals 

through the vessel network at native shear stress rates to defined regions, which will also allow 

a localized analysis of the tissue response. Besides this, microfluidic platforms can be coupled 
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to detectors for on-line measurements, such as oxygen detectors, and even connected to other 

microfluidic organ platforms of interest (e.g. liver model to investigate drug metabolism94). 

Finally, due to the precise environmental control that is possible to exert on in vitro models, 

pathologies with multiple physiological imbalances such as DM that can produce 

simultaneously hyperglycemia and dyslipidemia, can be better studied by individually 

assessing each parameter’s influence. 

 

Figure 5. In vitro models containing NV tissue. a) 2D co-culture of HUVECs and a DRG. Axonal 

elongation was enhanced in the presence of HUVECs compared to samples without the 

vascular component. Immunostaining to Tuj1 (red). DAPI is shown in blue. Scale bar is 200 

µM. Image extracted from Grasman et al.89. b) 3D co-culture of ESC-MNs and HUVECs in a 

collagen gel. b) After 2 days of co-culture, the HUVECs formed well-connected microvascular 

networks surrounding the spheroid. c) After 5 days of culture, neurites begun to elongate and 

establish connections with the existing vasculature. Immunostaining to Tuj1 (green). Phalloidin 

is shown in red and DAPI in blue. (b,c) were extracted from Osaki et al93. 

 

Conclusion 

Nerves and BVs establish intricate and convergent patterns throughout the body, as 

they provide support to most organs. Alterations of normal physiology can affect both tissues 

simultaneously and produce adverse and serious consequences. Currently, several 

outstanding questions remain regarding NV interactions: what control is exerted to orchestrate 

the spatiotemporal presence and quantity of guidance molecules that direct nerves and BVs 

growth and stereotypical pattern formation? Can this knowledge be harnessed to promote NV 

tissue regeneration? What about for tissue engineering? How are NV interactions maintained 

in adulthood? Are there other unknown cooperation mechanisms? What strategies can be 
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devised to selectively inhibit pathological NV tissue development? How can NV tissue damage 

be prevented or mitigated in disorders such as DM? To unravel these mysteries and develop 

therapies against currently untreatable maladies, much work is still needed. The use of 

functional and humanized 3D in vitro NV models are a promising tool to decode these complex 

interactions and improve preclinical research, but further development is still required to fully 

replicate the native organ complexity.  

 

 

Outline of this thesis 
 

 

In this chapter, chapter 1, we have provided a review about the peripheral neurovascular 

system, discussing biological interactions, associated disorders and the state-of-the-art of 

representative in vitro models. In chapter 2, we review the biofabrication techniques to include 

vascularization within tissue engineered constructs and discuss the current challenges in 

representing an organ’s complexity. In chapter 3, the first experimental chapter, we lay the 

foundational bricks of this thesis and show the development of a 3D in vitro model of a 

peripheral nerve based on a neural cell line (PC12 cells) and demonstrate its applications in 

modelling axonal growth, assessing a compound neurotoxicity and recreating a diabetes 

scenario (hyperglycemia-induced damage), in which therapeutic drugs can be investigated. 

This 3D model was improved by substituting PC12 cells with iPSCs-derived nociceptors, and 

the establishment of this second version is described in chapter 4. Here, we also demonstrate 

neuron functionality testing and show again the ability to mimic hyperglycemia-induced 

damage and to conduct drug testing. In chapter 5, we used the previously established 

biomaterial platform and a SC model to evaluate the influence of PDE4 inhibitors, a class of 

drugs with shown benefits in CNS remyelination but never investigated for PN applications, on 

the myelination phenotype of Schwann cells in different contexts (regeneration and disease). 

Using the knowledge obtained in previous chapters, we developed a fabrication method to 

produce a fully human in vitro innervated skin model where drug testing via topical delivery 

can be performed, which is displayed in chapter 6. In the last experimental chapter, chapter 

7, we combined the knowledge gathered in the first review chapters and via experimental 

findings (mainly chapters 3 and 4) to develop of a 3D in vitro model of peripheral neurovascular 

tissue. Additionally, we demonstrate a role for SCs as cells that can promote and stabilize 

vascular networks. In chapter 8, we provide a general overview of in vitro models within the 

research context and discuss the contents of this thesis and how they fit within the general 

panorama. Finally, in chapter 9, we discuss the potential valorization of this work regarding its 

societal impact and commercialization opportunities.    
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Abstract 

In regenerative medicine (RM), creating engineered tissues with functionally relevant 

vasculature is a critical goal. Recent technological advances in biofabrication and bioprinting 

have been reported which present significant steps toward achieving this aim. While many 

approaches to address this challenge derive from microfabrication techniques, progress in the 

material science field and 3D printing technologies fields have introduced exciting new 

possibilities for the creation of increasingly complex and functional vascularized tissues. Here, 

we provide a brief overview of the process of vascularization and its importance within the 

fields of RM and tissue engineering (TE). We give a brief synopsis of various strategies that 

have been reported to induce cell patterning for a designed vascular network within a TE 

construct, including material-based strategies, structural molding approaches, and direct cell-

patterning techniques. As well as highlighting advances in the field, we discuss possible areas 

for further development; in particular, we advocate a combination of strategies to successfully 

overcome current limitations in developing functional artificial tissues. Overall, the 

technological innovations in new bioprinting approaches and complementary progress in 

materials development are recognized as having critical roles as TE matures towards broadly 

applicable, clinically relevant applications. 

 

Keywords: Tissue Engineering, Vascularization, Multicellular Architectures, Bioprinting, 

Multi-scale Patterning 
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Introduction 

The development and improvement of biofabrication techniques have enabled 

substantial advances in the field of RM. Three-dimensional (3D) biomimetic and patient-

specific constructs can now be designed with the aim to fully restore a damaged tissue’s 

functionality1. While progress towards larger tissue replacements has been made, the inclusion 

of functional vasculature within these constructs to maintain cell viability is still a great 

challenge facing the biofabrication/TE field. For this reason, the clinical translation of lab-grown 

tissues remains limited to thin tissues, such as skin and bladder2,3,4,5, which can survive through 

avascular diffusion of nutrients and oxygen. To transplant thick tissues, the engineered 

construct must be prevascularized to remain viable, functional, and quickly integrate with the 

host6.   

Biofabrication technologies is a promising avenue to address the challenge of 

prevascularization7–9. Methods such as 3D printing of solid polymers, electrospinning, and 

stereolitography depend on scaffolds, from natural or synthetic origin, to serve as temporary 

support for seeded cells while the tissue is forming and maturing. Engineering vascularization 

within such TE constructs is complicated by the random manner in which cells are seeded and 

populate the scaffolds. Alternate approaches develop a modular construct by controlled 

assembly of smaller tissue building blocks. The motivation of these techniques is to mimic the 

native tissue architecture by directing cell organization, for instance through structures 

designed to guide cellular self-assembly. Examples of such technologies include 3D 

bioprinting, inkjet printing, and live cell lithography. Approaches that achieve vascular tissue 

patterning enable the creation and study of vascular networks through the spatial control over 

vessel formation.  

Patterning capability is an asset not only for improved vascularization but also as we 

progress towards multicellular systems that can yield functional tissues or complex organ 

models. Constructs composed of functional cells, the parenchyma, and supporting cells, the 

stroma, can be sequentially assembled together with the endothelium in order to achieve the 

multilayered architectural context of an organ10. Additionally, nerve tissue could also be 

supplied to the construct, which would permit the study of neurovascular interactions. 

Considering that a full functional tissue is only achieved when innervated11, the combination of 

a vascular and neural network in a single platform is a significant advance towards a true 

representation of an organ microenvironment.  

Likewise, organoids can also greatly benefit from the presence of vasculature. These 

miniaturized versions of organs provide accurate anatomical replicas and constitute powerful 

tools for in vivo simulations, such as drug response. However, perfusion is required to emulate 

the dynamic mechanistic environment of cells12. Furthermore, the maturation of progenitor 

cells used to generate organoids often requires blood flow for the transportation of biochemical 
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cues, such as paracrine signals, which are responsible for establishing communication 

between cells. In the case of renal organoids, for example, sustained circulation allows the 

cells to mature and gain functionality in terms of absorption, secretion, and filtration13,14.  

With these potential applications, strategies to engineer vascularization are a major 

research focus in the field of biofabrication. Advances in this area may thus address the current 

limitations of TE15, unlocking the viable fabrication of complex and large implants and 

contributing to our understanding of synergistic multicellular systems. Here we provide an 

overview of biofabrication approaches to create vascular networks as well as discuss the latest 

developments with a focus on patterning techniques. As summarized in Figure 1, we have 

categorized approaches to control the development of vascular networks as:  

 

• Material-induced patterning — guidance of vessel growth through the selective 

presentation of physicochemical cues, such as cell adhesion peptides, growth factors, 

protease-sensible crosslinks and/or crosslinking density, to cells within a biomatrix;    

• Structure-induced patterning — two-step biofabrication processes that consist of the 

construction of vessel-like architectures through additive or subtractive manufacturing 

and further lining with endothelial cells  

• Direct cell patterning — use of micromolding or printing techniques to assemble 

vessels by deposition of vascular-specific cells into defined locations.  

 

We also consider the limitations inherent to the abovementioned strategies and discuss 

recent research that aims at tackling these. Finally, some prospects regarding vascular 

integration within a multicellular ecosystem, multiple length scales needed for functional 

vascularization, and future expectations of organ development are also discussed.  
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Figure 1. Overview of the classical biofabrication approaches to achieve and pattern 

vasculature in a TE construct. a) Spontaneous and uncontrolled self-assembly of vessels from 

randomly seeded endothelial cells within a bulk hydrogel. b) Photo-patterning of 

physicochemical cues, for instance, cell adhesion peptides (e.g. RGD), growth factors (e.g. 

VEGF) and protease-sensible crosslinks (e.g. MMP-sensible crosslinks) for vessel growth 

guidance. c) Vascular channel formation through the removal of a channel template within a 

hydrogel and subsequent endothelialization (e.g. perfusion with endothelial cells). d) 

Bioprinting of cellular spheroids into a biocompatible support (e.g. collagen hydrogel). The 

spheroids will fuse automatically and self-assemble into vascular structures. e) Combination 

of biofabrication approaches to produce a vascular network with multi-scale dimensions and 

clear perfusion accesses. The larger vessel with an inlet/outlet could be fabricate through 

structure-induced patterning techniques. Smaller vessels emanating from the parent vessel 

could be produced by direct cell patterning techniques and would provide a bridge to a 

microvessel pattern achieved through material-induced patterning strategies.   
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Biological Processes and Requirements 

In the absence of a capillary network, an implant will rely on diffusional processes for 

the supply of oxygen and nutrients as well as the removal of metabolites. However, implants 

of clinically relevant size normally exceed the diffusion limit (approximately 200 µm), leading 

to the development of a necrotic core and failure to integrate with the host tissue16,17,8. 

Therefore, the long-term survival of an avascular cell-laden construct strongly depends on  

rapid neovascularization, the formation of new blood vessels18. An alternative approach is to 

engineer a vascular network within the tissue implant, which requires a deep understanding of 

the well-orchestrated natural processes that lead to vessel formation and remodeling. A 

thorough description of these processes can be found in literature19,20,21,22. 

During early embryonic development, de novo formation of blood vessels is achieved 

through the differentiation of mesodermal progenitor cells in a process termed vasculogenesis. 

Initially, hemangioblasts located on the yolk sac form focal aggregations designated by blood 

islands. Within these structures, cells located in the periphery will differentiate into angioblasts, 

while those in the center will originate hematopoietic cells. Migrating angioblasts self-assemble 

into aggregates, proliferate, and finally differentiate to form the primary vascular plexus22,23. 

Post-natal vasculogenesis can also occur during tumor growth or revascularization of 

damaged tissue, via circulating endothelial progenitor cells (EPCs). This subtype of 

CD34/VEGFR-2-positive bone marrow-derived angioblasts can be recruited to specific areas 

and differentiate for in situ vessel growth, in a process promoted by vascular endothelial growth 

factor (VEGF) and basic fibroblast growth factor (bFGF)22,24.  

 In another neovascularization process, angiogenesis forms blood vessels from pre-

existing ones; it is the main mechanism during embryogenesis (following creation of the 

vascular plexus) and adult life. New vessels can be formed from sprouting endothelial cells 

(sprouting angiogenesis) or through the splitting of other vessels (intussusceptive 

angiogenesis)23,24. We focus on the former process here because it is more relevant to the 

integration of implants within the host vasculature. Sprouting angiogenesis initiates in response 

to pro-angiogenic signals that are secreted by local tissues according to their oxygen and 

nutrient demands. In hypoxic conditions, cells are induced to secrete VEGF, leading to 

endothelial cell activation and liberation from their matrix support via proteolytic degradation 

(through secretion of matrix metalloproteinases, MMPs)25,19. Subsequently, the Notch pathway 

controls the specification of endothelial cells into tip or stalk cells via a Notch/DLL4 feedback 

loop19. Tip cells will lead the sprouting process by sensing their surroundings with filopodia, 

guiding the sprout via attractive or repulsive signals26. Endothelial cells in close contact will 

then form a lumen by coalescence of intracellular vacuoles, and new vascular cords are 

created as soon as migrating neighbor tip cells fuse together. These new vessels remain 

immature and need to undergo further stabilization steps to become functional. First, perfusion 
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begins by re-establishing a quiescent endothelial phenotype and reshaping the new vessels 

connections, which are further strengthened by the formation of adherent and tight junctions. 

Next, maturation steps involve mural cell recruitment and extracellular matrix (ECM) 

deposition. Pericytes, attracted by the endothelial platelet-derived growth factor (PDGF), are 

recruited to capillaries and adhere to them via the angiopoietin 1 (ANG1) action 19. For arteries 

and veins, smooth muscle cells (SMCs) are the stabilization effectors in a process promoted 

by transforming growth factor β (TGF-β)27. To complete maturation, vessels are remodeled as 

a consequence of fluid flow shear stress, which leads to increased diameter and wall thickness 

(arteriogenesis)24.  

 Due to this intricate sequence of events, both vasculogenesis and angiogenesis are 

slow processes. Thus, host endothelial cell invasion is often not fast enough to promote 

vascularization within a large implant before its failure18. For this reason, efforts have been 

made to initiate these vascularization processes within TE constructs prior to implantation to 

maintain viable tissue of a clinically relevant size. These endeavors, however, require a 

veritable source of endothelial cells. Mature cells, such as human umbilical vein endothelial 

cells (HUVECs) or human microvascular endothelial cells (HMVECs), have been widely 

researched for this purpose25,28,29,30. These cells can be easily collected from the umbilical cord 

or by skin biopsy, respectively, and are relatively simple to culture, forming vascular networks 

both in vitro and in vivo30. However, expansion of mature cells to sufficient quantity can be a 

limiting factor due to their low proliferation rate. In comparison, EPCs exhibit an increased 

proliferation potential and survival rate when compared to their mature counterparts30,31. Late-

outgrowth EPCs, also known as endothelial colony–forming cells (ECFCs), participate in 

tubulogenesis in vitro and have been shown to lead to an accelerated anastomosis in a co-

culture with fibroblasts when compared to HUVECs32. Large expansion of these cells is a 

drawback, however, due to the high incidence of cytogenetic alteration30. The other EPCs 

subtype, the early EPCs, do not form vascular networks but can also contribute to 

neovascularization through paracrine signals18,31.  

 Vessel maturation and long-term stability are dependent on the addition of supporting 

cells to the system. Pericytes and SMCs are obvious cell choices, but others such as 

mesenchymal stem cells (MSCs) and fibroblasts, have been reported to display pericyte-like 

behaviour33,34. Fibroblasts, mostly of dermal origin, have already been successfully co-cultured 

with HUVECs25, HMVECs29, and EPCs32, demonstrating their versatility. In comparison with 

SMCs and MSCs, fibroblasts (derived from human dermis and mouse 10T1/2 cell line) 

promoted the formation of a denser vascular network over a 28-day culture period with 

HUVECs35.  
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Prior Art: Standard Approaches 

To better understand vascular formation, numerous in vitro models have been 

developed (for a review, see Goodwin36). Endothelial cells were initially grown on flat 

substrates of either tissue-culture plastic or on hydrogel surfaces and served to highlight 

important factors that simulate vasculogenesis and vascular morphogenesis, such as ECM 

components (i.e., laminins) and the pro-vascularization factors VEGF and bFGF36. In lieu of 

the presence of growth factors, co-cultures with suitable mural cells have also been able to 

stimulate endothelial cells to form vascular networks37. 

Because two-dimensional (2D) substrates intrinsically limit the formation of 3D vascular 

structures, researchers began to encapsulate cells within hydrogels of reconstituted ECM 

proteins to better approximate the protein composition and 3D environment found in vivo 

(Figure 1, top panel). Proteinaceous gels made from collagen, fibrin, or Matrigel (a tumor-

derived ECM) have been critical in initiating the vascularization processes within a 3D context. 

Synthetic hydrogels can also support vessel formation, but they must emulate natural ECM 

materials in terms of being cell adhesive, sufficiently soft, and susceptible to cellular 

remodeling to allow for cell migration and self-assembly of vasculature38.  

When in vitro vascularization is initiated with appropriate 3D environments, vascular 

formation is more comparable to that of the in vivo state39. Furthermore, endothelial cells grown 

in 3D exhibit enhanced matrix-remodeling capabilities, a critical mechanism in angiogenesis40. 

Compared to 2D substrates, 3D environments can also stimulate endothelial cells from a wider 

variety of sources to form capillaries41, and the resulting networks are stable for a longer period 

of time. However, similar to the 2D culture systems, endothelial monocultures undergo a more 

efficient capillary formation in the presence of angiogenic factors. Studies have shown that 

VEGF-releasing hydrogels42, hydrogels with covalently bound VEGF43, and hydrogels with 

covalently bound VEGF peptide mimetics44 are all capable of inducing vascularization in 

otherwise inert polyethylene glycol (PEG)-based systems. Strategies such as these, along with 

adhesive properties and MMP sensitivity, have been recently thoroughly reviewed45.  

Alternatively, vascular networks will spontaneously form when endothelial cells and 

appropriate mural cells are cultured together within the hydrogel, with the mural cells providing 

both angiogenic factors and, crucially, integrating with newly formed vessels to stabilize and 

further mature nascent vasculature33,46. In addition to dissociated cells, the culturing of 

aggregates of cells or explanted tissues within hydrogels has enabled the study of 

angiogenesis, whereby vessels extend from the aggregate into the surrounding gel36,47. Known 

as the sprouting assay, this is also used to study the process of anastomosis where sprouting 

vessels connect with one another. Again, the successful formation of sprouts requires either 

the addition of growth factors or the presence of other supporting cells types. These techniques 

to create 3D vascular in vitro models have also been applied to the vascularization of tissue 
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scaffolds as a means to improve the viability of implanted constructs48,49 or as cell-based 

angiogenic therapies for treatment of tissues that have become ischemic, such as the 

myocardium50.  

Similar to the 3D culture platforms described above, implantable tissues have been 

embedded within carrier hydrogels in combination with supporting cells, such as HUVECs and 

hMSCs, to encourage prevascularization and promote anastomosis51,52. However, this 

approach lacks control over the size and distribution of vessel formation, risking delayed 

anastomosis of the tissue and reduction in delivery of oxygen and nutrients within the implant. 

 

Importance of Cell Patterns 

The strategies described above rely on the uncontrolled addition of endothelial and 

supporting cells as a way to induce vascularization within a TE construct, which poses some 

limitations. With all cells having a random starting position, vascular morphogenesis will be 

dependent on the spontaneous self-organization of endothelial cells24. Under this condition, 

neovascularization seems to occur initially via the formation of endothelial clusters in a 

vasculogenic-like process, followed by extensive sprouting. Subsequently, vascular networks 

are formed as a combination of sprout anastomoses or cluster thinning25. Although this results 

in vasculature, this is a time-consuming process that might prove too slow to supply the 

demands of a thick implant. Moreover, network formation occurs in a random manner and is 

characterized by non-uniform rate, length, diameter, and tubule orientation, which results in a 

network with a tortuous morphology, dense interconnectivity, and possibly distanced more than 

200 µm from tissue-specific cells53. This random network also does not offer any clear location 

for natural or surgical anastomosis, which may result in delayed perfusion24. Finally, in a natural 

setting, the blood flows from macro- to microvessels, which allows the conservation of shear 

rate at bifurcations, as described by Murray’s law. If the shear rate falls below a certain 

threshold, which can occur when parent and daughter vessels have the same diameter, 

thrombus formation can occur and perfusion is lost. This problem has been reported in a 

prevascularization strategy using unpatterned cell-embedded hydrogels54.  

 To address some of these problems, recent efforts have focused on controlling cell 

localization as a strategy to improve neovascularization within a TE construct. Cell-patterning 

techniques bring several advantages. First, vessels can be assembled faster. Second, 

patterning can direct vessels to resemble the natural vascular tree in order to maintain a shear 

rate above the thrombogenesis onset. Third, patterning can recapitulate native vessel-tissue 

architecture (e.g., liver microarchitecture) and to ensure its distribution complies with the 

diffusion limit53,8. Larger patterned structures, forming macrovessels, may provide clear 

locations for surgical anastomosis, thus leading to a faster perfusion of the implant and good 

host integration. Lastly, patterning techniques facilitate the combination of a bioreactor with a 
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TE construct, in which an inlet/outlet can be employed to dynamically seed cells, provide fluid 

flow within the construct (essential step for vessel maturation), and/or administer drugs until 

the point of implantation55,10. The following sections will review different strategies to induce 

vessel patterning through materials modification, structural guidance, and direct cell 

deposition. 

 

Material-Induced Patterning 

The development of new materials has been pursued to direct and to spatiotemporally 

control the formation of vascular networks. Materials-based control of the vascular ingrowth at 

a molecular level remains one of the most promising patterning strategies. Towards this aim, 

several prominent materials-based strategies have been successfully employed to guide and 

direct vasculature formation in 2D and 3D space as depicted in Figure 2.  

Currently, spatiotemporal control of vascularization is most commonly effected through 

patterns of growth factors, adhesive peptides (e.g., RGD), crosslink density and/or patterns of 

MMP-degradable crosslinks (Figure 1b)). As already discussed, growth factors such as VEGF 

have a direct influence on both vasculogenic and angiogenic processes. Therefore, their 

presentation to cells in pre-defined patterns can potentially provide control for region-specific 

cell differentiation and over sprouting direction. Sprouting angiogenesis anisotropy could also 

be harnessed with patterning of cell adhesion peptides and MMP-sensible crosslinks, which 

are both required for endothelial cell migration. For example, Leslie-Barbick and coworkers56 

demonstrated that the photo-patterning of covalently bound VEGF and RGD within a PEG 

diacrylate (DA) hydrogel network directed the formation of tubular-like endothelial cell 

organization with significant upregulation of angiogenic genetic markers. Exhibiting the ability 

of this approach to recapitulate complex architectures, Culver and coworkers57 recorded the 

vasculature of several model tissues (retina, cerebral cortex, and heart) via confocal imaging 

and patterned into 3D hydrogels. Within an MMP-cleavable PEGDA network, covalently bound 

RGD was patterned via two-photon polymerization to match the architecture of the tissue 

vasculature. When this patterning of RGD was effected in hydrogels laden with HUVECs and 

10T1/2s fibroblast-like cells, the co-culture organized into complex tubule-like networks that 

overlaid remarkably well with the biomimetic patterns (Figure 2a). In another work utilizing 

RGD patterning, Lee and co-workers58 successfully transferred a VEGF-containing hydrogel 

capable of inducing vasculogenesis42 into a photo-patternable system capable of directing 

vasculogenesis in vivo. Utilizing a caged RGD sequence (photolabile 3-(4,5-dimethoxy-2-

nitrophenyl)-2-butyl ester (DMNPB)), they were able to exhibit spatial control over the 

presentation of RGD and direct the migration of cells within the biomaterial (Figure 2b). This 

system allows real-time modification of the biomaterial; consequently, they showed that 

spatiotemporal regulation of RGD presentation within VEGF-containing hydrogels was able to 
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direct vascularization to specific locations of the hydrogel when implanted subcutaneously in 

mice. 

In addition to the patterning of cell-adhesive molecules and growth factors, spatial 

control over the degradation of the material can also be utilized to guide vessel formation. In a 

study by Hanjaya-Putra and coworkers59, acrylated hyaluronic acid (HA) was crosslinked with 

MMP-sensitive crosslinks and functionalized with RGD. In the absence of photopolymerization, 

cell-remodelable hydrogels were formed that allowed vasculogenesis, while 

photopolymerization created a non-degradable network that blocked vasculogenesis in both in 

vitro and in vivo models. Both hydrogels allowed vacuole and lumen formation; however, the 

photocrosslinked hydrogel did not allow branching, sprouting, or network formation. By 

photopolymerizing sections of a hydrogel in the presence of a mask, controlled and directed 

angiogenesis from ECFCs seeded on top of the hydrogels was demonstrated (Figure 2c). In a 

step towards selectivity of hydrogel remodeling for vascularization, research to determine the 

effect of MMP cleavage-site specificity on vascular ingrowth has shown promising results in 

vitro, yet all materials showed similar results in vivo60. 

While the “off/on” patterning of materials has been shown to enable directional 

vascularization within hydrogels, the utilization of gradients within materials is less explored. 

In a telling example, Turturro and coworkers61 fabricated PEGDA hydrogels with concurrent 

gradients of stiffness, susceptibility to MMP cleavage, and RGD density via a gradient 

polymerization technique. When compared to bulk polymerized hydrogels, those formed via 

gradient polymerization showed increased directionality of formed vascular networks when 

populated with HUVEC and human umbilical artery smooth muscle cell (HUASMC) aggregates 

(Figure 2d). Interestingly, in areas with the highest network density and highest concentration 

of RGD, vascularization was affected along the gradient of the material – vascularization 

occurred bidirectionally from high-to-low and low-to-high density areas. The exact mechanisms 

of this polarization are currently unknown, but follow-up research has shown that stable 

gradients of VEGF within hydrogels can consistently increase vascularization depth in in vivo-

implanted hydrogels relative to non-gradient hydrogels62. Using multiphoton laser patterning, 

Aizawa et al. created a covalently bound gradient of VEGF within a hydrogel to direct 

angiogenic activity63. In addition, it is well known that gradients of oxygen concentration are 

able to direct vascularization towards the hypoxic area64. Gradients have consistently been 

shown to affect the vascularization propensity of hydrogels, but remain an underexplored and 

promising variable to consider when engineering instructive materials for tissue regeneration. 

Much work remains to be done towards the spatiotemporal control of vascularization 

within tissue-engineered constructs and biomaterials. While the above approaches have made 

significant progress, specificity and selectivity are needed when attempting to recreate 

vasculature within complex tissue with multiple cell types. In this regard, gradients and/or 
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patterning of VEGF- or MMP-cleavable sites specific for vascularization may be the most 

promising, since vascularization networks will be competing with other cell types for adhesion 

and proliferation. 

 

 

Figure 2. Shown are leading examples of materials based patterning of vascularization. a) Control over 

the covalent photopatterning of RGD within a degradable PEGDA based hydrogel has been shown to 

recapitulate biomimetic networks of vascularization57. b) Through judicious use of photolabile protecting 

groups, the patterning of RGD sites within a hydrogel can be effected after fabrication of the hydrogel 

with success in directing vascular formation subcutaneously in mice58. Additionally, patterning of MMP 

cleavable hydrogels c) with networks that are “permissive” and “non-permissive” to cellular remodelling 

has shown to be an effect strategy for the directing the vascularization of ECFC clusters59. In an 

interesting example, complex gradients d) of MMP cleavable crosslinks, RGD concentration, and VGEF 

concentration have been shown to provide directionality to the growth of vascular networks in hydrogel 

materials. Surprisingly, these vessels are formed bidirectionally along the gradient i.e. high-to-low and 

low-to-high directionality61. Scale bars: a) 50 μm; c) 100 μm; d) 200 μm. 
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Structure-Induced Patterning 

In order to engineer a vascular pattern, a number of techniques have evolved that 

produce structural patterns of microchannels, which provide a designed 3D architecture to 

localize endothelial cells and direct self-assembly of microvessel networks. The beginning of 

this ‘structural patterning’ can be traced to the field of microfluidics, which employs rigid 

microfabricated molds to transfer microchannel structures to softer polymeric materials and 

create well-defined microchannels; a brief review by Kim et al. provides and overview of the 

field65. While microfluidic devices are attractive tools for vascularization studies (reviewed by 

Smith et al.66), they are typically fabricated from polymers that do not mimic the native 

biological environment. This has prompted the integration of cell-laden hydrogels within 

microfluidic devices for an improved in vivo approximation.  Initial strategies relied on 

vasculogenesis to create perfusable vessel networks67–69, enabling the study of nutrient 

transport70 and also revealing that the application of flow itself can induce formation of 

vasculature71. Because these microvessels take time to develop and are random in nature, 

various techniques aim to accelerate the formation of designed vascular networks by 

incorporating guiding microchannel structures within biomimetic hydrogels. Such structures 

resemble the vessel lumens and once they are populate with an endothelial cell layer, a 

vascular network microarchitecture can be achieved much faster than through random cell 

self-assembly. Figure 3 provides an overview of these structure-induced patterning 

techniques, classified into three main categories in the discussion below: layer-by-layer film 

casting; removable template molding; sacrificial templating. 

 

Layer-by-Layer Film Casting 

The layer-by-layer approach casts a polymer solution onto microfabricated molds to 

produce a biocompatible hydrogel layer with microchannel structures. These layers are then 

placed on top of a flat substrate to form an enclosed, perfusable channel network. Numerous 

hydrogel materials have been used to create microfluidic devices, ranging from the bioinert 

alginate72 and agarose73 (Figure 3a) to the intrinsically cell-adhesive fibrin and collagen74. 

These studies report microchannel sizes from 20 µm74 to 1000 µm73, all of which have been 

shown to maintain the viability of cells encapsulated within the bulk of the hydrogel. This 

technique is particularly promising to recreate the in vivo setting of endothelialized vessels 

surrounded by mural cells. Starting with fibrin or collagen gels laden with mural cells, it has 

been shown that such microchannel systems can be seeded with endothelial cells to form a 

structurally patterned vessel-like organization. 

 Whereas traditional microfluidic materials can be bonded to a substrate to create a 

sealed perfusable system, hydrogel films must be either placed in a specialized apparatus that 

mechanically maintains a seal75 or two gel surfaces must undergo localized depolymerization, 
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placed against one another, and then repolymerized to form a bond72–74. By employing a 

microfabricated mold, precise and intricate designs can be achieved of interconnected 

networks of microchannels with a wide range of dimensions. However, this micro-molding 

approach intrinsically limits this technique to planar microchannels designs, in contrast to the 

arborized 3D vessel structures observed in vivo. Furthermore, the cumbersome assembly and 

sealing of such a layer-by-layer hydrogel device restricts the broader application of this 

approach. 

 

Removable Template Molding 

Microchannels were first formed within a monolithic hydrogel construct by forming the 

gel around removable channel templates, such as wires or needles (Figure 1c). Acellular 

collagen gels formed in this way have been used as nutrient beds, with emulated blood flow to 

support multiple layers of cultured cells76. This improved the viability of thick (~100 µm) layers 

of cells; endothelial cells from the cell layer were shown to migrate and surround the 

microchannels in a manner reminiscent of vasculature. Similar devices made of gelatin 

methacrylate (GelMA), a photo-crosslinkable collagen derivative, were shown to support both 

the encapsulation of fibroblasts within the gel and the seeding of endothelial cells within the 

microchannels for a more direct recreation of vascular structures77. 

The need to physically remove templates from fragile hydrogels typically requires these 

molding structures to be non-adherent, to be sufficiently large and strong enough to be 

manually extracted. To preserve the integrity of the encasing structure, most reported 

strategies employ channel templates with a straight shape such as  rigid wires or needles with 

diameters ranging from 76 to 300 µm77,78. In place of a novel approach encapsulates flexible 

agarose ‘wires’, 250 to 1000 µm in diameter, within GelMA79 (Figure 3b). Agarose does not 

adhere to the gelatin and, at these diameters, has sufficient strength to be manually extracted. 

Furthermore, channels with slight curvatures are also possible. In this system, osteoblasts 

were encapsulated within the GelMA and perfused endothelial cells formed a monolayer on 

the microchannel wall.  José et al. recently reported vessels with 45°-angled bifurcations can 

also be patterned, by pulling out flexible polydimethylsiloxane (PDMS) rods from a collagen 

medium. These materials do not adhere to one another, permitting template removal and 

formation of an open channel network that can be further endothelialized. 80 

While the formation of microchannels via the methods described can create 

endothelialized microchannel within a single, monolithic segment of hydrogel, this cannot 

easily realize an intricately designed, interconnected microchannel networks as achieved 

through film casting. Furthermore, the need to extract the removable molds restricts channel 

size and limits design complexity. 
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Sacrificial Molding 

 A versatile alternative molding strategy using a sacrificial template to create complex 

microchannel networks. In this approach, the template structure is fabricated, embedded within 

a hydrogel precursor, and later dissolved after the hydrogel is crosslinked. Bellan et al. reported 

on the formation of microchannels within a biocompatible gelatin hydrogel construct, achieved 

by embedding Shellac microfibers and later removing them via degradation in an ammonia 

bath81. A more recent example employs water-soluble polyvinyl alcohol (PVA) cast in a PDMS 

mold to form well-defined sacrificial templates82. This template was embedded within a non-

aqueous hydrogel precursor to prevent premature PVA dissolution, followed by thorough 

washing with water and PBS after crosslinking to extract any non-aqueous solvents and the 

PVA template. A novel method of creating suitable sacrificial template was reported by Huling 

et al.83, where the preserved vascular tissue of a mouse kidney was used to cast a 

polycaprolactone (PCL) template. This template was later coated with a layer of crosslinked 

collagen and the PCL was dissolved with acetone. While unique in its recreation of the 

arborized and multiscale vascular pattern, the final hollow 3D structure of thin collagen 

restricted cell seeding to the outside of the microchannel structures. In general, these 

approaches require harsh conditions to form the microarchitecture, limiting the introduction of 

cells to when device fabrication is complete.  

 To make sacrificial templates resilient to the aqueous conditions of cell-laden 

hydrogels, a few studies have taken water-soluble structures and coated them with a 

biocompatible water-insoluble layer of poly(DL-lactide-co-glycolide) (PDLGA)82,84. Miller et al., 

in particular, have elegantly combined this approach with the 3D printing of an organized lattice 

of carbohydrate glass microfilaments, ranging in size from 150 to 750 µm84. While this study 

produced microchannels in cell-laden hydrogels and reported angiogenesis as endothelial 

cells within the channels invaded the surrounding hydrogel, a major drawback of this approach 

is the residual barrier of the PDLGA sheath on the microchannel perimeter. To create 

microchannel structures without the use of protective polymer layers or harsh dissolving 

agents, alginate can be used as the sacrificial material. In a recent report, a crosslinked 

alginate template was created, then disrupted using either sodium citrate or alginate lyase, 

resulting in 40-µm channels within a fibrin gel85. This process retained the viability of embedded 

cells dissociated from cardiac tissue, with the endothelial cells of this mixed population 

observed to migrate and populate the lumen of the microchannels. Ethylenediaminetetraacetic 

acid (EDTA) has also been used to liquefy alginate and form microchannels from 20 to 500 µm 

in diameter with collagen, gelatin, or agarose86 (Figure 3c). While this approach is capable of 

multilayered 3D microchannel architecture and supports the seeding of endothelial cells within 

the microchannels to form vascular-like structures, compatibility with embedded cells has not 

been shown. 
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Solubilizing agents are avoided altogether by using sacrificial templates that liquefy in 

response to temperature changes. One study formed and embedded a gelatin template at 

room temperature, later raising the temperature to 37°C to liquefy the gelatin and form 

microchannels87. The embedding matrices reported include collagen, Matrigel, and fibrinogen, 

with fibroblasts hosted within the gels and endothelial cells perfused within the channels. The 

gelatin templates were fabricated with a PDMS mold, leading to microchannels ranging from 6 

to 50 µm in width. Lee et al. have alternatively devised a poly(N-isopropylacrylamide) 

(PNIPAM) template strategy that requires cooling from 37°C to 32°C to liquefy and remove the 

template88. This permits faster gelation at 37°C for hydrogels such as collagen or Matrigel, 

ensuring the viability and homogeneous distribution of encapsulated cells. While this work 

reported microchannels ranging from 35 to 100 µm in diameter and maintains the viability of 

encapsulated fibroblasts, no seeding of endothelial cells was described. This could be 

attributed to the highly random organization of the microchannel network produced, which 

could have hampered cell seeding. 

To achieve a more designed capillary network, thermoresponsive materials such as 

Pluronic F-127 can be printed directly to fabricate a custom-designed sacrificial pattern with 

high-fidelity. These patterns can also be printed in combination with other cell-laden bioinks 

and further embedded within cell-adhesive hydrogels, such as GelMA89. Upon cooling to 4°C, 

the pluronic material undergoes gel-to-fluid transition, resulting in an empty channel networks 

that offers precise locations for perfusion with endothelial cells. Applying this strategy, Kolesky 

et al. demonstrated its potential by fabricating a large and vascularized tissue construct.  Here, 

the authors used 3D printing to pattern hMSCs in a lattice that was intercalated with Pluronic 

F-127. These structures were further encapsulated in a gelatin/fibrinogen mixture carrying 

human fibroblasts, followed by fugitive ink removal and endothelialization of the network 

(Figure 3d). To assess the vasculature functionality and develop a bone-like construct, 

osteogenesis-inducing biomolecules were perfused and the resulting expression of bone 

markers evaluated. The vascularized scaffolds stained positively for collagen type I and 

osteocalcin, and showed a much denser formation of mineralized matrix compared to the 

avascular control10. 

Overall, sacrificial molding methods present a versatile approach to create 

microchannel structures, but are generally restricted to either planar or completely random 

networks. For this reason, advances in bioprinting techniques hold great promise in terms of 

improved 3D design capabilities and integration with additional tissues  
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Figure 3. Selected strategies for structure-induced vascularization. a)  Light micrograph cross sectional 

images showing channel fidelity and the layer-by-layer interface between hydrogel films of agarose. (top 

left) A channel 50 um in width 70 um in height and (bottom left) 1 mm in width 150 um in depth are 

depicted. Diffusion over time of FITC-BSA into the surrounding agarose gel (right)73. b) Extruded 

agarose ‘wires’ are used to form microchannel within gelatin (top), shown here with a perfusion of red 

microbeads in solution79. c) An alginate hydrogel formed in a PDMS mold is embedded within gelatin 

and dissolved using EDTA, resulting in perfusable microchannels (right). A triple layer 3D microfluidic 

network in gelatin, perfused with different colours (left)86. d) A 3D printed sacrificial template of Pluronic 

F-127 is intercalated between bioprinted hMSCs and the whole structure is embedded in a fibroblast-

laden matrix. The sacrificial ink is then removed and the structure perfused with endothelial cells to 

produce vasculature surrounding the parenchymal and stromal tissue131.  Scale bars: b) 3 mm; d) 1.5 

mm. 

 

Direct Cell Patterning 

Techniques that can control cell localization, from multicellular clusters to single cells, 

have also been utilized in the construction of vascular networks (Figure 4). These techniques 

make use of the potential for cell self-assembly and autonomous organization into blood 

vessels to generate vascular patterns. Controlled cell deposition, such that cells are in close 

proximity to one another, can decrease the time required for cellular self-assembly while 

simultaneously guiding the direction of lumen formation90. Direct cell patterning technologies 

encompass cell molding, 3D bioprinting, inkjet printing, laser-assisted bioprinting (LAB) and 

optical guide/tweezers. 

Cell-laden hydrogels are used in tissue micromolding techniques to create 

geometrically defined and multiscale vessels. Baranski et al. showed this by seeding a mixture 
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of HUVECs and fibroblasts in liquid collagen into 150-µm-wide microchannels of a PDMS mold, 

where the cells would self-assemble into vascular cords53 (Figure 4a). These were 

subsequently peeled off and embedded in a fibrin hydrogel, prior to implantation in mice. 

Patterning vasculature within the construct proved to be beneficial, given that compared to the 

randomly seeded construct, the former yielded a faster anastomosis with the host, improved 

vascular network formation, and required a fewer number of cells. Another example was shown 

by Nikkhah et al., where photomasked channel patterns were formed from cell-laden GelMA, 

resulting in the formation of vascular cords with a diameter proportional to the channel width91. 

Micropatterning techniques, although capable of providing precisely tuned vascular channels, 

require a plastic support for their formation, which impedes the blend of other tissues within 

the vasculature and does not provide the ability to recapitulate multi- layered tissue 

organization. 

A classical approach relies on the formation of spheroids, multicellular aggregates that 

can be used as building blocks to construct tissues92. A simple demonstration for vessel 

assembly consisted on casting vascular spheroids in collagen hydrogels to induce vascular 

fusion93. The VEGF-treated E8.5 mouse allantois–derived spheroids fused together as 

coalescent droplets, resulting in the formation of a single lumen and SMCs layer. Control over 

spheroid location is crucial for efficient vessel assembly, design, and integration with other 

tissues. This can be provided by 3D bioprinting, which allows for controlled extrusion of 

material to generate custom-made patterns (Figure 1d). Jakab et al. reported the 3D bioprinting 

of spheroids into collagen gels which served as support (biopaper) for their assembly94. 

However, uneven gelation and collagen incorporation into the cellular construct led the 

researchers to replace collagen with agarose95 (Figure 4b). Although using spheroids for tissue 

formation is a simple approach, several drawbacks exist, including the need for several 

spheroid units, their large size (~300 µm), long fusion times, and resulting inhomogeneous 

structures95. The slow kinetics of spheroid fusion was probably due to the agarose substrate, 

since this parameter has been described to depend on matrix chemical and physical 

properties5. To circumvent this, the same authors used concentric multicellular cylinders 

composed of SMCs (inner layer) and fibroblasts (outer layer) to fabricate a vascular tube, 

representing a macrovessel with tunica media and adventitia, which could be later perfused.  

The assembly of vascular channels has been achieved by 3D bioprinting approaches 

using both natural and synthetic hydrogels as cell carriers. Cell extrusion within ECM-

mimicking biomaterials has also been achieved where fibroblasts were encapsulated in gelatin 

or multi-arm PEG, both premodified with HA96,97. Tubes were built either by vertically printing 

around acellular layers of HA96 or by horizontal deposition on agarose rods97. 3D bioprinting 

technologies may provide the tools to assemble functional large- to medium-sized blood 

vessels in vitro. However, generation of a dense microvascular network resembling the native 
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situation is yet to be accomplished, as a consequence of the low resolution that current 

systems offer.  

In contrast to 3D bioprinters, inkjet printers have the advantage of high resolution, 

delivering picoliter droplets with an accuracy of a few micrometres98. Both the thermal and 

piezo modality have been used with some success to fabricate vessel-like shapes99,100. Fibrin 

strands containing HUVECs with a width smaller  than 100 µm could be formed by thermal 

inkjet printing of a cell-thrombin solution within a fibrinogen substrate99. The cells proliferated, 

aligned in the channels, and showed some integrity when patterned in ring structures. 

Christensen et al. developed a more complex design that featured a support-free construction 

of tube with bifurcations as well as horizontal and vertical components100 (Figure 4c). One 

drawback of inkjet printing systems is it requires low viscosity solutions to prevent nozzle 

clogging, thus limiting the choice of materials and range of cell densities98.  

These material restrictions are not an existing issue for LAB, since it is a nozzle-free 

system and therefore allows the printing of droplets with various viscosities (1–300 mPa/s) and 

cell densities8. LAB has been used to pattern a microvascular network with a stem and 

branches composed of HUVECs101. After one day of culture, the cells were seen to stretch out 

and establish connections with each other that resulted in lumen formation. Lumen size could 

be controlled by varying the distance between cell deposition and, thus, the cell density per 

unit area. However, these HUVEC networks were unstable and dissociated after a few days in 

culture, which could be prevented by depositing juxtaposed SMCs one day after HUVEC 

printing. Despite the accuracy attained with a LAB setup, the resulting construct was still too 

thin for use in a clinical setting. In another report, these authors showed that thicker scaffolds 

(300 µm) could be built by printing HUVECs on top of porous poly(DL-lactide-co-glycolide) 

biopaper coated with Matrigel102. Stacking these layers into a thick and functional construct 

that can be perfused remains to be demonstrated. Despite these successes, LAB suffers from 

several issues, such as the generation of metallic residues during printing, inhomogeneous 

cell deposition, and long process duration. 

Lastly, optical trapping systems can be used as vessel assembly tools by allowing the 

contactless manipulation of individual vascular-specific cells into defined positions. Compared 

to the above mentioned techniques, optical systems offer unmatched precision to control cell 

location, a great benefit when recreating the multicellular context of vasculature and 

surrounding tissues. Hocheng et al. provided the proof-of-concept for optical trapping: 

endothelial cells were guided by laser through microchannels towards a construction area, 

where cells could be entrapped by laser tweezers and moved in the horizontal or vertical 

axis103.  Some efforts have been made to further develop this technology, such as inclusion of 

biomaterials and perfusion systems, to make it a viable technique. 
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Figure 4. Selected strategies for the fabrication of vascularization utilizing cell patterning. a) Left: 

Schematic representation of the vascular cords assembly through a micromolding technique. Right: 

Self-assembly of HUVECS and 10T1/2 fibroblasts into vascular cords happens within 10 h53. b) 3D 

printing of concentric multicellular cylinders (top left) enables the formation of a double-layered vascular 

tube (green represent SMCs and red represents fibroblasts).  Histological examination of the tubes after 

3 days of fusion show H&E (top right), smooth muscle α-actin (brown, bottom left), and Caspase-3 

(brown, bottom right)95. c) Free-from inkjet printing of sodium alginate and fibroblasts into a bath of 

calcium chloride enables the fabrication of cell-laden tubular structures with bifurcations, creating well-

defined tubular structures with vascular cell type. Scale bars: a) 50 µm c) 3 mm. 

 

Addressing Limitations 

Despite substantial progress over the past ten years in the vascularization of 

biomaterials and artificial tissues, obstacles still remain to produce viable, complex and large 

implants. We have a working understanding of the major signaling molecules, necessary cell 

types, and ECM properties that both inhibit and promote vascularization. However, the majority 

of these studies address only the beginning of a complex problem. How do we control the 

vascularization of multicellular engineered tissue? Within this framework, we propose that 

three major limitations remain: 

1) Scalability of prevascularized multicellular engineered tissues; 

2) Directing and connecting vascular networks of multiple length scale; 

3) Directing vascularization in the presence of other cell types; 

As researchers continue to strive to find the best engineering solution for organ 

assembly and vascularization, a synergy of technologies will be likely required to overcome 

existing limitations (Figure 1e). The combined development materials and fabrication 
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strategies will be essential in addressing these issues, with a number of existing examples 

shown in Figure 5. This is clearly evident in microfluidic approaches, which have provided 

powerful tools to simplistically decode physiological processes and assemble tissue functional 

units (e.g. lung-on-a-chip104104, liver sinusoid-on-a-chip105105) but have failed to reproduce the 

native microarchitecture, spatial heterogeneity and cell-matrix interactions106.  

To recreate multicellular structures with high fidelity, Sarveswaran et al. recently 

showcased a combined approach to build a human capillary106. Using live cell lithography, 

vascular cells were entrapped in photopolymerizable hydrogels to create living voxels, which 

could be stitched together into a single structure. The cell positioning, ratio between different 

cell types, and embedding material could be finely tuned in order to recreate the cellular 

architecture and mechanistic environment present in a human blood vessel. This method 

provided an unprecedented control for the generation of TE constructs, albeit at a much lower 

scale than the required to create whole organs (Figure 5b). Zhang et al. have also showcased 

an elegant microfluidic platform to assemble miniature vascularized and functional tissues107. 

Referred to as the AngioChip, this engineered platform combines a 3D biodegradable and 

porous scaffold with a classic microfluidic chip. A 3D stamped poly(octamethylene maleate 

(anhydridre) citrate) (POMaC) microchannel network is assembled within the chip and 

perfused with endothelial cells in order to form built-in patterned vasculature. Surrounding this 

rigid structure, a cell-loaded ECM gel (collagen/Matrigel mixture or fibrin) forms the 

parenchymal space. Several combinations of the vascular phase and involving medium can 

be achieved, making this a highly versatile platform for organ-on-a-chip engineering. This 

concept was applied to build a liver construct with drug metabolizing capability and a contractile 

cardiac tissue responsive to chronotropic stimuli (epinephrine injection). Surgical anastomosis 

of the chip showcased the ability to sustain native blood circulation and the scalability of this 

platform to create a human-sized constructs, unique for a microfluidic approach.  

With respect to scalability, 3D bioprinting techniques are more advantageous and still 

allow for an easier custom-design fabrication. An example of this is demonstrated by Kang et 

al., who devised a 3D printing system incorporating cell-laden hydrogels, sacrificial hydrogels, 

and biodegradable solid polymers to yield human-scaled tissue constructs with anatomical 

shape and mechanical integrity. Bone and skeletal muscle tissue replacements were 

fabricated and implanted, but vascularization within the constructs still relied on capillary 

invasion from the host, which limits the applicability of this system1. As previously discussed, 

other works have already demonstrated the potential of 3D printing techniques to pattern 

vasculature, either through fabrication of vessel templates and subsequent 

endothelialization10,108 or direct deposition of cells95. In a mixed approach, Lee et al. bioprinted 

a layer of HUVECs/gelatin mixture between a collagen support, which was thereafter liquefied 

and perfused, leaving behind a cell lining at the materials interface109 (Figure 5a). Addressing 
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the need for multi-scale vessels within TE constructs, the same authors reported a variation of 

this method, by printing and perfusing two large parallel vessels separated by a HUVEC/fibrin 

mixture, where microvessels spontaneously assembled and integrated with the parent 

vessels110.  

Despite these advances, 3D bioprinting techniques can also benefit from improvements 

during the printing process. While typically a single hydrogel material is used as a cell carrier, 

Colosi et al. devised an ingenious system that connects a coaxial nozzle to a microfluidic 

printhead where two different materials can flow, thus allowing for heterogenic fiber 

deposition111. A HUVEC-loaded GelMA/alginate bioink was extruded through the inner nozzle 

and crosslinked via calcium chloride flow from the outer nozzle and post-printing UV irradiation. 

Over culture time, endothelial tubular structures formed as alginate dissolves within the bulk 

of crosslinked GelMA and cells migrate towards the periphery.  

While the existing palette of bioinks offers several possibilities, the development of new 

extrudable materials, such as polymers that form dynamic molecular networks, will significantly 

contribute to progress. An example are supramolecular hydrogels, which have been recently 

investigated in 3D printing applications, mainly due to their interesting characteristics such as 

shear-thinning and self-healing ability. The spider silk hydrogels reported by Schacht et al. 112 

or the guest-host HA hydrogels developed by Burdick’s group113 provide good illustrations of 

this new materials with reversible supramolecular interactions. Using the latter hydrogels, the 

ability to print cell-laden layers into a cell-containing self-healing construct was demonstrated 

114 (Figure 5c). Within this approach, the authors showed the possibility to print connecting 

networks and to perfuse these printed networks, if desired. Through direct printing within 

hydrogels, intricate structures such as overhangs can be designed and held in place, in 

contrast to classical bioprinting where the fluid-air interface would lead to material collapse. 

Systems of supporting hydrogels to accommodate printed inks are not restricted to 

supramolecular materials, and others examples include alginate, fibrin or collagen in a gelatin 

support115 or collagen in a Carbopol granular medium 116. 

One of the most significant hurdles in recapitulating and mimicking the vascularization 

of natural tissues is the control needed to create an open vascular network over multiple length 

scales. Small scale of microvessels lie beyond the resolution of physical patterning techniques, 

leading researchers to harness the highly complex process of neovascularization as it occurs 

in vivo. While we are only beginning to unravel mechanisms to direct it within an engineered 

tissue, a promising strategy is to rely on gradients within materials or materials patterning for 

the direction of capillary formation. Currently, a limited number of materials can be tailored for 

vascularization control in 3D. PEG-based systems dominate the studies due mainly to their 

ease of synthesis and synthetic addressability. Unfortunately, PEG acrylate systems are not 

always ideal, especially when attempting to combine multiple fabrication methods. Novel 
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approaches to create hydrogels based on more biomimetic networks including non-covalent 

interactions, self-assembled structures, and reversible covalent bonds can all overcome the 

limitations of a static covalent network. 

While these strategies can create small-scale vascular networks that are perfusable 

and highly distributed for ideal delivery of nutrients and oxygen117, connecting such networks 

to an organism’s vasculature remains a challenge; recent studies have shown that natural 

anastomosis of prevascularized implants results in a 7-day delay in functional blood flow52,118. 

This is attributed to the time-consuming ‘wrapping and tapping’ process of anastomosis119 and 

subsequent delays associated with the clearance of blood clots that result from initial contact 

between the host blood and prevascularized vessels52. A more rapid approach is to surgically 

anastomosize engineered vasculature, which has been reported as a viable option to rapidly 

promote integration with host vasculature120,121. While immediate blood flow can be 

established, this requires a suitably sized vessel in order to be compatible with the surgical 

procedure. Therefore, in order to ensure viability and function of an implanted tissue construct, 

a designed interconnected vasculature that spans many orders of magnitude will be required. 

The ability to control the vascularization of a tissue or material in the presence of 

multiple cell types remains to be demonstrated and little is known about the effects of 

controlling vascularization in a co-culture with other cell types. This is a promising new area of 

research that can give great insight into the regeneration of complex tissue. Future research 

will certainly elucidate how to efficiently blend technologies and material resources in this quest 

for tissue and organ replacements. 
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Figure 5. Current approaches utilizing a combination of techniques for vascularization. a) Fluorescence 

imaging of a printed vascular channel fabricated in layer by layer deposition after 1 day of culture on 

dynamic flow conditions (top, HUVECs are shown in red, flow beads are shown in green). Good 

monolayer formation is exhibited by fluorescence imaging of both cross-sections of this channel (middle 

left and bottom left) and the surface of the channel (bottom right, DAPI staining is blue, RFP-transfected 

HUVECs are red, VE-cadherin staining is green)109. b) Fabrication of a synthetic capillary via live cell 

lithography106. Using optical tweezers and photopolymerizable hydrogels, clusters of different cell types 

can be positioned with great precision and accuracy. c) Supramolecular interactions allow self-healing 

and shear-thinning cell-laden materials114. Here, one cell-laden material (guest, red) can be printed into 

another cell-laden material (host, green) that deforms to accommodate the ink and self-heals to maintain 

its position 

 

Future Outlook 

While some of the fabrication methods reviewed here require specialized technological 

expertise and equipment, many of the strategies are robust with low technical overhead. This 

includes the facile method for microvessel patterning using a sacrificial template of 

micromolded gelatin87 as well as the production of microvascular spheroids and their assembly 

into larger vascular structures. Prompted by the scientific opportunities of ‘designer’ vascular 

architecture, we foresee the widespread adoption of these platforms through a combination of 

further simplification of the fabrication processes and commercial availability, mirroring the 

proliferation of microfluidic technology. Similar to the introduction of 3D assays over 30 years 
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ago122, these tools will allow us to further elucidate the vascularization process under more 

controlled conditions to provide both scientific insight as well as strategies to address diseased 

or damaged tissues. In particular, methods able to design endothelialized channel structures 

within a 3D multicellular context provide a new way to study the interactions between the 

vascular system and other cell types or tissues. This includes investigating pathologies: 

designed vascular models have facilitated the study of extravasation and intravasation 

processes that enable cancer cells to penetrate the vascular wall and metastasize123,124. 

Impaired interactions between vasculature and the nervous system have also been implicated 

in certain pathological disorders125, including the role of disrupted cerebral neurovascular 

coupling in the progression of Alzheimer’s disease126. Current methods to study this 

neurovascular coupling rely on in vivo models, explanted cortical tissues, or dissociated in vitro 

cultures, providing fertile ground for the development of multicellular vascularized platforms as 

described in this review. 

As these techniques evolve, the most immediate clinical impact will come from a 

combination of methods to create a meaningful, multiscale vascularization strategy for tissue 

engineering and regenerative medicine. An ideal combination of micron-sized capillaries 

(achieved with ‘smart’ materials) with highly arborized 3D distribution of slight larger 

microvessels (via 3D cell printing) will ensure sufficient delivery of nutrients; larger connected 

structures on the millimeter scale (formed by molding techniques) would provide an ideal 

means of surgically connecting this vascular tree to the blood supply of a patient. The ability 

to control the size and placement of these vascular structures will also ensure proportioned 

blood flow throughout. Initial steps toward such combinatorial approaches have been 

showcased127. 

 The advent of more advanced 3D printing technology will usher in immense potential 

within the biological and biomedical sciences. As technology and materials continue to evolve, 

we come closer to emulating the biological complexities we observe in vivo. A major limitation 

in realizing these more advanced printing technologies is the lack of suitable printable materials 

to control and mimic the natural ECM. Only a few well-characterized synthetic hydrogel 

systems exist, while many are in their infancy of development. In particular, the dynamic 

environment of the ECM is often lost in static, covalent polymer hydrogels. Current advances 

in supramolecular hydrogels and those formed by dynamic covalent chemistry will provide new 

opportunities for self-healing materials that will allow temporal control of hydrogel properties. 

With new dynamic gel systems, ‘smart’ materials will introduce dynamic 3D printing, whereby 

complex multicellular organization can be realized in both a spatial and temporal manner. This 

advance will enable maturation of vasculature, which is more effective when the inclusion of 

mural cells is delayed128, followed by the introduction of functional cellular assemblies once the 

vascular nutrient supply has been established. This also sets the stage for actively recreating 
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time-dependent developmental and self-organizing processes, such as those observed for 

bone129 and cartilage130. 

The creation of appropriate vascular networks has long been identified as the challenge 

that underpins the success of any potential TE strategy. As described above and summarized 

in Table 1, numerous approaches have been developed towards meeting this challenge. The 

vascular network is one but of many within the body. While it has become the most popular, 

neural network regeneration, hepatic portal regeneration, and kidney network regeneration can 

all benefit from the strategies developed around neovascularization. Without the successful 

control and engineering of the underlying networks that enable viable tissue, TE and RM 

cannot progress. Furthermore, the development of increasingly powerful and flexible 

technological solutions extend far beyond simple vascularization, paving the way to the 

formation of functional tissues and, eventually, whole organs. 
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Table 1. An overview of vascular patterning techniques and technologies 
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Abstract 

 

In vitro peripheral nerve models provide valuable tools to study neurobiology questions and 

assess drug performance, in a regenerative or pathology context. To this end, we have 

developed a representative model of the peripheral nerve that displays three-dimensional (3D) 

neural anisotropy and myelination, which we showcase here as a simple and low-cost platform 

for drug screening. The model is composed of three main parts, including rat primary Schwann 

cells (SCs) seeded onto an electrospun scaffold to create bands of Büngner (BoB), primed 

PC12 cells as neuronal cell population, and a fibrin hydrogel to provide three-dimensionality. 

We also validated the use of primed PC12 as a neuron population by comparing it to rat dorsal 

root ganglions (DRGs) neurons. In both models we could obtain well aligned neurites and 

mature myelin segments. In short term cultures (7 days), we found that the addition of 

exogenous SCs enhanced neurite length and neurite growth area, compared to scaffolds with 

a laminin coating only. Addition of fibrin also lead to increased outgrowth of DRG and primed 

PC12 neurites, compared to 2D cultures. Moreover, neurite outgrowth in fibrin cultures was 

simultaneously multiplanar and anisotropic, suggesting that the SC-seeded scaffold can direct 

not only the growth of adjacent neurites, but also those growing above it. These results 

highlight the feasibility of the combination of a SC pre-seeded scaffold with a fibrin hydrogel, 

to direct and improve neurite growth in 3D. To demonstrate the model potential, we tested our 

platform at an immature (7 days in vitro) and mature state (28 days in vitro) of development. 

At the immature stage we could inhibit neurite growth through protein blocking (via antibody 

binding) and show suramin (200 μM) neurotoxicity on cells. At the mature stage, when myelin 

is compact, we exposed cells to hyperglycemic conditions (45 mM glucose) to mimic diabetic 

conditions and showed that myelin deforms consequently. Moreover, we demonstrated that by 

supplementing cultures with epalrestat (1 μM), myelin deformation can be partly prevented. 
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In sum, we developed a biomimetic nerve platform using an affordable and accessible 

cell line as neuronal population, which displays similar results to primary neurons, but does not 

require recurrent animal sacrifice. This platform holds great promise as it can be used to 

conveniently and inexpensively perform drug screenings on peripheral nerve-like tissue, in a 

normal or pathological state.  

 

 

Introduction 

 

Peripheral neuropathies caused by traumatic injuries or other pathologies (e.g. 

diabetes) are a common worldwide problem1,2. Despite the inherent regenerative potential of 

the peripheral nervous system, clinical intervention is often needed. For this, clinicians need 

to use therapeutic products that have been traditionally validated via animal experimentation. 

However, the economic burden and ethical issues concerning animal use have prompted the 

development of in vitro peripheral nerve (PN) models3. These models aim to replicate the 

anatomy and function of the native nerve, in order to provide a simple and cost-effective 

alternative to animal use, while providing a similar and reliable outcome. Using these models, 

researchers can predict the performance and side effects of certain bio-products such as 

growth factors (e.g. neurotrophic factors4), cells (e.g. stem cell derived glial cells5), 

biomaterials6 and drugs7. Moreover, pathological conditions can be induced in order to study 

disease progression and to screen appropriate therapeutic drugs8.  

Anatomically, the native PN consists of highly anisotropic bundles of axons, supported 

by extracellular matrix molecules (ECM), such as fibronectin, laminin and collagen type IV. 

Schwann cells (SCs) surround these axons, ensheathing them and producing myelin sections 

separated by short gaps (Nodes of Ranvier) for saltatory conduction. Non-myelinating SCs are 

also present, forming Remak bundles within the PN9. In addition, SCs are also of critical 

importance during nerve regeneration. Upon nerve injury, SCs dedifferentiate and increase 

production of cell adhesion (e.g. L1CAM) and ECM molecules (e.g. fibronectin), while 

proliferating over the basal lamina. The result is the formation of aligned cell tracks, termed 

Bands of Büngner (BoB), which serve to guide axons back to their distal targets10,11. 

Considering these aspects, an ideal PN model should mimic the three-dimensionality (3D), 

ECM presence and axon myelination. To specifically model nerve regeneration after injury, 

SCs should also be stimulated to form BoB-like structures prior to having contact with neurons. 

Moreover, cell functionality/drug screening tests should be feasible and relatively simple to 

perform.  

 To achieve compact myelination, a co-culture of a neurons/SCs must proceed for at 

least 21 days12. Several works have reported the achievement of mature myelinated neural 
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networks12-13, but most strategies use co-cultures grown on flat planar substrates, which do not 

maintain BoB-like architecture and ultimately leads to a disorganized two-dimensional (2D) 

neural network. Some approaches are able to create spatial anisotropic arrangements,14,15 

including aligned electrospun (ESP) scaffolds reported to induced organized neuron/glia 

anisotropy16. While the anisotropic growth of dorsal root ganglion (DRG) and NG108-15 

neurites was able to achieve a maximal length of 2500 μm and 140 μm, respectively, no 

myelination was shown and axonal growth was confined to a 2D plane, thus not reflecting the 

true 3D PN architecture. To create both the anisotropy and three-dimensionality, Pawar et al.6 

developed an anisotropic alginate-based hydrogel with defined capillaries for cell ingrowth. 

The authors reported a concomitant axonal and SC invasion from a DRG, which varied 

according to the capillaries diameter and coating type. However, even in the best conditions, 

both the maximum neurite length (< 450 μm) and density (< 25%) are low compared to typical 

reports of DRG cultures. Moreover, the neurites and SCs are unevenly distributed, with the 

latter not showing signs of BoB formation or myelination. To improve upon this, Khoshakhlagh 

et al.17 developed a 3D hydrogel platform that produces anisotropic and myelinated neurons 

from a DRG population, either with or without exogenous SCs in the hydrogel. Addition of 

exogenous SCs increased the volume of produced myelin within the platform, but because 

SCs are randomly dispersed through the gel, with no clear organisation, it does not represent 

the regrowing stages after PN injury, thus limiting the platform application. Moreover, the 

platform is also reported as a PN model for in vitro testing, but despite showing 

electrophysiology testing, drug or pathology tests have yet to be shown.  

To avoid extensive animal sacrifice and develop more translational models, research 

has been devoted to use stem cell-derived neurons as a neuronal cell population for PN 

models. Recently, some works have reported physiologically relevant and myelinated tissue 

using stem cell-derived neurons18-19. Sharma et al.19 reported a 3D hydrogel platform with 

aligned and myelinated iPSCs-derived neurons, but lack the demonstration of applicability in 

regard to drug testing and disease modelling. On the other hand, the work of Clark et al. 18 

shows model applications but their reported model is a 2D disorganised neural network. While 

a promising approach, stem cell differentiation is an expensive and laborious process. As an 

alternative, cell lines can provide a cost-effective, simple and quick solution to generate 

neuronal models for preliminary testing, and at the same time avoid the routine animal 

sacrificing3. Moreover, protocols for cell lines are currently more standardized than for stem 

cell differentiation, which allows a faster process implementation. Among these, the rat 

pheochromocytoma PC12 cell line is a robust cell line that has been used extensively in 

neurosciences. Derived from adrenal chromaffin cells of neural crest origin, these cells can be 

terminally differentiated into a neuronal phenotype, similar to sympathetic ganglion neurons, 

upon nerve growth factor (NGF) stimulation20. Differentiated cells can extend neurites and 
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secrete neurotransmitters, such as acetylcholine and dopamine, making them a useful tool to 

investigate drug effects on cell morphology and its secretome 20-21. Contrary to other cell lines, 

such as 50B11 cells, which only last for 72 h3, differentiated PC12 can be maintained for a 

period long enough to achieve compact myelination, as shown by Sango et al. in a 2D co-

culture model13.  Furthermore, the robustness of PC12 cells provides an accessible tool to 

obtain a desired neuronal phenotype via transfection. For instance, several reports have 

shown the induction of transient receptor potential cation channels (TRPV family) expression 

in transfected PC12 cells, which can later be targeted and studied 22-23. 

Here, we show the development of a biomimetic PN model and illustrate its applications 

in drug testing and disease modelling. Our proposed model relies on simple, low-cost 

components to nevertheless produce complex and meaningful tissue architectures, such as 

3D anisotropic myelinated neurons. This model consists of three main components as 

illustrated in Fig. 1: 1) SC-seeded scaffold that mimics the BoB; 2) neuronal cell population 

sitting on top of the scaffold and 3) a fibrin hydrogel embedding to allow 3D cell growth. As 

neuronal population we chose pre-differentiated (primed) PC12 cells. Because these cells only 

represent a physiological subset of neurons, we corroborate our model using the classic DRG 

explants, to validate the flexibility and versatility of the platform in producing myelinated nerve 

fibers of different phenotypes.  

To better emulate native BoB tissue organization, we combined primary SCs with an 

aligned microfibrous scaffold to induce the formation of anisotropic SC bands. Besides the 

oriented cell organization, we also show for the first time (to the best of our knowledge) that 

we can mimic the BoB in terms of the SC production of ECM milieu and cell-adhesion 

molecules. The results we show here represent a significant improvement in terms of 

biomimicry over other works that attempted BoB formation via similar combinations of aligned 

scaffolds and SCs 4,16,24. Due to this BoB substrate, we could trigger a rapid, vast and 

anisotropic neurite growth from either DRGs or PC12 cells. The values here reported are 

around 3000 μm (for DRGs) and 800 μm (for PC12) in length after 7 days of culture, exceeding 

growth rates reported by similar strategies 6,16,17. When maintaining these cells for a longer 

period of 28 days, we could obtain neurites with around 3200 μm (for DRGs) and 2000 μm (for 

PC12) in length as well as a compact and thick myelin sheath. Particularly for PC12 cells, the 

results shown here constitute a major improvement in terms of tissue size and morphology 

compared to other reports using this cell line13.  

 By combining our BoB substrate with a fibrin hydrogel, we also achieved organized 3D 

neurite outgrowth to better recapitulate the native PN architecture. Our strategy of pre-forming 

BoB structures by culturing a SC-seeded scaffold prior to encasing in a hydrogel constitutes a 

novel approach to generate 3D anisotropic myelinated neurons in a quick and efficient manner. 

With this approach, we have generated a unique and more representative PN regeneration 
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model and, further, we are able to form mature 3D neural tissue, from either DRGs or PC12 

cells. The level of maturity and overall tissue growth here displayed is comparatively higher to 

other recent works that also combine aligned fibrous scaffolds with hydrogels to generate 3D 

aligned neuronal tissue25,26. Moreover, in our model we show that growing axons guided by 

topographical cues within a 3D environment can influence the direction of neighbouring axons 

located in a different plane and not in contact with the same cues. While this phenomenon has 

been demonstrated in other 3D in vitro works representing simplistic forms of the central 

nervous system27, this is the first time that this has been demonstrated in a 3D PN model, and 

particularly for large distances (~100 μm for DRGs and ~50 μm for PC12 cells). 

Using PC12 cells, we show applicability of this platform to perform tests at an early 

(repair) stage or mature (myelinated) stage of neuronal growth. At an earlier stage, we take 

advantage of our pre-formed BoB to simulate a regenerative setting and probe how neuron/SC 

or neuron/ECM interactions can affect neurite growth. Additionally, we also show the ability to 

perform and assess neurotoxicity of substances, using suramin, a known neurotoxic drug, as 

an example7. Finally, at the mature (myelinated) stage, we show the potential to investigate 

myelin damage as a result of hyperglycemia and to screen therapeutic drugs that mitigate this 

damage.  

These various applications demonstrate the versatility of our platform, which can be 

built and used to provide the needed information depending on the subject of study. For 

instance, the ability to selectively determine the presence or absence of SCs is particularly 

useful to either build a fully aligned and myelinated model, to investigate myelin damage, or 

an aligned but unmyelinated model, to investigate axonal signalling. With our method we also 

aim to provide a simple yet reliable alternative to recurrent animal use, which is of particular 

interest when evaluating how neural tissue can be affected by potential therapeutics, such as 

drugs, biomaterials, or biomolecules.  

 

 

Materials and Methods 

 

Polydimethylsiloxane (PDMS) support fabrication 

 To produce the scaffold supports (outer diameter of 20 mm; inner diameter of 16 mm 

and height of 1.5 mm) we used a custom-made mold created through the milling (monoFAB 

SRM-20, Roland) of a poly(methyl methacrylate) (PMMA) slab (Fig. S1). We then poured a 

PDMS solution (10:1 monomer:curing agent) (Farnell) on the mold and cured at 80°C for 2 h. 

Afterwards, individual supports were punched out and post-cured/sterilized at 160°C for 4 h. 

The supports were kept in sterile conditions until further use.  
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Scaffold fabrication   

To fabricate aligned nanofibrous scaffolds we did a two-step process, using a custom-

built electrospinning apparatus with humidity and temperature control. The first step was the 

production of a release layer by electrospraying a solution of 50% polyethyleneoxide (PEO, 

Mn = 3350, Sigma-Aldrich) in Milli-Q onto aluminum foil. For this, the solution flowed through 

a 0.8 mm inner diameter stainless steel needle (Unimed S.A.) at 2 ml/h, while subjected to 20 

kV and at a distance of 10 cm from a 60 mm diameter mandrel rotating at 5000 rpm.  

Afterwards, a nonwoven polyurethane mesh (6691 LL (40 g/m2), a kind gift from Lantor B.V., 

the Netherlands) was prepared by punching an array of 12 mm circular holes and placed on 

the mandrel, covering the PEO sprayed-foil. We then produced the scaffolds by 

electrospinning (ESP) a solution of 300PEOT55PBT45 (PolyVation) in 75:25 

Chloroform/1,1,3,3-hexafluoroisopropanol onto the mesh support structure. For this process, 

the solution flowed through a 0.5 mm inner diameter stainless steel needle (Unimed S.A.) at 

0.75 ml/h, while applying a voltage of 12 kV and at a distance of 10 cm from a rotating mandrel 

(at 5000 rpm). During both processes, the humidity remained at 35-40% and the temperature 

at 22-24 °C. Finally, we generated individual scaffolds from the polyurethane mesh by 

punching 15 mm-outer diameter sections concentric to the 12 mm holes, resulting in a thin 

ESP membrane supported by a polyurethane mesh ring. Scaffolds were dipped in deionized 

water to detach from the Al foil, then left in phosphate buffered saline (PBS) until further use. 

 
Schwann cell (SCs) isolation and purification 

 Primary Schwann cells (SCs) were harvested from the sciatic nerves of neonatal (P1-

P3) Wistar rat pups, following local and Dutch animal use guidelines. Nerve segments were 

extracted and digested, followed by cell isolation and purification as described by Kaewkhaw 

et al.28. Briefly, the collected nerves were chopped and digested in a 0.05% (wt/vol) 

collagenase solution for 60 min at 37°C, 5% CO2. The resultant cell suspension was filtered 

through a 40 µm cell strainer, centrifuged for 6 min at 400 g, followed by supernatant removal 

and cell pellet washing with DMEM containing 10% fetal bovine serum (FBS) and 100 U/ml 

penicillin and 100 μg/ml streptomycin. Cells were centrifuged again at 400 g for 6 min and the 

supernatant discarded. Finally, cells were re-suspended with 2 ml of Schwann cell medium, 

composed of DMEM, D-valine (Cell Culture Technologies), 2 mM L-glutamine, 10% (v/v) FBS, 

1% (v/v) N2 supplement (R&D Systems), 20 µg/ml bovine pituitary extract, 5 µM forskolin, 100 

U/ml penicillin and 100 μg/ml streptomycin, and 0.25 µg/ml amphotericin B (all Sigma-Aldrich), 

then plated on 35 mm petri dish pre-coated with 1 µg/ml laminin (R&D systems) and incubated 

at 37°C, 5% CO2. The use of D-valine in place of L-valine serves to inhibit fibroblast growth 

while permitting SCs survival and proliferation. 1 ml of fresh medium was added at day 7 of 
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culture and subsequently changed every 2 days until confluency. Cells were used between 

passage number 3 and 8 (P3-P8).  

 

Scaffold sterilization and laminin coating  

The scaffolds were sterilized in 70% ethanol, air dried and left in PBS until further use. 

For laminin coating, we added 100 µl of a 1 µg/ml laminin-1 (R&D systems) and 2 µg/ml poly-

D-lysine (Sigma Aldrich) solution in PBS to each scaffold, followed by overnight incubation at 

37 °C. The next day, the scaffolds were washed twice with PBS and left in this buffer until 

further use.   

 

SCs seeding on scaffolds 

 To form Bands of Büngner-like structures, we seeded SCs on the aligned ESP scaffolds 

(either coated or not with laminin) and cultured them for 7 days. 100x103 SCs were seeded in 

250 µl of SC proliferation medium, composed of high glucose DMEM, 10% (v/v) FBS, 20 µg/ml 

bovine pituitary extract, 5 µM forskolin (all Sigma-Aldrich), 4 mM L-glutamine, N2 supplement 

and 100 U/ml penicillin and 100 μg/ml streptomycin   (Thermo Fisher Scientific). Extra medium 

was added the day after and the medium changed every other day until day 7 of culture.  

 

Neuronal co-cultures:  

 For both neuronal co-cultures, we started by culturing the SCs alone on the scaffold for 

7 days. After this period, we added a neuronal cell population, which were either primary cells 

(dorsal root ganglions, DRGs) or a cell line (PC12 cells) and switched to the appropriate co-

culture medium (described below).  

 

a) DRG isolation and co-culture on scaffolds 

DRGs were dissected from P7 Brown Norway rats, previously sacrificed by 

decapitation, following local and Dutch animal use guidelines. After being stripped from the 

nerve roots, one DRG was carefully placed in the center of each scaffold containing 150 ul of 

DRG/SC co-culture medium and left to attach overnight. This medium was composed of 

Neurobasal Medium, 0.5 mM Glutamax, 100 U/ml penicillin and 100 μg/ml streptomycin (all 

Thermo Fisher Scientific), 100 ug/ml aprotinin, 50 ng/ml human nerve growth factor (NGF), 50 

µg/ml ascorbic acid (all Sigma-Aldrich), 25 ng/ml human neuregulin-1 type III (NRG-1 SMDF) 

and N21 supplement (both from R&D systems). Scaffolds for fibrin embedding were first 

transferred to the PDMS supports and the culture medium replaced with 150 ul of a filter 

sterilized bovine fibrinogen (7 mg/ml) and aprotinin (200 ug/ml) solution in PBS. Immediately 

after this, we added 150 ul of a filter sterilized-thrombin (10 U/ml) and calcium chloride (5 mM) 

solution in PBS and incubated at 37 °C for about 15 min (all reagents from Sigma-Aldrich). 
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After gel formation, we added 1 ml of DRG/SCs co-culture medium. For conditions without 

fibrin hydrogel embedding, we directly added extra medium the day after seeding. In both 

conditions, the medium was refreshed every other day.  

 

b) PC12 priming and co-culture on scaffolds 

PC12 cells (DSMZ, Germany) were expanded in suspension with PC12 proliferation 

medium composed of RPMI 1640 (Thermo Fisher Scientific), 10% (vol/vol) Horse Serum and 

5% (vol/vol) FBS (both Sigma-Aldrich). For the priming process, we first coated a 100 mm petri 

dish with 1 mg/ml rat collagen (Corning) solution in 0.02 M acetic acid overnight at 37°C. Then 

we seeded 275 x 103 PC12 cells in high glucose DMEM containing 5% (vol/vol) FBS. The 

following day, we replaced this medium with PC12 priming medium composed of high glucose 

DMEM, N2 supplement, 50 µg/ml ascorbic acid and 50 ng/ml NGF. This medium was refreshed 

every other day and the culture maintained for a total of 7 days. After this period, we seeded 

either the primed or non-primed PC12 on SC-seeded scaffolds and switched to PC12/SCs co-

culture medium, composed of high glucose DMEM, N21 supplement, 1% (v/v) Horse Serum, 

100 U/ml penicillin and 100 μg/ml streptomycin, 50 µg/ml ascorbic acid, 100 ng/ml NGF and 

25 ng/ml NRG-1 type III. For short term co-cultures (7 days) we seeded 2.5x103 cells per 

scaffold while for long term cultures (21 or 28 days) we reduced the seeding number to 350 

cells. Similar to the DRG experiment, for samples without fibrin embedding, we directly added 

extra medium the day after seeding, while for those with fibrin coverage we followed the same 

procedure. For all conditions, medium changes were performed every other day.  

 

PC12/SCs co-culture with antibodies 

 To probe the effect of L1CAM or integrin alpha-6 blocking, we supplemented the co-

culture medium with antibodies that target those specific proteins. Briefly, we seeded 2.5x103 

primed PC12 on SC-seeded scaffolds with normal PC12/SCs co-culture medium and left cells 

to attach overnight. The next day, we changed the medium to one containing either anti-

L1CAM (Abcam, ab123990, 1:200) or anti-integrin alpha-6 (Bosterbio, M01693, 1:100). The 

medium was changed every other day and the samples analyzed at day 7.  

 

Suramin exposure and cell viability test 

 Primed PC12 cells were cultured for 7 days on laminin coated scaffolds or laminin 

coated coverslips and then incubated for 24 h with 200 µM of suramin (Sigma-Aldrich, S2671) 

in PC12/SCs co-culture medium. Control samples were cultured with just PC12/SCs co-culture 

medium. Following the 24 h incubation, samples were fixed for immunostaining or tested for 

viability according to the manufacturer protocol (PrestoBlue™ Cell Viability Reagent, Thermo 
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Fischer Scientific, A13261) followed by correspondent DNA quantification on the same 

samples. 

 

Hyperglycemia test 

Co-cultures of primed PC12 and SCs were maintained until day 28. At that point the 

medium was changed to either normal medium; hyperglycemic medium composed of normal 

medium supplemented with 45 mM glucose or hyperglycemic medium plus 45 mM glucose 

and 1 μM epalrestat (Sigma-Aldrich, SML0527). Cultures were kept at 37 °C, 5% CO2 for 

additional 48 h and then fixed with 4% paraformaldehyde for 20 min at room temperature. 

Following this the samples were prepared for TEM as described below.  

 

DNA extraction and quantification 

Samples were freeze-thawed 3x, then incubated with 1 mg/ml proteinase K in 

Tris/EDTA buffer at 56 ºC for 16 h and freeze-thawed 3x once more. For cell lysis and DNA 

quantification, we used the CyQUANT™ Cell Proliferation Assay (Thermo Fisher Scientific, 

C7026) and detected the emitted fluorescence signal using a microplate reader (CLARIOstar 

Plus) set for excitation at 480 nm and emission at 520 nm.    

 

LIVE/DEAD assay 

 To quickly and visually assess cell viability, we used the LIVE/DEAD staining kit 

according to the manufacturer’s manual (Thermo Fisher Scientific, L3224). Briefly, the samples 

were washed twice with PBS, then incubated with staining solution containing 1 µM calcein 

AM and 2.5 µM ethidium homodimer-1 in PBS for 30 min at 37 °C, 5% CO2. Following this, 

samples were washed with PBS and left at 4°C until imaging (same day). Finally, images were 

acquired using a confocal laser scanning microscope (Leica TCS SP8).  

 

Immunocytochemistry (ICC) 

Samples were fixed with 4% paraformaldehyde (PFA) for 20 min at room temperature 

(RT), rinsed thoroughly with PBS, and left hydrated before further use. Permeabilization was 

carried for 20 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% Tween20, and 1% bovine 

serum albumin (BSA) in PBS for 2 h at RT. Immediately, samples were incubated overnight at 

4°C with primary antibody solutions in blocking buffer. On the next day, the samples were 

washed with a wash buffer 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 DAPI (0.2 µg/ml) for 10 min at RT, and left them in PBS until 

imaging. For F-actin staining we used Alexa Fluor 568 phalloidin (Thermo Fisher Scientific) at 
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1:100 dilution in PBS for 1 h at RT. The primary antibodies used were the following: anti-

L1CAM (Abcam, ab123990, 1:100), anti-fibronectin (Abcam, ab6328, 1:200), anti-laminin 

(Bioconnect, aa1420-1500, 1:100), anti-collagen IV (Nordic, MUB0338S, 1:100), anti-βIII 

tubulin (Sigma-Aldrich, T8578, 1:1000), anti-S100 (Sigma-Aldrich, S2644, 1:100), anti-Myelin 

Basic Protein, MBP (Thermo Fisher Scientific, PA1-46447, 1:50), cleaved caspase-3 (Cell 

Signaling Technology, 9661, 1:400), anti-Pan NaV (Alomone Labs, ASC-003, 1:150). Finally, 

the used secondary antibodies were the following: goat anti-mouse conjugated with Alexa 

Fluor 488; goat anti-mouse conjugated with Alexa Fluor 568, goat anti-rabbit conjugated with 

Alexa Fluor 488 and goat anti-rabbit conjugated with Alexa Fluor 568 (all Thermo Fisher 

Scientific). Finally, images were acquired using either a confocal laser scanning microscope 

(Leica TCS SP8) or a 2-photon microscope (Leica STP6000).  

 

Scanning Electron Microscopy (SEM)  

The SC-seeded scaffolds were washed 3x with PBS, fixed with 4% paraformaldehyde 

(PFA) for 20 min at room temperature (RT), washed again 3x with PBS, dehydrated in a series 

of ethanol dilutions (1x  50, 60, 70, 80, 90, and 96% and 2x 100%) for 30 min and then critical 

point dried with liquid carbon dioxide (Leica EM CPD 300). Following this, samples were gold-

sputtered (Cressington Sputter Coater 108 auto) for 40 s at 30 mA and then imaged using a 

SEM (FEI/Philips XL-30 ESEM) at V= 10 kV. Samples not containing cells were only gold-

sputtered prior to imaging.  

 

Transmission Electron Microscopy (TEM) 

Samples were prepared by fixation in 4% PFA in PBS, followed by washing with 0.1 M 

Cacodylate (3x for 15 min). Cells were fixed again with 2.5% glutaraldehyde in Cacodylate 0.1 

M overnight (minimum of 1 h), followed by washing with 0.1 M Cacodylate (3x for 15 min), 

postfixed with 1% Osmiumteroxide + 1.5% potassium hexacyanoferrate (II) trihydrate in 

Cacodylate 0.1 M, then washed again with 0.1 M Cacodylate 3x 15 min. Then we proceeded 

to a dehydration series (70% for 30 min, 90% for 30 min and 2x 100% for 30 min), followed by 

propylenoxide 2x for 30 min and Propylenoxide:Epon LX112 (1:1) overnight with stirring. 

Samples were covered with fresh epon LX112 for 7 h with stirring and embedded in beem 

capsules with fresh epon 3 days at 60ºC. 60 nm sections were then cut with a diamond knife, 

stained with uranyl acetate and lead citrate and imaged with a TEM (FEI Tecnai G2 Spirit 

BioTWIN iCorr).  

 

Image Analysis 

 3D cell reconstructions were created from z-stacks (showing immunostaining to βIII-

tubulin) with the Leica Application Suite X (LAS X) software. All the other images were 
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prepared and analyzed using Fiji software (https://fiji.sc/). To quantify degree of fiber or cell 

orientation, we used the OrientationJ plugin29 and applied the Measure function over identical 

circular ROIs to obtain the coherence value, (where 0 is full isotropy and 1 is full anisotropy).  

To measure neurite length, we used the Simple Neurite Tracer plugin30, and measured the 

distance between the cell body and the edge of the respective axon. Cell counts were 

performed using the standard Analyze Particles function to DAPI+ objects. To measure axonal 

area, we first converted images of βIII tubulin+ cells to binary images and measured the pixel 

area occupied by the neurites, excluding cell bodies. Then, we divided this value by the total 

image area to obtain the axonal area, which is shown as % of total area. The normalized axonal 

area values were obtained by dividing the axonal area by the total volume of the construct (300 

µm3). This operation was performed to better compare the differences between scaffold only 

and fibrin conditions, rather than just comparing the total axonal area. For the myelination area, 

we measured the pixel area of MBP+ segments and divided this value by the axonal area of 

the corresponding image. To analyze the myelin thickness, g-ratio and myelin decompaction 

we used the TEM micrographs of myelin cross sections. For the myelin thickness 

measurements, we simply drawn a straight line from the most inner to the most outer myelin 

ring and determined its length. G-ratio measurements were done using the G ratio plugin 

(http://gratio.efil.de/)31. Myelin decompaction analysis were carried by first measuring the area 

below the most outer ring and the most inner ring (expected myelin 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 following formula: (1 - (expected myelin area / 

actual myelin area)) x 100. In figure S17 we depicted this process.  In every analysis (expect 

for the hyperglycemia measurements where we used n = 4 and 5 measurements per sample) 

we used a minimum of n = 6 per condition and took at least 20 measurements per sample (for 

the neurite length quantification) or 10 measurements per sample (axonal area and normalized 

axonal area quantification).  

 

Statistical Analysis 

 Using the software GraphPad Prism, statistical significances were determined 

employing an unpaired t-test, one-way or two-way analysis of variance (ANOVA) followed by 

a Tukey’s honestly significant difference (HSD) post-hoc test (*p < 0.05, ** p < 0.01, ***p < 

0.005, ****p < 0.0001 and ns is p > 0.05). Comparisons are done relatively to the laminin 

samples, except when otherwise indicated by connecting bars. All data is expressed as mean 

± standard deviation (SD) or as boxplots showing data between the 1-99 percentile.  
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Results 
 

 

 

Figure 1. Illustration of PN model fabrication process. A) Formation of Bands of Büngner 

(BoB); B) Overview of the model components; C) DRG/SC co-culture procedure; D) PC12/SCs 

co-culture procedure.  

 

Formation of Bands of Büngner (BoB) 

To engineer tissue structures resembling BoB, we harvested and purified SCs from the 

sciatic nerve of neonatal rat pups (Fig. S2) and seeded them onto aligned ultrathin scaffolds 

(Fig. 1A, Fig. 2). These scaffolds, formed by electrospinning of a PEOT/PBT solution on a 

rotating mandrel, consisted of aligned fibers with a 1.37 ± 0.20 µm diameter (Fig. 2A, Fig. S3A) 

and an overall coherence value of 0.74 ± 0.04 (Fig. S3B). Previous research has shown that 

aligned scaffolds with 1μm fiber diameter lead to higher neurite growth then other microfiber 

sizes (5 μm and 8 μm)16. For comparison, scaffolds were produced with a similar fiber diameter 

(1.53 ± 0.19 µm) and random fiber orientation with a coherence value of 0.19 ± 0.80 (Fig. S3B).  

7 days after SC seeding, both scaffold architectures allowed cell attachment and 

complete surface covering. However, while the scaffold with randomly oriented fibers led to an 

isotropic cell distribution (coherence value of 0.14 ± 0.03), the scaffold with an aligned 
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substrate directed the SCs into anisotropic bands (coherence value of 0.46 ± 0.08) (Fig. S3B, 

Fig. S3C; Fig. 2B). In this latter scenario, SCs enwrapped around the fibers, forming highly 

aligned 3D bands, as evidenced by F-actin staining in Fig. 2C.  

We also investigated how coating aligned scaffolds with laminin would affect the 

formation of a BoB scaffold. Laminin is abundantly present in the basal lamina of the native 

PN, where SCs migrate and proliferate to form BoB during PN regeneration10. As evidenced 

in Fig. S3D, initial SC attachment is similar on both coated and uncoated constructs, but after 

a period of 7 days, proliferation is favored by the presence of laminin, leading to a cell number 

almost 2-fold higher. In addition to cell morphology, we also performed immunostaining for 

proteins expressed when SCs are in a regenerative state, including the neural cell adhesion 

marker L1CAM and ECM proteins, such as fibronectin, laminin and collagen type IV (Fig. 2D). 

After 7 days in vitro (DIV), the surface marker L1CAM was robustly expressed and expectedly 

followed the same anisotropic pattern of F-actin. Finally, the characteristic nerve ECM proteins 

— fibronectin, laminin and collagen type IV — were all deposited and scattered through the 

scaffold as shown in Fig. 2D (particularly for the laminin, we also show its extracellular 

deposition in Fig. S4).  
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Figure 2. Formation of BoB-like structures. A) SEM micrograph of the electrospun scaffold. B) 

SEM micrograph of a SC-seeded scaffold cultured for 7 days. Scale bar is 200 µm for both. C) 

3D reconstruction of F-actin from SCs seeded on an electrospun scaffold and cultured for 7 

days. D) Immunostaining of the cell surface marker L1CAM (in green) and the ECM proteins: 

fibronectin, laminin and collagen IV (in green); F-actin (red) and DAPI (blue). 

 

Short term neural co-cultures 

 

To establish a PN model composed of neurons and SCs, we added either a DRG or 

PC12 cells to the BoB substrate as illustrated in Fig. 1C and Fig. 1D. These cells were co-

cultured for 7 days to investigate the initial neurite network development and contributing 

effects of SCs. We further investigated the impact of a laminin coating by comparing neurite 

growth on scaffolds with a laminin coating, a SC-only BoB scaffold, or a BoB scaffolds with 

both laminin and SCs together. Moreover, we also investigated short-term (7 day) neurite 

growth emanating from scaffolds embedded within a fibrin gel (mechanical properties 

described in Fig. S5). With the addition of this hydrogel, we aimed to recreate the 3D 

microenvironment of a PN and compare tissue formation with a bare scaffold.  
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DRG/SCs co-culture 

The DRG/SCs platform was produced by explanting a DRG and placing it in the center 

of the SC-seeded scaffold (Fig. 1C). With this, we aimed to direct neurites extension 

longitudinally to mimic the PN organization, making it also easier to assess growth. As shown 

in Fig. 3A, we detected a vast neurite outgrowth from the DRG towards the periphery of the 

scaffolds in all conditions, with no statistically significant differences in neurite length (average 

length ~2 mm; Fig. 4A) or neurite alignment (average coherence value ~0.6; Fig. S7A). Neurite 

density, however, was significantly enhanced (p < 0.0001) when the BoB substrate was used, 

i.e. SCs were exogenously added to the scaffolds, compared to laminin-coated scaffolds. In 

particular, we also noticed that BoB substrates with no pre-coating of laminin led to a 

significantly higher (p < 0.01) axonal area (Fig. 3A and Fig. 4B).  

In all conditions, we could already observe an intimate association between SCs 

(S100+) and neurites (βIII-tubulin+) (Fig. 3B), although it was unclear if these SCs originated 

from the explanted DRG or from the pre-seeded population.  

To better emulate the 3D in vivo environment, we encased DRG/SC constructs in fibrin 

hydrogel (Fig. 1C). While neurite growth in the absence of the hydrogel was constrained to the 

plane of the scaffold, the fibrin embedding allowed neurites to extend along and above the 

scaffold in multiple layers (Fig. 3C). Similar to scaffolds without hydrogel, we noted that fibrin-

embedded scaffolds exhibited similar neurite growth for all scaffold conditions (laminin, SC-

only BoB, and laminin plus SC BoB) and that neurite length was slightly less comparatively to 

gel-free scaffolds (Fig. S8C). Similarly, neurite alignment in scaffolds supplemented with fibrin 

was constant across conditions but reduced compared to scaffolds only (Fig. S8A and S8B); 

despite axons not being in direct contact with the oriented fiber scaffold, we still observed a 

substantial degree of anisotropy of neurites as visible in Fig. 3C. To understand the role of our 

scaffold in directing neurite growth, we cultured DRGs on laminin-coated coverslips or laminin-

coated scaffolds and embedded these in fibrin to provide a 3D environment (Fig. S6). 

Analyzing the neurite growth, it is clear from these images that without a scaffold of aligned 

fibres axons protrude radially from the DRG and assume a meandering pattern with multiple 

crossovers (Fig. S6A and S6C). In contrast, our scaffolds are able to direct axonal sprouting 

into an aligned pattern, and the growth both on the scaffold and in the gel is mostly parallel. 

This suggests a ‘guidance at a distance’ mechanism through which the scaffold induces neurite 

alignment while not being in immediate contact. Most interestingly, we noted that scaffolds with 

or without added SCs contained upper axons (not in physical contact with the scaffold), 

following the same direction of bottom axons (in physical contact with the scaffold) (Fig. 3C, 

S6B and S6D). 

Finally, we measured the ratio between axonal area and construct volume to quantify 

and compare axonal growth between our 2D and 3D conditions. Shown in Fig. 4C, we observe 
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that the addition of fibrin leads to a small increase in axonal area, although not significantly 

different than scaffolds with no hydrogel added.   

 

PC12/SCs co-culture 

To generate the PC12/SCs co-culture system we adopted two different strategies, as 

visible in the scheme of Fig. 1D. Specifically, PC12 cells were either added directly to the 

scaffold in an undifferentiated form (non-primed) or instead differentiated for 7 days (primed) 

in collagen coated-plates, prior to scaffold seeding (see Materials and Methods). Cells that 

were primed displayed longer neurites for all scaffold conditions (Fig. S9A). Interestingly, 

primed and non-primed cells showed similar axonal area as well as neurite alignment across 

the different conditions (Fig. S9B and S9D). Counting the number of cells (DAPI+ objects) for 

scaffolds with laminin coating only showed substantially more cells on scaffolds seeded with 

non-primed cells compared to those with primed ones, despite the same initial seeding density 

(Fig. S9C). This indicates a continued proliferation of non-primed PC12, while primed cultures 

remained committed to a differentiated phenotype. Initial observations of PC12 cells grown in 

fibrin showed that non-primed cells also rapidly degraded the fibrin gel, likely due to continued 

proliferation and subsequent extensive tissue plasminogen activator secretion (necessary for 

conversion of plasminogen to plasmin and subsequent fibrin degradation32). For these 

reasons, primed cultures were selected for all remaining experiments. 

Among the conditions shown in Fig. 4, we noted that the BoB substrate with just SCs 

led to a significant increase in neurite length (p < 0.01) compared to laminin only scaffolds (Fig. 

4D). Interestingly, we did not observe any significant difference in length between Bob 

substrates pre-coated with laminin and scaffolds with only laminin coating. In terms of axonal 

area (Fig. 4E), we observed that both BoB substrates, either with just SCs (p < 0.001) or 

laminin plus SCs (p < 0.01), showed increased values compared to scaffolds with just laminin.  

Comparing with the DRG platform, PC12 neurites were in average 10 times shorter and 

density 20 times lower. Analogously to the DRG/SCs co-cultures, we could detect already a 

co-localization between PC12 axons and SCs (Fig. 3E) but, in contrast to the primary neuron 

platform, these SCs were undoubtedly originating from the BoB substrate.  

 Lastly, Fig. 3F shows the difference between PC12 neurons grown on a construct with 

and without fibrin embedding. It was clear that fibrin coverage allowed cells to grow along and 

beyond the scaffold plane, as seen with the DRG/SCs co-cultures. We registered a decrease 

in neurite length, in some conditions to almost 50% less compared to scaffolds with no hydrogel 

(Fig. 4D and Fig. S9E). However, regarding axonal density, the presence of fibrin resulted in a 

substantial increase (almost 3-fold) compared to scaffolds with no hydrogel (Fig. 4F). In terms 

of neurite alignment, we did not see any differences between scaffolds with fibrin compared to 

scaffolds with no hydrogel (Fig. S9D and Fig. S9F). In scaffolds with added fibrin, neurite 
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alignment was fairly constant among conditions, registering the highest value for the laminin 

condition, as seen in the DRG cultures. Again, we noticed that upper axons tended to follow 

the direction of those in contact with the scaffold, as shown in Fig. 3F. Since this effect was 

also visible in laminin coated-scaffolds, which are devoid of SCs, we can hypothesize that this 

parallel growth is being orchestrated via neuron-neuron communication, rather than neuron-

SCs. 

 

Figure 3. Short term co-culture of SCs with DRGs or PC12 cells. Top panel - DRG/SCs co-

culture: A) Neurite growth overview across the scaffold with different coatings (βIII-tubulin – 

red); B) SC co-localization with neurites (S100 – green; βIII-tubulin – red; DAPI – blue); C) 3D 

profile of DRG neurites growth (red is βIII-tubulin) on scaffolds with (bottom image; z-scale 

spans from 0 to 120 μm) and without fibrin embedding (top image; z-scale spans from 0 to 80 

μm). Bottom panel – PC12/SCs co-culture: D) Neurite growth on scaffolds with different 
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coatings (βIII-tubulin – red); E) SC co-localization with neurites (S100 – green; βIII-tubulin – 

red; DAPI – blue); F) 3D profile of PC12 neurites growth on scaffolds without fibrin embedding 

(top image; z-scale spans from 0 to 50 μm) and with fibrin embedding (bottom image; z-scale 

spans from 0 to 50 μm).  

 

 
 

Figure 4. Analysis of short term co-cultures. Top panel – DRG/SCs co-culture: Neurite Length 

(A) and Axonal Area (B) on scaffolds with no fibrin. C) Axonal area normalized to the total 

construct volume on scaffolds with and without fibrin embedding. Bottom panel – Primed 

PC12/SCs co-culture: Neurite Length (D) and Axonal Area (E) on scaffolds with no fibrin. F) 

Axonal area normalized to the total construct volume on scaffolds with and without fibrin 

embedding. The neurite length represented in A) and D) is shown as the length (in μm) 

between the cell body and the edge of the respective axon. The boxplots represent data points 

in the 1-99 percentile. The axonal area is B) and E) is shown as the ratio (in %) between the 

area occupied by the neurites (excluding the cell bodies) and the total scaffold area. The 

normalized axonal area values in C) and F) were obtained by dividing the axonal area by the 

total volume of the construct (300 µm3). Bar graphs represent the mean value ± SD. In all 

experiments, a minimum of 6 replicates were used per condition and we took at least 20 

measurements per sample (for the neurite length quantification) or 10 measurements per 

sample (axonal area and normalized axonal area quantification). These experiments were 
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performed twice and the statistics were executed with one-way ANOVA (in A, B, D and E) or 

with two-way ANOVA (in C and F), followed by a Tukey’s HSD post-hoc test where ****p < 

0.0001, ***p < 0.001, **p < 0.01, ns denotes p > 0.05. 

 

Long term neural co-cultures 

  

 To generate a myelinated neural model, we continued both DRG and PC12 co-cultures 

for up to 28 DIV, as illustrated in Fig. 1C and Fig. 1D. We investigated the neurite network 

development and myelination for both co-culture systems, again comparing scaffolds (laminin 

coating, seeded SC or both) and the influence of a 3D environment provided by the addition 

of fibrin. 

 

DRG/SCs co-culture 

 When extending the culture period to 28 days, DRG neurites continue to grow and 

populate the construct in an anisotropic manner (Fig. 5A). However, in scaffolds without fibrin 

embedding (Fig. 5B), neurites only slightly increased compared to scaffolds at 7 DIV (Fig. 4B), 

with the DRGs neurites reaching the boundary of the scaffold for a maximum length of 

approximately 3200 μm. Again, we saw that BoB scaffolds with SCs generated a significantly 

higher axonal area (p < 0.01) than laminin controls (Fig. 5B). When the construct is embedded 

within fibrin, we could detect a larger increase in neurite density from 7 to 28 DIV (fibrin group 

from Fig. 4C and Fig. 5C). In Fig. 5C, we also compare the normalized axonal area of bare 

and fibrin-embedded scaffolds. As already seen for 7 DIV, there were no significant differences 

between these groups.  

 At this time point, myelination was achieved, indicating maturation of these neural 

networks. As depicted in Fig. 6A, many aligned myelin segments (MBP+/βIII+ segments) can 

be found throughout the scaffold. These segments could be found in every scaffold condition, 

including those with only laminin coating. In this case, myelination is a result of endogenous 

SCs that have migrated from the DRG cluster to populate the scaffold. However, when the 

scaffold is supplemented with additional SCs, myelination is observed to be enhanced, as 

depicted in Fig. 6B. In the presence of fibrin, these myelin segments are present across the 

volume of the gel, forming a truly 3D myelinated nerve model (Fig. 6C).  

Using TEM analysis to exam scaffold cross sections, thick and compact myelin 

surrounding the axons can be found for scaffold both in the presence or absence of fibrin (Fig. 

6D). No significant differences were found in myelin thickness among different coatings and 

regardless of fibrin presence, averaging between 384 to 561 nm (Fig. S10A).  
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PC12/SCs co-culture 

 Primed PC12 neurites continued to grow on scaffolds overtime, achieving a marked 

increase in density at 21 DIV, as demonstrated in Fig. 5D. The highest axonal area was 

attained in the laminin-only condition, while both BoB scaffolds revealed similar axonal 

coverage (Fig. 5G). From 21 to 28 DIV, we registered a decrease in axonal area across all 

conditions, with a particularly marked reduction for laminin-only scaffolds (Fig. 5D and 5G); 

this led to similar axonal area across all scaffolds types.  Despite this decrease, at 28 DIV the 

scaffolds were vastly covered by an aligned network of long neurites (Fig. 5E), with a maximal 

size around 2000 μm, reminiscent (albeit at lower degree) of the DRG platform (see Fig. 3A). 

In the presence of fibrin, neurite networks showed high degree of alignment, but displayed 

multiple layers of axons, spanning through the volume of the constructs (Fig. 5F), which 

resulted in a larger normalized axonal area compared to bare scaffolds (p < 0.05; Fig. 5H). 

 In long term cultures, laminin-only scaffolds (devoid of SCs) showed no signs of 

myelination. In contrast, at both 21 and 28 DIV, BoB scaffolds showed the presence of 

longitudinal myelin segments, evidenced by the co-localization of MBP+ and β+ markers (Fig. 

6E). Moreover, myelin maturation was confirmed by the presence of nodes of Ranvier, as 

indicated by segregated clusters of sodium channels at regular interval along the axonal length 

(Fig. 6F). Measurements of myelin area showed a constant value between both time points 

and no significant differences between BoB composed of SCs or laminin plus SCs (Fig. 6G). 

Despite this invariance of myelin area overtime, we detected a clear increase in myelin 

thickness from 21 to 28 DIV (from 24.5 ± 2.4 nm to 98.9 ± 5.0 nm) as shown by TEM 

micrographs (Fig. 6H and quantification in Fig. S10). Finally, with the addition of fibrin, we could 

obtain multi-planar myelin segments, highlighted by the 3D reconstruction of MBP+ structures 

shown in Fig. 6I. Additionally, we showed by TEM analysis (Fig. S11) that compact myelination 

of axons can be found throughout the construct. Again, similarly to the DRG cultures, fibrin 

embedding did not induce statistically significant differences in myelin thickness, with the 

respective values averaging between 75 and 100 nm for samples at 28 DIV (Fig. S12).  
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Figure 5. Evaluation of axonal networks on long term co-cultures of SCs with DRGs or PC12 

cells. Top panel - DRG/SCs co-culture at 28 DIV: A) 3D profile of DRG neurites (red is βIII-
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tubulin) grown on scaffolds with (bottom image; z-scale spans from 0 to 120 μm) and without 

fibrin embedding (top image; z-scale spans from 0 to 40 μm). B) Axonal area of DRGs cultured 

in bare scaffolds. C) Axonal area normalized to the total construct volume on scaffolds with 

and without fibrin embedding. Bottom panel – PC12/SCs co-culture at 21 and 28 DIV. D) 

Neurite development on scaffolds with different coatings at 21 and 28 DIV (βIII-tubulin – red; 

DAPI – blue). E) Neurite growth overview across the scaffolds at 28 DIV on a scaffold with SCs 

(βIII-tubulin – red; scale bar is 1000 µm). F) 3D profile of PC12 neurites (red is βIII-tubulin) 

grown on scaffolds with (bottom image; z-scale spans from 0 to 160 μm) and without fibrin 

embedding (top image; z-scale spans from 0 to 20 μm). G) Axonal area occupied by primed 

PC12 cells at 21 and 28 DIV. H) Axonal area normalized to the total construct volume of primed 

PC12 cells at 28 DIV when cultured with or without fibrin embedding. The axonal area is B) 

and G) is shown as the ratio (in %) between the area occupied by the neurites (excluding the 

cell bodies) and the total scaffold area. The normalized axonal area values in C) and H) were 

obtained by dividing the axonal area by the total volume of the construct (300 µm3). Bar graphs 

represent the mean value ± SD. In all experiments, a minimum of 6 replicates were used per 

condition and we took at least 10 measurements per sample. This experiments were performed 

twice and the statistics were executed with one-way ANOVA (in B) or with two-way ANOVA (in 

C, G and H), followed by a Tukey’s HSD post-hoc test where **p < 0.01, *p < 0.05 and ns 

denotes p > 0.05. 
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Figure 6. Myelination on long term co-cultures. Top panel – DRG/SCs co-culture: A) 

Immunostaining images of MBP+ (in gray) and β+ (in red) segments. B) Myelination area on 
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bare scaffolds with different coatings. C) 3D reconstruction of MBP+ segments from a scaffold 

with fibrin embedding (MBP is shown in red and the z-scale spans from 0 to 300 μm). D) TEM 

micrograph of a myelinated axon cross section, highlighting the myelin in scaffolds with and 

without fibrin (scale bar is 500 nm). Bottom panel – PC12/SCs co-culture. E) Immunostaining 

images of MBP+ (in gray) and β+ (in red) segments acquired from 28 DIV samples. F)  Presence 

of nodes of Ranvier, evidenced by segregated sodium channels (Pan Nav – green; βIII-tubulin 

– red; scale bar is 50 µm). G) Myelination area on bare scaffolds with different coatings at 21 

and 28 DIV. H) TEM images of myelin in samples with and without fibrin embedding at 21 and 

28 DIV (scale bar is 100 nm). I) 3D reconstruction of MBP+ segments from a scaffold with fibrin 

embedding (MBP is in red and the z-scale spans from 0 to 110 μm). Myelination area displayed 

in B) and G) was calculated from the ratio of the area occupied by MBP+ segments with the 

area occupied by βIII-tubulin+ segment within the same image. The bars represent mean 

values ± SD and the statistics were executed with one-way ANOVA followed by a Tukey’s HSD 

post-hoc test, where ***p < 0.001, ** p < 0.01 and ns denotes p > 0.05.  

 

 

Applications of the PC12/SCs model 

 

 To showcase the utility of our biomimetic PN model constructed with the PC12 cell line, 

we performed some screenings on regenerating/immature (short term) and mature (long term) 

cultures. On regenerating/immature cultures we probed neuron/ECM and neuron/SC 

interactions during axonal growth, looking respectively at the contribution of integrin alpha-6, 

a laminin-specific integrin, and L1CAM, a homophilic cell adhesion transmembrane protein 

expressed by both neurons and SCs. Applying an antibody-blocking assay to primed PC12 on 

fibrin-free scaffolds, blocking alpha-6 caused almost a 40% decrease in neurite length 

compared to the control while blocking L1CAM resulted in an even steeper decrease of 45% 

(Fig. 7A). Cultures containing antibodies within the medium did not show a visible reduction in 

cell viability (Fig. S14A), thus suggesting that growth reduction is a direct influence of protein 

blocking and not cell death.  

 We also utilized regenerating/immature cultures to evaluate how developing axonal 

networks are affected by suramin, a drug used to treat African trypanosomiasis with known 

neurotoxic effects. We incubated primed PC12 cells (no SCs) for 24 h with 200 µM of suramin 

(in medium) and evaluated cell morphology and viability. As visible in Fig. 7B, the addition of 

suramin resulted in a substantial neurite retraction, which is quantified in Fig. 7C. Additionally, 

cell viability was significantly diminished in drug-containing cultures (Fig. 7D), which also 

showed signs of apoptosis as illustrated in Fig. S14B by cleaved caspase-3 immunostaining. 

To show the utility of our scaffold, we compared our approach to traditional glass coverslip 

substrates. As visible in Figure S13A, PC12 could grow extensive neurites on both substrates, 
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but scaffold-supported growth appears substantially more aligned as quantified in Figure 

S13B. In contrast, PC12 neurites on coverslips are disorganised and overlapping at various 

points. While the application of suramin triggered neurite retraction for both substrates, the 

fiber scaffolds proved to be more sensitive to morphological changes, exhibiting 46 % decrease 

in neurite length, compared to coverslip cultures which experienced only a 28 % decrease.  

 Finally, we demonstrated the ability of our mature culture platform to simulate 

pathological conditions and screen appropriate therapeutic drugs. We induced diabetic 

conditions by exposing mature cultures (28 DIV) to a hyperglycemic state (45 mM glucose in 

medium) and compared the resulting myelin morphology with normal glycemia or 

hyperglycemia containing 1 μM epalrestat, an aldose reductase inhibitor that reduces sorbitol 

accumulation and thus can prevent diabetic neuropathy 2,33. As visible in the TEM micrographs 

of Fig. 7E, hyperglycemia led to the appearance of myelin aberrations, characterized by 

decompaction and large separation of myelin layers, as well as irregular shapes (indicated by 

red arrows). In contrast, myelin under normal glycemic conditions appeared well compact and 

regular. When 1 μM epalrestat was supplemented to cultures under hyperglycemic conditions, 

the high glucose effect was mitigated, and myelin morphology resembled normal glycemic 

conditions, although with some decompaction still evident. As a result of this myelin layer 

decompaction, the traditional g-ratio measurement for myelin quality resulted in both the 

hyperglycemic condition and hyperglycemic + epalrestat condition having a reduced g-ratio (~ 

0.48) compared to the control (~ 0.54; p < 0.05) and no differences between these two 

conditions (Fig. 7F). However, when measuring myelin decompaction, we registered a 

significant increase (p < 0.001) in hyperglycemic cultures (~ 26% decompaction) which was 

reduced in hyperglycemic plus epalrestast cultures (~16% decompaction) and approached 

levels observed in the normal glycemia cultures (~8% decompaction). 
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Figure 7. Applications of the PC12/SCs model with short or long term co-culture periods. A) 

Neurite outgrowth in PC12/SCs cultures with medium containing antibodies against integrin α6 

or L1CAM compared to normal culture medium. B), C) and D): Neurotoxicity test on PC12 only 
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cultures using medium containing suramin at the concentration of 200 μM versus control 

medium (normal culture medium). B) Immunostaining to βIII-tubulin (βIII-tubulin – red; scale 

bar is 100 μm). C) Neurite length and D) Cell viability shown via the ratio of cell metabolic 

activity (presto blue fluorescent units) and cell number (amount of DNA). E), F) and G) 

Hyperglycemia test on 28 DIV PC12/SCs co-cultures in normal glycemia (normal medium), 

hyperglycemia (normal medium plus 45 mM glucose) or hyperglycemia + 1 μM epalrestat 

(normal medium plus 45 mM glucose and 1 μM epalrestat). E) TEM micrographs of myelin 

cross-sections showing the myelin morphology for the different conditions, where it is 

noticeable the increase layer decompaction on hyperglycemic conditions and the rescue effect 

of epalrestat (scale bar is 100 nm for left and right image and 200 nm for the image in the 

centre). F) G-ratio and G) decompaction measurements obtained from the analysis of TEM 

micrographs. This experiment was repeated once, with at least 5 measurements taken by each 

sample (n = 4). Statistics were determined with one-way ANOVA (A, F and G) followed by a 

Tukey’s HSD post-hoc test or unpaired t-test (C and D). ****p < 0.0001, ***p < 0.001, *p < 0.05 

and ns denotes p > 0.05. Bars represent mean ± SD and boxplots represent data points in the 

1-99 percentile. 

 

 

Discussion 

 In vitro PN models can serve as powerful tools to quickly assess product performance 

with minimal to no use of animals. Currently, the development of PN models is still at its infancy, 

with only few strategies revealing the successful development of 3D biomimetic structures. In 

this pursuit, researchers started by establishing 2D co-cultures that yielded the formation of 

mature myelin. Several reports using primary cells34,35, cell lines13 or differentiated stem cells18 

have already successfully shown this. However, most strategies lack proper tissue 

arrangement, most notably anisotropic BoB structures and subsequent aligned and myelinated 

neurons. To improve this, strategies that employ axon guides such as microfibrous 

scaffolds4,16, anisotropic hydrogels6,36 or compartmentalized platforms37,19 have shown the 

ability to direct axonal growth longitudinally. Capitalizing on some of these concepts, we aimed 

to build to a mature PN model that would also recapitulate the nerve architecture. At the same 

time, our goal was to achieve this using a neural cell line and to build the platform with relatively 

simple and inexpensive materials and biofabrication techniques. In this way, we can provide 

an affordable tool for researchers to quickly investigate biological mechanisms and screen 

therapeutic compounds. Furthermore, the use of a defined and well-established cell line 

facilitates experimental reproduction. Particularly for models using iPSCs-derived cells this is 

a concern since the potential for cell population heterogeneity is substantially higher38. To 

produce this model we used three main components: 1) BoB substrate; 2) Fibrin gel 

embedding (3D environment); and 3) a neuronal cell population. The BoB substrate aims to 
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mimic/induce a key early event during PN regeneration. Following nerve damage, the 

formation of these SC bands provide hapotactic guidance and trophic support for regrowing 

axons 10,11,. In order to produce a structure resembling these bands, we fabricated aligned 

ultrathin scaffolds via electrospinning with a rotating mandrel. This allowed the rapid and 

reproducible production of scaffolds composed of PEOT/PBT, a material already used for 

nerve conduit fabrication39. Primary SCs can be harvested in high yield from rat sciatic nerves, 

and easily purified as illustrated in Fig. S2. Although this process requires animal use, only a 

small number of animals are necessary to extract and store large amounts of cells for later 

usage. Alternatively, researchers may simply purchase primary SCs from commercial sources. 

The choice of primary SCs over SC lines, such as RT4-D6P2T, is largely superior for the 

formation of myelination models, as the latter are difficult to maintain in long term cultures or 

do not express an appropriate phenotype for myelination3.   

After seeding the aligned scaffolds with purified SCs, we cultured it for 7 days, after 

which we obtained highly anisotropic 3D SC bands that robustly expressed nerve ECM 

molecules and L1CAM, a facilitator of axon-SC adhesion40 (Fig. 2). At this stage, our SC-

seeded scaffold resembled native BoB, with abundant aligned SCs and a rich ECM milieu 

creating a favorable environment for axons to grow. Additionally, we also coated the scaffolds 

with laminin-1 prior to SC seeding, to better reproduce the basal lamina that supports SCs 

natively. Laminins are known to enhance SC proliferation and to initiate bipolar shape 

formation41. Indeed, it resulted in higher SC coverage of the scaffold (Fig. S3) but not in better 

neural tissue growth, as we will discuss further. 

Our chosen material to emulate a 3D environment was a fibrin hydrogel. Fibrin is a 

natural material, which appears and forms aligned fibers during the initial stages of peripheral 

nerve regeneration. In addition, its low cost, handling simplicity, and success in promoting 

neuron outgrowth has led to wide use for PN tissue engineering and PN models 1,42-43. Potential 

drawbacks of its use in tissue engineering stem from the material’s mechanical properties, 

such as its low stiffness, shrinkage and degradation rate, which may be too quick, particularly 

for long-term in vitro cultures44. For in vivo applications, there is a risk that fibrin proteins may 

trigger a host’s immune response. However, these concerns are not applicable in our model, 

since we developed a platform that emulates the PN, a soft tissue, and is intended for in vitro 

work only. To ensure gel stability, we supply aprotinin to the medium to prevent the degradation 

activity of tissue plasminogen activator (tPA). When added on top of the scaffold, the fibrin 

hydrogel intertwines with the scaffold’s fibers and remains stable throughout the entire culture 

period.   

The hydrogel addition allows both neurons and SCs to grow beyond the 2D scaffold 

plane to a 3D space, in order to create a truly 3D PN model. Placing a DRG on top of the BoB 

substrate resulted in a rapid and vast neurite outgrowth, which could be augmented by fibrin 
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hydrogel addition. However, the difference between bare constructs and those with fibrin 

coverage was not significant, since the number of upper axons was dwarfed by the vast 

number of axons in the plane of the scaffold (Fig. 3 and Fig. 4). Long-term DRG cultures 

generated matured myelination, as evidenced by thick and compact myelin layers (Fig. 6). For 

both timepoints, the inclusion of exogenous SCs resulted in denser axonal and myelin area 

compared to laminin samples and this improvement happened to a lesser extent for BoB 

substrates that were pre-coated with laminin (before SC seeding). In neural development, the 

radial sorting of axons by SCs is critical for maturation and can only proceed after SCs and 

axons reach a 1:1 relationship45. Since laminin promoted SC proliferation and thus higher 

scaffold coverage, we hypothesize that this increase in SC number may be detrimental for 

axonal growth and myelin formation because of delayed radial sorting and overcrowding. In 

our observations of mature (28 DIV) samples we noted that most myelin segments were in the 

periphery of the scaffold where SC density is lower rather than in the vicinity of the cluster 

where SC density is higher (data not shown), which supports the hypothesis that empty space 

surrounding cells is needed for myelination to proceed. This initial observation indicates an 

additional requirement for optimal scaffold design in order to maximize proper myelination and 

mature peripheral nerve tissue formation.  

We wanted to demonstrate the ability to use PC12 cells as a neuronal cell population, 

which can be easily and cheaply expanded, thus simplifying the fabrication of the model and 

alleviating the need of animals. While DRGs are the gold standard in PN models, a side-by-

side comparison is not possible because of intrinsic differences. DRGs are explanted cell 

aggregates containing a high number of neurons mixed with SCs and other cell types, which 

cannot be removed, without further dissociation and processing, meaning DRG cultures will 

always contain endogenous SCs compared to PC12 monocultures. It is noteworthy that we 

deliberately chose to use single cells instead of PC12 clusters. In a bid to better mimic DRG 

explants, we formed PC12 clusters using agarose microwells and evaluated their use (Fig. 

S7). However, clusters were irregular in size/shape, differentiated more slowly and with less 

neurite growth compared to single cells, which also naturally self-aggregate over time, 

particularly when SCs are absent (as shown in Fig. 5D). Keeping in mind these differences, 

we used the obtained results with DRG cultures as a yardstick to evaluate PC12 cells as a 

viable alternative.  

 For the PC12 cell model, we adopted a different strategy and simply seeded the PC12 

on the BoB scaffolds. Because priming PC12 cells has been shown to accelerate axonal 

development in response to NGF46,47, we were interested in testing if priming would result in 

longer and more numerous axons. Our data indicates that after 7 DIV, primed PC12 produced 

longer neurites than non-primed cells for all scaffold conditions (Fig. S9A). This can be 

explained by the synthesis of precursor molecules during the priming process, in turn leading 
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to earlier and faster neurite extension47. However, in terms of total axonal area, at 7 DIV there 

were no significant differences between conditions with primed or non-primed cells (Fig. S9B). 

To explain this, we propose that primed cells remain differentiated and non-proliferative 

throughout time, while non-primed cells still partly proliferate. This could be verified by the 

PC12 cell count 7 days after scaffold seeding, in which we saw a 4-fold increase in cell number 

for non-primed cells despite the same initial seeding density as the primed condition (Fig. S9C). 

Therefore, while having shorter axons, non-primed cells are present in larger number, thus 

achieving the same axonal area as primed cells. The high proliferative capacity of non-primed 

PC12 also prevented long-term experiments with fibrin because of rapid gel degradation and 

scaffold overcrowding. For this reason, we selected primed PC12 for the assembly of the cell 

line PN model.   

 In short term cultures, we noticed that the inclusion of SCs to the scaffold resulted in 

larger axonal length and area compared to scaffolds with laminin coating alone (Fig. 4D and 

4E) owing to the trophic support, contact guidance and ECM production by SCs10. On the other 

hand, long term cultures exhibited the opposite trend (Fig. 5G). We hypothesize that SC-axon 

association halts further neurite growth while the absence of SCs allows PC12 cells to freely 

extend neurites. In addition to this, we noted a decrease in axonal area from 21 to 28 DIV, 

indicating some axonal pruning overtime, which was mitigated in the presence of SCs, perhaps 

due to stabilization and maturation afforded by SC-axon association (Fig. 5G). This maturation 

is evidenced by the presence of compact and thick myelin layers, intercalated by nodes of 

Ranvier (Fig. 6F). Coating the scaffolds with laminin prior to SC addition did not seem to 

produce a difference in axonal or myelin area. Despite the known benefits of laminins presence 

to SC phenotype41 and our observed enhancement of SC proliferation (Fig. S3), this did not 

translate in a better PN model. As shown in Fig. 2 and Fig. S4, SCs are also able to produce 

and secrete laminin, and perhaps this exogenous supply sufficiently or more optimally 

maintained overall SC function.  

To mimic the PN 3D environment and to permit multiplanar cell growth, we covered the 

cell-seeded scaffolds with a fibrin hydrogel. However, we were initially concerned that axons 

within the fibrin matrix would lose their anisotropy without direct topographical guidance. To 

investigate this, we cultured a DRG in a scaffold embedded with fibrin and assessed the 

resulting neurite growth pattern throughout the whole construct. As exemplified in Fig. S6B and 

S6D, in the plane of the scaffold neurites follow an aligned pattern, which is expected from the 

contact guidance provided by the aligned microfibers. Interestingly, axons in the vicinity, but 

not in direct contact with the scaffold, also follow the substrate direction, even at a distance of 

100 μm from the substrate (Fig. 3C and Fig. S6D). Conversely, if an isotropic substrate such 

as a glass coverslip is used, neurite growth is isotropic in all planes of the construct (Fig. S6A 

and S6C). Since SCs are known to generate neurotropic factors that influence neurite growth, 
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our initial hypothesis was that endogenous SCs migrating from the DRG explant along the 

aligned scaffold might be generating a local gradient to direct neurite growth throughout the 

3D construct.  

To investigate this possibility, we took advantage of the homogeneity of the PC12 

system and the specific lack of endogenous glial cells. Even compared to iPSC-derived neural 

cultures, which also exhibit uncontrolled generation of endogenous glial cells48, our PC12 

cultures offer a clear model to study such interactions, where one can more assertively 

determine the mechanisms behind this behaviour. Using this model, we could clearly detect 

an overall anisotropic neurite pattern throughout the construct (Fig. 3C and Fig. 3F) with similar 

coherence values to bare scaffolds (Fig. S9D and S9F) regardless of whether SCs were added 

to the system. Particularly for fibrin-embedded scaffolds, neurite orientation was fairly constant 

among different conditions (Fig. S9F) and the highest for the laminin-coated scaffolds, such as 

in the DRG system. This suggests that the bottom axons, in contact with the directional 

substrate, are guiding top axons via paracrine signalling (up to a distance of 50 μm) and the 

similarity between DRG and PC12 cultures indicates that this mechanism is conserved 

between systems. While it is well known that many attractive and repulsive signals are active 

during axonal development for appropriate patterning, the identification of axon-axon paracrine 

signalling to guide growth is relatively recent49,50,51. Thus, we show a combination of contact 

guidance and cell-to-cell communication can synergistically generate anisotropic 3D neural 

growth. Further investigation would be required to determine the exact molecular players 

involved, but these preliminary results highlight the benefits of using this platform to explore 

this phenomenon compared simple 2D systems52 or animal models51.  

 Finally, to further emphasize the application potential of the PC12/SCs model we 

performed some tests at both an immature and mature stage of neural development. In the 

first days of the co-culture, axons are growing and still establishing an intimate association with 

SCs. This offers a window of opportunity to study specific proteins involved in axonal 

development and regeneration. To showcase this, we used antibodies to selectively block 

either axon-laminin (via integrin alpha-6) or axon-SC (via L1CAM) binding. Both antibodies 

resulted in partial neurite length reduction compared to control, evidencing the influence of 

either ECM or SCs during axonal growth (Fig. 7A). At this timepoint, we also used our system 

as a drug testing platform. For this, we tested the effects of suramin, a compound used to treat 

African trypanosomiasis (or sleeping sickness), on neuron morphology and viability. Suramin 

is known to produce adverse side effects that may result in peripheral neuropathies, resultant 

from large calcium influxes into the cytosol7.  As suggested by Franze et al.53, calcium influxes 

and intracellular level rise are also the first step in neurite retraction. Therefore, we 

hypothesized that suramin-induced calcium influxes would result in a reduced cell viability and 

neurite length. The report of  Von der Ahe et al. show a marked toxicity on DRG cultures above 
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300 μM exposure for 24 h7. From our data, we concluded that 24 h exposure to suramin (at 

200 μM) results in decreased PC12 neurite length and cell viability (Fig. 7B, C and D). 

Additionally, we also compared the performance of our scaffold with a traditional glass 

coverslip, which is the most common cell substrate to evaluate drug effects on neuronal cells. 

As seen in Figure S13, PC12 grown in scaffolds have neurites substantially more aligned 

compared to the isotropic and overlapping neurite growth observed on coverslips. This 

overlapping in particular makes evaluating neurite length a considerable challenge compared 

to the oriented growth on scaffolds. But more significantly, cells cultured on scaffolds exhibited 

a larger neurite retraction than cells cultured in coverslips (46% versus a 28% decrease 

compared to control, as seen in Figure S13C,). This denotes a higher sensitivity of our scaffold 

platform to evaluate neurotoxicity. We attribute this to the aligned neurites being able to 

undergo an easier, more natural neurite retraction compared to the randomly oriented neurites. 

Additionally, we believe that the scaffold stiffness, which is considerably softer than glass, can 

play a major role in enhancing neurite retraction. It is well reported that neurons prefer softer 

substrates to grown onto and that neurite retraction is facilitated by softer, more compliant 

environments53. Therefore, we conclude that our scaffold system, because it is softer and 

directs neurites into an aligned pattern is a superior alternative to traditional glass coverslips.  

Suramin was here selected as a proof of concept for drug testing. However, since this 

platform is affordable to produce and neurite morphology simple to quantify, high throughput 

screenings may also be conducted with several drug candidates at diverse concentrations. 

Besides neurotoxic substances, drugs with neurotrophic properties can be tested for their 

performance in an environment that recreates the initial stages of PN regeneration as provided 

by this platform.  

Long term cultures result in mature tissue formation and this allows the study of certain 

pathologies and drugs that affect the PN microenvironment. In diabetes, high blood glucose 

levels cause sorbitol accumulation, leading to tissue damage, such as myelin deformations, 

that ultimately can result in decreased nerve conduction velocity2,54,55. To prevent the 

detrimental consequences of sorbitol accumulation, some strategies aim at blocking the 

conversion of glucose to sorbitol by inhibiting aldose reductase, the reaction catalyzer 2,55,56. 

Aldose reductase inhibitors, such as epalrestat, have shown some promising results in in vivo 

and clinical studies2,33,57. To determine the efficiency of diabetes treatments, tools such as TEM 

are indispensable to evaluate and quantify myelin quality and deformations. These 

deformations are characterized by myelin layer decompaction, infoldings, outfoldings and other 

aberrant shapes, and can be qualitatively assessed via morphometric analysis54 or 

quantitatively measured via formulas such as the g-ratio or myelin decompaction 

percentage2,58. When looking at myelin cross sections representing the different culture 

settings (Fig. 7E), it is evident from the TEM micrographs that in hyperglycemic conditions, 
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myelin layers assume aberrant forms and become decompacted, as opposed to well defined 

concentric rings seen in a normal glycemia setting. These results are strikingly similar to those 

seen in the sciatic nerve cross sections of diabetic mice, reported by Hao et al.2, which highlight 

the applicability of this platform as a substitute for in vivo models. The addition of epalrestat 

(at 1 μM) in hyperglycemia cultures lead to a visible reduction in the appearance of aberrations 

and layer decompaction, although still exhibiting less compacted layers than the control 

cultures (Fig. 7E and Fig. S16). To analyse these results, we used the well established metrics 

of g-ratio and myelin decompaction percentage to determine the efficiency of the treatment. 

When measuring the g-ratio, we noted a significant decrease in hyperglycemic conditions, 

related with the presence of myelin abnormalities and decompacted layers. This is actually 

contrary to what was observed in other studies of diabetic rodents2,54, in which a higher g-ratio 

was observed, although marginally. We hypothesize that this is because these studies 

happened over a much longer period (> 1 month), during which demyelination (causes thinner 

myelin, thus higher g-ratio value) also takes place. Instead, our studies focuses on 

hyperglycemic exposure over a relatively short 48 h period, revealing that decompaction is 

dominant for acute hyperglycemia and not demyelination. When quantifying this 

decompaction, we indeed registered a marked increase in hyperglycemia cultures (Fig. 7G). 

On the other hand, when adding epalrestat in hyperglycemia cultures, myelin decompaction 

could be significantly mitigated to values close to normal glycemia cultures. However, the 

presence of still residual decompaction can explain why the g-ratio values were still lower 

compared to normal glycemia cultures (Fig. 7F). These results show that our model provides 

a simple and fast route to assess pathophysiological conditions and screen pharmacological 

candidates.  

 In summary, we built a platform that mimics the PN architecture, using a unique 

combination of primary SCs and neuronal cell line. In this way, we showed here the efficient 

and low-cost fabrication of large mature tissue comparable to all-animal based models. With 

this platform we illustrate here its potential to investigate mechanisms of neurite growth test 

and pathological axon and myelin damage, thus highlighting its usefulness in fundamental 

studies and preliminary testing. 
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Supplementary Figures 
 

 

 

 
 
Figure S1. PDMS support fabrication. A) Milled PMMA slab as a negative mold for the support. 

B) PDMS support with 16 mm inner diameter, 20 mm outer diameter and 1.5 mm height. C) 

PDMS support with a scaffold and fibrin hydrogel inside.  
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Figure S2. Characterization of Schwann cells (SCs) after isolation and purification. A) 

Brightfield microscopy image of SCs at P0. B) Immunoreactivity to S100 and P75 of SCs at 

P2. C) Immunoreactivity to CD90 of SCs or C3H/10T1/2 cells and respective positive event 

counting in D) (50 measurements in total).  Scale bar is 100 μm in A) and C) and 50 μm in B).  

 

 
 

Figure S3. Effect of fiber orientation and laminin coating on SCs. A) SEM micrograph of a 

scaffold’s individual fiber (average diameter of 1.36 ± 0.2 μm). B) Measurement of SC 

orientation on scaffolds with a random fiber morphology or with aligned fibers. C) Morphology 
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of SCs on random fiber or aligned fiber scaffolds (red: F-actin; blue: DAPI; scale bar is 100 

μm). D) SC proliferation over 7 days on aligned scaffolds with and without laminin coating. For 

this experiment we used n = 4 and repeated it once. The statistics were performed with two-

way ANOVA, followed by a Tukey’s HSD post-hoc test where **p < 0.0001 and ns means no 

significant difference, with p > 0.05. 

 

 
 

Figure S4. Extracellular deposition of laminin by SCs on the scaffold milieu. Immunostaining 

to a non-permeabilized sample showing only secreted laminin as visible by the white arrows 

(green: laminin; red: F-actin; blue: DAPI; scale bar is 50 μm).  

 

 

 
 

Figure S5. Fibrin gel rheological measurements. The measured storage modulus (G') was 

around100 Pa and the loss modulus (G'') around 7 Pa. These values correlate with those 

reported by Sun et al.1 for fibrin gels of similar formulation.  
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Figure S6. DRG neurite outgrowth after 7 days when cultured on a coverslip or scaffold with 

fibrin embedding. A) and C) When on top of a coverslip, neurites extend radially; B) and D) 

When cultured on top of the scaffold, DRG neurites extend anisotropically on the scaffold plane 

and on upper layers. A) and B) Immunostaining to βIII-tubulin (red; scale bar is 100 μm). C) 

and D) respective 3D reconstructions.  

 
 

 
Figure S7. PC12 spheroid formation and culture in fibrin gel. A) Spheroid formation on 200 μm 

agarose microwells (~50 cells per well; image taken at day 7, scale bar is 100 μm). B) and C) 
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Spheroid culture in fibrin gel at day 7. B) Brightfield image; scale bar is 100 μm; C) 

Immunostaining image of the differentiated spheroid (βIII-tubulin in green and DAPI in blue; 

scale bar is 50μm).  

 
 

 
 
Figure S8. Appendix of DRG/SCs short term co-culture analysis. Measurement of neurite 

alignment on scaffolds without (A) and with fibrin embedding (B). C) Neurite length on samples 

with fibrin embedding. Cell orientation in A) and B) is displayed as the coherence value, where 

0 is full isotropy and 1 is full anisotropy. Bars represent mean value ± SD. Neurite length in C), 

was calculated as the distance (in μm) between the cell body and the edge of the respective 

axon. The boxplots represent data points in the 1-99 percentile. In these experiments we used 

n = 6 and took either 10 (A and B) or 20 measurements (C) per sample. Statistics were done 

using one-way ANOVA, followed by a Tukey’s HSD post-hoc test where ns means no 

significant difference, with p > 0.05. 
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Figure S9. Appendix of PC12/SCs short term co-culture analysis. Measurements of (A) neurite 

length, (B) axonal area and (D) cell orientation of primed and non primed PC12 cells cultured 

on scaffold only. C) Nuclei count per field of view (FOV) of primed and non primed PC12 cells 

cultured on laminin only scaffolds. E) Neurite length and (F) cell orientation of primed PC12 

cultured in scaffolds with fibrin embedding. Neurite length, axonal area and cell orientation 

were measured as stated in other figures. For these experiments we used n = 6 and repeated 

the experiment once. To determine neurite length, we acquired at least 20 measurements per 

sample. For axonal area and cell orientation calculation, we acquired 10 measurements per 

sample. ****p < 0.0001, *** p < 0.01, **p < 0.01, *p < 0.05, ns is not significant (p > 0.05); one-

way ANOVA followed by a Tukey’s HSD post-hoc test (A, B, D, E and F) or unpaired t-test (C). 

Bars represent mean ± SD and boxplots represent data points in the 1-99 percentile. 
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Figure S10. Axonal and myelination area of primed and non primed PC12/SCs co-cultures. 

Axonal area was determined as the ratio of βIII-tubulin+ segments area and total image area. 

Myelination area is the ratio between MBP+ segments area and correspondent axonal area. 6 

replicates were used per experiment and the experiment repeated once. Statistics were 

determined with a two-way ANOVA test followed by a Tukey’s HSD post-hoc test. *** p < 0.01, 

**p < 0.01, *p < 0.05, ns is not significant (p > 0.05); 

 
 

 
Figure S11. TEM micrographs of primed PC12/SCs scaffolds embedded in fibrin and cultured 

for 28 days. Overview of several myelin segments cross-section, evidencing that the formation 

of compact myelin rings is repeated and in abundance throughout the construct. Scale bar is 

200 nm for A) and 500 nm for B). 
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Figure S12. Myelin thickness on A) DRG/SCs co-culture samples and B) PC12/SCs co-culture 

samples cultured for 28 days with or without fibrin embedding. In both experiments we used n 

= 6 and repeated these experiments once. Statistics were done with one-way ANOVA followed 

by a Tukey’s HSD post-hoc test, where * p < 0.0001, *p < 0.05 and ns denotes not significant 

with p > 0.05. Bars represent mean value ± SD. 

 
 

 
Figure S13.  Suramin test in primed PC12 cultured in coverslips or scaffolds for 7 days. 

Suramin was applied at 200 μM for 24h. As control, cells were cultured in normal medium. 

Cells are immunostained by βIII-tubulin, shown in red. B) Quantification of cell orientation for 

control cells in coverslips or scaffolds. C) Neurite length of control and suramin exposed cells 

cultured in coverslips or scaffolds. Cell orientation and neurite length were measured as 
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described above. For this experiment, we used 5 replicates and took around 20 measurements 

per sample. Statistics were performed using and unpaired t-test (B) or one-way ANOVA 

followed by a Tukey’s HSD post-hoc test (C). ****p < 0.0001, **p < 0.01. 

 
 
Figure S14. A) Live/Dead assay on PC12 cells (top row) and SCs (bottom row) in the presence 

of antibodies anti-L1CAM and anti-integrin α6 (control: medium with no antibodies; green: live 

cells stained by calcein-AM; red: dead cells stained by ethidium homodimer-1). B) Neurite 

retraction and apoptosis on PC12 cells cultured in coverslips and incubated for 24 h with 200 
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µM suramin. Control cultures were done with normal culture medium; Top panel shows cleaved 

caspase-3 staining (in green) and the bottom panel shows cleaved caspase-3 staining (in 

green), βIII-tubulin (in red) and DAPI (in blue). Scale bar is 100 μm.  

Figure S15.  Brightfield micrograph of a PC12/SCs co-culture in coverslips for 28 days. It is 

well visible the formation of myelin bands that appear as thicker and more light reflecting than 

unmyelinated neurites seen as thin dark filaments. It is also visible that myelin bands form in 

multiple directions and that many SCs do not associate with neurites.   

 

 
 

Figure S16. TEM micrograph showing and overview of several myelin cross sections from 

PC12/SCs cultured from 28 days and exposed to hyperglycemia (medium + 45mM glucose) 

with epalrestat (1 μM) supplemented. It is visible the widespread protective effect of epalrestat 

addition in mitigating myelin abnormalities and decompaction, although some are still visible. 

Scale bar is 200 nm.  
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Figure S17. Myelin decompaction analysis protocol. 1) A region of interest (ROI) is defined by 

surrounding the most outer myelin ring This ROI is saved and the area calculated. 2) A second 

ROI is traced surrounding the most inner myelin ring. Again, the ROI is saved and the area 

calculated. 3) The original image is converted to binary and the threshold adjusted to show 

myelin in black and decompacted/non-myelin existing areas in white. After, the area is 

calculated 4) The same is done using the second ROI. The value of expected myelin area 

corresponds to area (1) – area (2). The value of actual myelin corresponds to area (3) – area 

(4). The final decompaction value is calculated by the formula: (1 - (expected myelin area / 

actual myelin area)) x 100.  
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Supplementary Methods 

 
Agarose microwell fabrication and PC12 seeding 

 A 3% (w/v) sterile agarose solution was prepared and boiled until well dissolved. Then, 

8 ml were poured into a 6 well-plate containing an in-house fabricated PDMS stamp containing 

the pattern of the microwells. After centrifugation at 3500 rpm, the plate was chilled for 45 min 

at 4°C for agarose solidification. When solid, the agarose blocks were removed, cut and placed 

on a 12 well-plate and left in medium until further use.  

 For cell seeding, PC12 cell suspensions were seeded at 350 cells per microwell and 

left to aggregate for 3 days before further use. To remove, cells were flushed and transferred 

to laminin coated coverslips or fibrin gels.   
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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 (iPSCs)-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 (1µM) 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 build nociceptor innervation models. In 
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summary, we propose here an improved tool for neurobiology research that permits pathology 

modelling, drug screening and target tissue innervation. 

 

Introduction 

 

The ability to detect external noxious stimuli and internal organ dysfunction signals is 

essential to maintain physical integrity and homeostasis1. This process is mediated by 

nociceptors, which recognize 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 releasing neuropeptides, e.g. substance P, at the site of 

stimulus2,3. The perception of nociceptive pain is contingent on the continuity of sensory 

peripheral nerve (PN) fibers between target organs and the CNS4. However, the PN is a fragile 

and exposed tissue, prone to damage by trauma or disease5. Most cases of PN damage arise 

from diabetes type II pathophysiological imbalances6, which has prompted significant research 

into prevention and mitigation of diabetes-related disorders as well as strategies for neural 

tissue repair78. In other pathological situations, the aberrant presence of nociceptors within 

organs can lead to abnormal and excessive pain. That is the case of chronic pancreatitis (CP), 

in which the main symptom is severe abdominal pain, caused in part by peripheral 

sensitization9,10,11. Similarly, women with endometriosis, a benign condition affecting up to 10% 

of reproductive-aged women, experience nociceptive pain because of infiltrating nociceptors 

within endometriotic implants and inflammatory sensitization of peripheral nociceptors12.  

To better understand PNs growth, repair methods and involvement in associated 

pathologies, it is necessary to develop improved neurobiology research platforms. 

Furthermore, such platforms 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 tissue 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 stimuli13. Similarly, Jones et al.14 reported a sensory neuron model, with electrically 

excitable cells, obtained from human embryonic stem cell differentiation. Both models consist, 

however, of 2D disorganised 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 of Matrigel limits clinical applicability 

(potential batch-to-batch variability) and the resultant tissue morphology is still flat and random. 
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While 3D cultures exhibiting anisotropic neurites from iPSCs-derived motor neurons have 

already been reported for the creation of motor nerve16 or innervated muscle platforms17,18, 3D 

biomimetic models with functional sensory neurons remain to be established.  

We show here the development of a 3D sensory nerve model with biomimetic 

architecture and applicability for pathology modelling, drug testing and target tissue 

innervation. First, we developed a method to produce, in large-scale, uniform iPSCs-derived 

trunk neural crest (NC) spheroids (neurospheres) within an agarose mold. The neurospheres 

can be harvested from the mold and further differentiated 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 coverslips. Using our 

3D co-culture platform, we modelled 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 fibrin/scaffold nerve platform, we demonstrate that pancreatic pseudoislets and 

endometrial organoids can be incorporated to produce nociceptor-innervated tissue models.  

 

 

Materials and Methods 

 

Agarose microwell platform fabrication 

 A 3% (w/v) sterile agarose (Thermo Fisher Scientific) solution was prepared in PBS. 8 

ml of agarose solution were poured onto an in-house fabricated PDMS stamp with the negative 

template of 1580 microwells with 400 µm diameter. Centrifugation 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 phosphate buffered saline (PBS) solution and left at 4ºC until further use. The 

day before cell seeding, PBS was replaced with DMEM/F-12 medium (Thermo Fisher 

Scientific) and kept in the incubator at 37ºC, 5% CO2 overnight.  
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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 x 103 /cm2 

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).  

 

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 al19. Nociceptor induction was initiated using single cell 

suspension of undifferentiated iPSCs detached with accutase, followed by seeding of 200 

cells/microwell in mTESR1 medium supplemented with 10 µm of Y-27632 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 synchronization is initiated by the addition of mTESR1 medium supplemented with 1% 

dimethyl sulfoxide (DMSO). The cells were maintained for 72 h in the synchronization medium. 

Post synchronization cells were given a PBS wash and nociceptor induction was initiated by 

addition of dual SMAD inhibition media containing Advanced RPMI 1640 supplemented with 

Glutamax (both Thermo Fisher Scientific), 100 nM LDN-193189 (Tocris) and 10 μM SB431542 

(Tocris). The spheres were maintained for 48 h in the dual SMAD inhibition media. Following 

this, neural crest commitment was induced via media containing Advanced RPMI 1640 

supplemented with Glutamax, 3 µM CHIR99021 (Tocris) and 1 µM retinoic acid (Tocris). The 

spheres were maintained in the neural crest induction media for 5 days with media change 

every alternate day. Following this stage, the spheres were incubated in notch inhibition media, 

consisting of Advanced RPMI supplemented with Glutamax, 10 μM SU5402 (Tocris) and 10 

μM DAPT (Tocris), for 48 h.  

Finally, the neurospheres, composed of trunk neural crest cells, were collected and 

seeded on coverslips or scaffolds. In these substrates, cells were cultured in neural maturation 

medium for at least 5 days to reach the nociceptor phenotype. The neural medium is composed 

of Neurobasal Medium, 0.5 mM Glutamax, 100 U/ml penicillin and 100 μg/ml streptomycin (all 

Thermo Fisher Scientific), 100 ng/ml human nerve growth factor (NGF), 50 μg/ml ascorbic acid 

(all Sigma-Aldrich), 25 ng/ml human neuregulin-1 type III (NRG-1 SMDF) and N21 supplement 

(both from R&D systems). 
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Dissociated sensory neuron culture 

 iPSCs neurospheres were collected on day 9 of differentiation in an Eppendorf 

containing Advanced RPMI supplemented with Glutamax, and dissociated enzymatically with 

1ml of Trypsin EDTA for 10 min at 37°C and 5% CO2. Cells were pelleted at 290 g for 7 min 

and resuspended in neural maturation medium, followed by mechanical dissociation though 

gentle repeated pipetting. 5 x 103 cells/cm2 were seeded on Matrigel coated (1:200 in DMEM) 

35 mm petri dishes (for the patch clamp experiment) or 5 x 104 cells/cm2 on a 6 well plate (EIA 

experiment) and extra medium was added. The cultures were maintained in the same medium 

for up to 45 days, at 37ºC, 5% CO2, with medium refreshments every 3 days.   

 

Primary Schwann Cells harvesting, purification and culture 

 Primary Schwann cells (SCs) were harvested from the sciatic nerves of neonatal Wistar 

rat pups, following local and Dutch animal use guidelines.  Nerve segments were extracted 

and digested, followed by cell isolation and purification as described by Kaewkhaw et al.20.  

Briefly, the collected nerves were sliced and digested in a 0.05% (w/v) collagenase solution 

for 60 min at 37°C, 5% CO2. The cell suspension was filtered through a 40 µm cell strainer, 

centrifuged for 6 min at 400 g, followed by supernatant removal and cell pellet washing with 

DMEM containing 10% foetal bovine serum (FBS) and 100 U/ml penicillin and 100 μg/ml 

streptomycin. Cells were centrifuged again at 400 g for 6 min and the supernatant discarded. 

Finally, cell pellets were re-suspended with 2 ml of Schwann cell proliferation and purification 

medium, composed of DMEM D-valine (Cell Culture Technologies), 2 mM L-glutamine, 10% 

(v/v) FBS, 1% (v/v) N2 supplement (R&D Systems), 20 µg/ml bovine pituitary extract, 5 µM 

forskolin, 100 U/ml penicillin and 100 μg/ml streptomycin, and 0.25 µg/ml amphotericin B (all 

Sigma-Aldrich). Cells were then plated on 35 mm petri dish pre-coated with 0.01% (v/v) poly-

L-lysine (Sigma –Aldrich) and 1 µg/ml Laminin (R&D systems) and incubated at 37°C, 5% CO2 

for 7 days. The use of D-valine in place of L-valine was to inhibit fibroblast growth while 

permitting SCs survival and proliferation. On day 7, 1 ml of fresh medium was added and the 

medium changed every 2 days until 70 % confluency. Cells were used between passage 3 and 

6 (P3-P6). 

 

Scaffold fabrication and sterilization 

 The scaffolds were fabricated via a two-step electrospinning (ESP) process with a 

custom-built apparatus. The first step was the production of a release layer by electrospraying 

a solution of 50% polyethyleneoxide (PEO, Mn = 3350, Sigma-Aldrich) in Milli-Q onto aluminum 

foil. For this, the solution flowed through a 0.8 mm inner diameter stainless steel needle 

(Unimed S.A.) at 2 ml/h, while subjected to 20 kV onto a 60 mm diameter mandrel, placed at 

10 cm of distance and rotating at 5000 rpm.  Afterwards, a nonwoven polyurethane mesh (6691 
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LL (40 g/m2), provided by Lantor B.V., The Netherlands) was prepared by punching an array 

of 12 mm circular holes and placed on the mandrel, over the PEO sprayed-foil. We then 

produced the scaffolds by ESP of 300PEOT55PBT45 (PolyVation) in 75:25 

Chloroform/1,1,3,3-hexafluoroisopropanol solution onto the mesh support on the mandrel. For 

this process, the solution flowed through a 0.5 mm inner diameter stainless steel needle 

(Unimed S.A.) at 0.75 ml/h, while applying a voltage of 12 kV and at a distance of 10 cm from 

a rotating mandrel (at 5000 rpm). During both processes, the humidity was maintained at 35-

40% and the temperature at 22-24°C. Finally, we generated individual scaffolds from the 

polyurethane mesh by punching 15 mm-outer diameter sections concentric to the 12 mm holes, 

resulting in a thin ESP membrane supported by a polyurethane mesh ring. To detach the 

individual scaffolds, these were dipped in deionized water and left in PBS until further use. 

When required for cell seeding, the scaffolds were transferred to a 24 well plate and immersed 

in 70% ethanol for 1 h for sterilization, followed by several PBS washes and air-drying. These 

were then maintained in sterile PBS until needed. 

 

Peripheral nerve platform generation 

 To fabricate our PN platform we followed the process graphically illustrated in Fig. 1. 

While the iPSCs differentiate and form neurospheres as described above (Fig. 1 b1), we 

simultaneously seeded the scaffolds with 100 x 103 primary SCs and cultured these for 7 days 

with SC medium. During this time, cells proliferate and aligned with the scaffold fibers to form 

highly anisotropic SCs bands (Fig. 1 b2). After 7 days, when SCs bands are fully formed, we 

manually seeded one neurosphere per scaffold (Fig. 1 b3). After this, we let the neurospheres 

adhere to the substrate for at least 6 hours, before adding neural medium.  

 For comparison, we also cultured neurospheres on scaffolds devoid of SCs, but with 

laminin coating, Matrigel coating or no coating at all. For this, we incubated the scaffolds 

overnight with laminin solution: 100 μl of 1 μg/ml laminin-1 (R&D systems) and 2 μg/ml poly-

D-lysine (Sigma Aldrich) in PBS; or Matrigel solution: 100 ul of 1:200 dilution 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.  

 

Coverslip cultures 

 For sensory neuron marker characterization, we coated a 12 mm glass coverslip with 

laminin (same procedure as scaffold coating) and seeded one neurosphere 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 neurospheres on bare (no coating), laminin, 

Matrigel-coated or SCs-seeded 12 mm glass coverslips (same culture area as scaffolds).  The 
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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 x 103 

cells in total; ~8.3 x 103 cells/cm2). The cultures were maintained in neural medium for 7 or 21 

days at 37°C, 5% CO2, with medium refreshments every other day.  

 

Fibrin embedded peripheral nerve platform 

 To produce a 3D biomimetic PN platform we combined 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 Fig.1. First, 100 x 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 hydrogel, composed of 3.5 mg/ml human fibrinogen (Enzyme Research Laboratories), 5 

U/ml thrombin (Sigma-Aldrich) and 2.5 mM CaCl2. After gelation (~15 min), neural medium 

containing 100 μg/ml aprotinin was added. The cultures were maintained for 7 or 21 days at 

37ºC, 5% CO2 with medium refreshments every other day.  

 

Pancreatic pseudoislets generation and innervation 

 To innervate pancreatic pseudoislets, we first generated spheroids composed of a 

mixture of alpha TC1 clone 6 cells (ATCC, CRL-2934) and INS1E cells (AddexBio), then added 

these onto a neurosphere seeded scaffold. To do this, we started by expanding alpha TC cells 

in medium composed of DMEM, 15 mM HEPES, 0.1 mM non-essential aminoacids, 2 g/L 

glucose (all Thermo Fisher Scientific), 10% FBS, 1.5 g/L sodium bicarbonate (both Sigma-

Aldrich), 0.02% BSA (VWR) and INS1E cells in medium composed of RPMI, 2-

mercaptoethanol, glutamax, HEPES, 100 U/ml penicillin and 100 μg/ml streptomycin (all 

Thermo Fisher Scientific) and 10% heat inactivated FBS (Sigma-Aldrich). When ready, the 

cells were seeded on a 200 μm agarose microwell platform at a ratio of 3:7 alpha TC / INS1E 

cells to yield approximately 250 cells per spheroid. The spheroids were cultured for 3 days in 

medium composed of 1:1 alpha TC / INS1E medium, then flushed from the platform and 

carefully pipetted onto a laminin-coated scaffold already containing one 7-day grown 

neurosphere. The spheroids were left to adhere overnight, after which we added 300 μl of fibrin 

hydrogel composed of 3.5 mg/ml human fibrinogen (Enzyme Research Laboratories), 5 U/ml 

thrombin (Sigma-Aldrich) and 2.5 mM CaCl2. Cultures were maintained for 10 days with 

medium composed of 2:1:1 neural medium / alpha TC medium / INS1E medium at 37ºC, 5% 

CO2.  

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 
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fluorescent reporters genes21. Cell line Ishi-M3-HSD-A used in the present experiment was 

authenticated by Short Tandem Repeat (AmpFlSTR IdentifilerTM PCR Amplification Kit; 

Thermo Fisher Scientific) profiling and tested negative for mycoplasma (MycoAlert, Promega). 

Cells were maintained in standard monolayer culture as described earlier21, using RPMI 

1640 medium (Thermo Fisher Scientific) supplemented 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 Scientific), pelleted and 

resuspended in ice-cold Matrigel (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 and were subsequently covered with 

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 containing one 7-day grown 

neurosphere. The spheroids were left to adhere overnight, after which we added 300 μl of fibrin 

hydrogel composed of 3.5 mg/ml human fibrinogen (Enzyme Research Laboratories), 5 U/ml 

thrombin (Sigma-Aldrich) and 2.5 mM CaCl2. Cultures were maintained for 10 days with 

medium of neural/endometrium at 1:1 ratio, containing 100 ng/ml NGF, at 37ºC, 5% CO2.   

 

Flow cytometry 

iPSCs (100 x 103) were blocked for non-specific binding with 0.2 μg of polyglobin 

(Grifols) for 15 min at 4ºC, then incubated with the antibodies against human SSEA-3-AF647, 

SSEA-4-AF647, TRA 1-60-PE, TRA 1-81-PE (all from BD Biosciences) for 15 min at 4°C. The 

cells were then washed twice in 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 1mg/ml 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 

respective markers. The data acquired were analyzed using FlowJo software (FlowJo).    

 

RNA extraction, reverse transcription, and quantitative RT-PCR 

Harvested neural spheroids or cells were lysed in Trizol (ThermoFisher Scientific) and 

total 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 PCR System (Biorad) and iQ SYBR Green Supermix for qPCR 
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(Biorad). Relative mRNA expression levels were analyzed by the ΔΔCT method and 

normalized to GAPDH gene expression. Three replicates were used per condition. Detailed 

primer information is provided in table S1.  

 

Electrophysiology  

Membrane potential of iPSC neurons of ~40 days post-differentiation was recorded in 

current-clamp mode. Action potentials (AP) were elicited by application of 200 pA current for 5 

ms at a cycle length of 1 s. All measurements were performed in the whole-cell configuration 

at physiological temperature (37°C). Cells were superfused with an extracellular solution 

containing: 145 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 10 mM HEPES, 1.8 mM CaCl2, 10 mM 

glucose, adjusted at pH 7.4 with NaOH. Borosilicate glass pipettes were pulled (DMZ Universal 

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 capacitance and series 

resistance were measured and compensated in every cell. Signals were acquired with an 

AxoPatch-1D amplifier (Axon Instrument), connected to a Digidata 1322A (Axon Instrument) 

and sampled at 1 KHz after low-pass filtering at 10 KHz. The final results were taken from an 

average of 11 measurements, display in table S2.   

 

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 resininferatoxin (RTX) (Alomone Labs) or neural medium containing 100 mM 

potassium chloride (KCl) were added to the cultures. These were conditions incubated at 37ºC, 

5% CO2 for 5 min with gentle agitation. The supernatant was collected from each condition 

and immediately stored at -80ºC. To quantify the amount of substance P, we used the human 

substance P EIA kit (Phoenix PharmaceuticalsT, EK-061-05), and followed the manufacturer 

protocol. This experiment was performed once and five replicates per condition were used. 

 

iPSCs-derived nociceptors morphology after resiniferatoxin and capsazepine stimulation  

 Neurospheres were seeded on laminin-coated coverslips 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 control), neural 

medium containing 10 μM RTX or neural medium containing 10 μM RTX and 100 μM 

capsazepine (CPZ) (Sigma-Aldrich) (both with 1% EtOH). To evaluate the neurite morphology, 
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the initial 24 h of culture was tracked with brighfield microscopy and after this period the cells 

were fixed for subsequent immunostaining to βIII-tubulin. At t = 24 h cell viability was also 

quantified with the PrestoBlue™ Cell Viability Reagent (Thermo Fisher Scientific). Minimum of 

five replicates were used per condition.  

 

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. 

 

Hyperglycemia test  

The PN platform (without fibrin embedding) composed 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 hyperglycemic 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% 

paraformaldehyde for 20 min at room temperature. Following this, the samples were prepared 

for immunostaining and TEM as described below. Five replicates were used per condition.  

 

Immunocytochemistry and fluorescence microscopy 

Samples were fixed with 4% paraformaldehyde (PFA) for 20 min at room temperature 

(RT), rinsed thoroughly with 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% 

bovine serum albumin (BSA) in PBS, overnight at 4ºC, under mild agitation. Afterwards, 

samples were incubated overnight at 4°C with primary antibody solutions in blocking buffer. 

The next day, the samples were washed with a wash buffer 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 DAPI (0.2 µg/ml) 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 table S3 and S4 respectively. Images were acquired using either 

an inverted epifluorescence microscope (Nikon Eclipse Ti-e) or a confocal laser scanning 

microscope (Leica TCS SP8). 
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Transmission electron microscopy 

Samples were prepared by fixation with 4% PFA in PBS, followed by washing with 0.1 

M Cacodylate (3x for 15 min). Cells were fixed again with 2.5% glutaraldehyde in Cacodylate 

0.1 M overnight (minimum of 1 h), followed by washing with 0.1 M Cacodylate (3x 15min), post-

fixed with 1% Osmium tetroxide + 1.5% potassium hexacyanoferrate (II) trihydrate in 

Cacodylate 0.1 M, then washed again with 0.1 M Cacodylate 3x for 15 min. Then we proceeded 

to a dehydration series (70% for 30 min, 90% for 30 min and 2x 100% for 30 min), followed by 

propylenoxide 2x 30 min and Propylenoxide:Epon LX112 (1:1) overnight with stirring. Samples 

were covered with fresh epon LX112 7 h with stirring and embedded in beemcapsules with 

fresh epon 3 days at 60 ºC. 60 nm sections were then cut with a diamond knife, stained with 

uranyl acetate and lead citrate and imaged with a TEM (FEI Tecnai G2 Spirit BioTWIN iCorr).  

 

Image Analysis 

 3D image reconstructions and neurite/myelin volume measurements were processed 

with Amira (Thermo Fisher Scientific). All other images were prepared and analyzed using Fiji 

software (https://fiji.sc/). To quantify the different parameters of tissue morphology, we 

obtained and analyzed images of the whole sample.  To measure the orientation degree of 

fibers, neurites and myelin, we used the OrientationJ plugin22 and applied the Measure function 

over circular ROIs that capture the whole tissue to obtain the coherence values (where 0 is full 

isotropy and 1 is full anisotropy). To measure the neurite length, we used the Simple Neurite 

Tracer plugin23, and measured the distance between the cell bodies 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 occupied by the neurites, excluding cell bodies. 

Then, we divided this value by the total area of the scaffold. 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/)24. Myelin 

decompaction analysis was carried by first measuring the area below the most outer ring and 

the most inner ring (expected myelin 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 following formula: (1 - (expected myelin area / actual myelin area)) x 100. 

For all experiments we used at least 5 biological replicates per condition. For the tissue 

morphological analysis (neurite alignment, axonal area and myelin 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 5 measurements per sample.  
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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 point between the minimal 

and maximal value. Statistical significances were determined employing an unpaired t-test, 

one-way or two-way analysis of variance (ANOVA) followed by a Tukey’s honestly significant 

difference (HSD) post-hoc test (*p < 0.05, ** p < 0.01, ***p < 0.005, ****p < 0.0001 and ns is p 

> 0.05).  

 

Illustrations 

 Illustrations were designed with either Adobe Illustrator CC 2018 (Adobe), SolidWorks 

(Dassault Systèmes) or with biorender (https://biorender.com/).  
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Results 

 

 

Figure 1. Illustration of the fabrication steps for our PN in vitro platform and its applications. A) 

Illustration of a native PN depicting its hierarchical organisation and the presence of organised 

bundles with myelinated axons. B) Platform fabrication steps: 1) iPSCs differentiation into trunk 

neural crest cells and neurosphere formation (~ 200 cells per sphere); 2) Scaffold seeding with 
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primary rat SCs (100 x 103 cells) and formation of aligned SC bands after 7 days of culture; 3) 

3D PN platform assembly by neurosphere placement into the SC-seeded scaffold and co-

culture for 7 or 21 days. Fibrin hydrogel embedding permits 3D neural growth. C) Nerve 

platform applications: 1) Drug screening on mature myelinated tissue, under normal or 

pathological conditions; 2) Incorporation of target tissues to investigate nerve/target 

interactions.  

 

Generation of human nociceptor neurospheres from iPSCs 

 To generate human nociceptor neurospheres we followed a two-step process detailed 

in Fig. 2a. First, human iPSCs displaying a pluripotency phenotype (Fig. S1) were seeded on 

a 400 μm agarose microwell mold (200 cells/microwell; 1580 microwells) and the cells 

synchronized via DMSO treatment for 3 days. We then followed a differentiation protocol 

adapted from Chambers et al.19, in which human iPSCs were driven towards nociceptors, via 

a neural crest intermediate, in a quick and efficient manner. At day 2, and for 5 days, retinoic 

acid was supplemented together with CHIR99021 to promote cell aggregation. Retinoic acid 

supplementation is essential for the integrity of the spheroids, as its absence leads to poorly 

formed and loose clusters (Fig. S2b). At day 7, cells reached the neural crest stage denoted 

by the presence of SOX10+ cells (Fig. S2a). To distinguish between cranial and trunk neural 

crest cells, we immunostained cells for ETS1, a cranial marker, and Phox2B, a trunk marker25. 

As shown in Fig. 2b, most cells were Phox2B+ rather than ETS1+, evidencing commitment to 

the trunk phenotype. To confirm this, we also analysed gene expression at different time points 

(Fig. 2c). 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 downregulation 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 

signalling pathway through DAPT and SU5402 supplementation. At this stage, multiple uniform 

and cohesive spheroids (Fig. 2d and Fig. S2c) with an average diameter of 308.7 ± 38.6 μm 

were achieved. For the second part of the process (at day 9 of differentiation), the 

neurospheres were harvested 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 

protocol, whilst growing neurites in situ. To validate the acquisition of a nociceptor phenotype, 

we cultured 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 Fig. 2e, 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 nucleus (BRN3A correlated with DAPI). In sum, 



135 

 

we were able to generate a large number of even-sized nociceptor neurospheres in simple and 

quick manner.  

 

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 neural crest clusters (DAPI is shown in 

blue). C) Gene expression kinetics determined by quantitative RT-PCR analysis. Relative gene 

expression levels of transcripts to GAPDH expression at the indicated day point of 

differentiation of neural crest 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 
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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.  

 

Neuron function testing on nociceptor neurospheres 

Nociceptor neurospheres were either dissociated to single cells (Fig. 3a-c) or kept intact 

(Fig. 3d-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 from dissociated neurospheres showed a mean membrane capacitance of 16.2 

± 4.2 pF, a mean resting membrane potential (RMP) of -44.1 ± 7.1 mV. All probed neurons (n 

= 11) were excitable and able to fire APs with a mean AP amplitude of 67.4 ± 26.2 mV and an 

overshoot peak of 23.3 ± 28.5 mV (n = 8) (Fig. 3b). To probe sensitivity to noxious stimuli, we 

measured the secretion of substance P after stimulation with RTX, a TRPV-1 agonist and 

analog of capsaicin26. As exhibited in Fig. 3c, 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 increment of 1.6 times compared to RTX-

stimulated neurons (p < 0.01) and 3.8 times compared to unstimulated 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 skin27. 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 capsazepine (CPZ)26. To this end, the 

neurite morphology of nociceptor neurospheres was monitored 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 Fig. 3d, the 

neurites of neurospheres stimulated with vehicle (Fig. 3d left column and movie S1) or RTX 

plus CPZ (Fig. 3d right column and movie S3) remained unaffected and showed little 

movement, except for the natural movement of live neurons. Contrarily, when stimulated with 

RTX only (Fig. 3d 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 conditions, 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) (Fig. 3d and 3f). 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 difference (p > 0.05) among them, 

evidencing that despite neurite retraction, the neurons remain viable after RTX exposure (Fig. 

3g). In sum, the differentiated nociceptors were electrically active and could sense and react 
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to noxious stimuli. 

 

 

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 days old dissociated neurons. B) Representative action potential 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 (resininferatoxin, RTX; white bars) from 10-day 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 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 
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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 5 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.   

 

Fabrication of 2D PN platform:  

 

7 days culture  

 After characterization of nociceptor functionality, we developed a 3D biomimetic PN 

platform composed of a neurosphere/SCs co-culture on an aligned microfibrous scaffold (Fig. 

S3a). The scaffold is composed of aligned microfibers with an average diameter 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 coverslips and evaluated the performance of both substrates 

after 7 days of culture (Fig. 1b2). The scaffold fibers generated aligned and elongated bands 

of SCs, in stark contrast to the flattened and isotropic morphology of SCs cultured on glass 

coverslips (Fig. S3b). 

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 

coverslips/scaffolds that were uncoated, laminin-coated or matrigel-coated (Fig. 4). Uncoated 

coverslips did not even permit neurosphere attachment, while uncoated scaffolds allowed both 

neuron attachment and neurite outgrowth. This growth was however significantly shorter than 

all scaffolds with any form of coating (p < 0.0001) (Fig. S4a). When coverslips were pre-coated 

with laminin, matrigel or SCs, the neurospheres could attach and grow neurites (Fig. 4a, left 

column). The neurosphere morphology depended on the coverslips coating, as the cluster 

remained intact when coated with laminin (Fig. 4a top left image) or seeded with SCs (Fig. 4a 

bottom left image), but not when coated with Matrigel (Fig. 4a middle left image). In the latter, 

neurons dissociated from the cluster, proliferated 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 emanating 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 
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(p > 0.05) compared to uncoated scaffolds (2.4 ± 1.0%). When comparing neurite length, only 

coverslips with SCs were significantly higher compared to all other conditions (p < 0.0001) 

showing a mean length of 644.7 ± 258.2 μm (Fig. 4B). Regarding neurite alignment (Fig. 4c), 

coherence measurements indicated isotropic growth for all conditions with no significant 

differences between substrates.  

By comparison, neurospheres cultured on scaffolds showed significantly increased (p 

< 0.0001) neurite length and overall neurite alignment compared to coverslips with equivalent 

coatings (Fig. 4b and 4c). 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, showing 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 coverslip (p > 0.05), indicating that the lowest 

performing scaffold is equivalent to the optimal coverslip condition after 7 days of culture. 

Regarding axonal area, a Matrigel coating led to a significantly larger scaffold coverage (13.3 

± 6.4%; p < 0.001) compared to laminin or SCs (3.4 ± 1.9% and 3.9 ± 2.4%, respectively), 

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 

(Fig. S3c). In coverslips (Fig. S3c top images), neurite projection was radial, isotropic and 

disorganised. Moreover, SCs tended to migrate towards the neurosphere, grouping around it 

in high density. In contrast, SCs seeded on scaffolds maintained their aligned morphology (Fig. 

S3c bottom images) and neurites appeared to follow the directional cues provided by the fiber 

topography and aligned SCs, leading to an organised and anisotropic pattern. In sum, scaffolds 

preserved the neuron clustering and promoted longer and more aligned neurite outgrowth 

compared to coverslips.  
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Figure 4. Characterization of neurosphere morphology in coverslips or scaffolds, with different 

coatings, after 7 days 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 5 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. 
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21 days culture  

 After 21 days of culture, both neurite length and area increased compared to day 7. In 

coverslips cultures, SCs gradually led to neurosphere dissociation, similarly to the Matrigel-

coated coverslips, resulting in a neural network of multiple interconnected clusters; this 

hampered further axonal area quantification for both conditions. Only the laminin-coated 

coverslip preserved neurosphere integrity (Fig. 5a left column), with a neurite area of 12.4 ± 

7.1% (Fig. 5d) and the longest neurite growth (mean length of 1335.8 ± 772.8 μm) of all 

coverslip conditions (Fig. 5b). From day 7 to day 21 (Fig. S5), 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 condition 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 conditions (Fig. 5c).  

 All scaffold cultures, including uncoated scaffolds, exhibited an increase in length and 

axonal area compared to the earlier time point (Fig. 5a right column, Fig. S4b and Fig. S5). In 

terms of neurite length this temporal increment corresponded to 1.61 times for uncoated, 2.2 

times for laminin, 1.25 times for Matrigel and 1.9 times for SCs samples (Fig. S5). Compared 

to coverslips cultures, the neurite length (Fig. 5b) 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 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% (Fig. 4b 

and 4c).  

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 myelination results in thicker and straighter segments28 (Fig. 6a and Fig. S6), this 

hypothetically explains why we detected the highest neurite alignment for SC-seeded scaffolds 

(0.44 ± 0.16) (Fig 5a). 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, myelination was observed by day 21 as an 

abundance of MBP+ segments that spatially correlated with βIII-tubulin+ structures (Fig 6). In 

coverslips, the myelin was disorganised, randomly oriented and partially overlapping (Fig. 6a, 

Fig. S6a and Fig. S6b). These myelinated cultures were mechanical 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 (Fig. 6a bottom 
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image), with overall great mechanical stability. The presence of other mature myelin proteins, 

such as myelin protein zero (P0) was also detected (Fig. S6c).  

Quantification of myelin formation and morphology revealed that scaffolds had a larger myelin 

area (62.2 ± 19.73% versus 28.78 ± 21.34% in coverslips; Fig. 6c) and improved myelin 

alignment (0.25 ± 0.09 versus 0.07 ± 0.05 in coverslips; Fig. 6d). Further in-depth TEM analysis 

of a scaffold cross-section (Fig. 6e) 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. 

 

Figure 5. Characterization of neurosphere morphology in coverslips or scaffolds, with different 

coatings, after 21 days 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 
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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 5 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. 

 

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 MBP in gray) on 

coverslips (top) and scaffolds (bottom). 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) Myelination area (% 
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of βIII-tubulin+ area /MBP+ area). D) Myelin alignment (0 is full isotropy and 1 is full anisotropy). 

Both graph bars show the mean value ± SD. E) TEM micrograph of a myelin cross section, 

from a 21-day 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 5 images per sample. Statistics were performed with an 

unpaired t-test, where ****p < 0.0001 and ***p < 0.001.  

 

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 inhibitor29 (Fig. 7a). 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); normal neural medium was used as control. As shown in Fig. 7b, 

control cultures (left column) and those supplemented with epalrestat (right column) appeared 

normal, with no significant damage. Contrarily, hyperglycemia cultures (middle column) 

showed signs of myelin disruption, particularly visible by MBP immunostaining (in red). TEM 

micrographs of control cultures (Fig. 7c left image) revealed compact myelin layers with no 

particular irregularities. In hyperglycemia cultures (Fig. 7c middle image), it was particularly 

evident that myelin layers separated from each other, exhibiting a decompacted structure. 

Finally, myelin morphology in hyperglycemia with added epalrestat condition (Fig. 7c right 

image) resembled control cultures, with most layers well compacted and with no signs of 

abnormalities. TEM images were quantified according to g-ratio, a standard parameter, and 

myelin decompaction percentage, based on an established algorithm30. 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 (Fig. 7d). 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 

hyperglycemia with epalrestat registered decompaction value (13.8%) that was equivalent to 

control and significantly lower than hyperglycemia alone (p < 0.05). 

 In sum, hyperglycemia induce myelin damage, evidenced by layer decompaction, 

which could be mitigated with epalrestat supplementation.  
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Figure 7. Hyperglycemia-induced damage and epalrestat prevention, on 21-day 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 TEM micrographs, 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.   
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Development of a large PN biomimetic platform  

 To develop a more representative model that better emulates the 3D hierarchical 

microarchitecture of a PN, scaffolds containing neural and glial tissue were embedded in a 

fibrin hydrogel. In the 3D image reconstructions shown in Fig. 8a, scaffolds with no hydrogel 

generated a anisotropic and planar neurite growth (Fig. 8a left column) with only a small 

volume increase from day 7 to day 21, from 0.0025 μm3 to 0.0039 μm3, respectively (Fig. 8b). 

When co-cultures were supplemented with fibrin, neurite growth maintained directional 

alignment (similar to all conditions and time points, Fig. S7) but was notably multiplanar (Fig. 

8a right column), with still a small increase overtime but comparatively larger than bare 

scaffolds at both 7 DIV (~3 fold; 0.0078 μm3) and 21 DIV (~2 fold; 0.0094 μm3) (Fig. 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 (Fig. 8c), with a mean myelin volume of 0.0012 

μm3 versus 0.00046 μm3, respectively. This was also reflected in histological cross-sections 

(Fig. 8d), which showed a larger number of myelin rings in fibrin-scaffolds than in bare 

scaffolds.  

To showcase the long-term development and stability of this fibrin-embedded platform, 

we maintained the co-cultures for 35 days and evaluated the resulting tissue morphology. The 

engineered neural tissue retained its 3D organisation and exhibited highly aligned myelinated 

axons that achieved over 6.5 mm in length in all growth planes (Fig. 8e, 8f), which is the largest 

reported value in literature, to the best of our knowledge.  
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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) 
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of culture. B) Quantification of the neurite volume in cultures with (grey 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 (grey 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.  

 

Target tissue innervation  

 To demonstrate the potential of the fibrin PN platform to create innervated tissue 

models, we show a proof-of-concept using pancreatic pseudoislets (Fig.9 a-d) and endometrial 

organoids (Fig.9 e-h). Pancreatic pseudoislets were generated with a mean diameter of 41.9 

± 2.98 μm (Fig. S8a and S8b), composed of alpha (alpha TC1) and beta cells (INS1E) at a 

ratio of 3:731. Neurospheres were cultured on laminin-coated scaffolds for 7 days to initiate 

neural growth, after which several pancreatic pseudoislets were added and the entire construct 

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 to surround 

and innervate them (Fig. 9c, 9d). Further reflecting native rodent pancreatic tissue, alpha 

(glucagon+; in green) and beta cells (insulin+; in red) reorganised and formed segregated 

clusters according to cell type32. 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)21 was seeded within Matrigel domes to form organoids of regular size, with a 

mean diameter of 59.9 ± 12.1 μm (Fig. 9e-f; S8c-d). Matrigel domes containing several 

organoids were picked and positioned on a laminin-coated scaffold close to a 7 DIV 

neurosphere. After an additional 10 days, we confirmed that the endometrial organoids 

attached, survived, and retained their spherical shape throughout the co-culture period (Fig. 

S9). Nociceptors innervated the surrounding endometrial organoids, with neurites able to 
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penetrate through the Matrigel domes and establish an intimate association with endometrial 

cells (Fig. 9g, 9h, and S9).  

 

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 
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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). 

 

Discussion  

 

 Nociceptive pain perception is essential for normal organ function and physical integrity 

maintenance. However, sensory nerves can be affected by a multitude of insults, ranging from 

trauma to disease-induced neuropathies, which hinder this sensorial ability.  At the same time, 

nociceptive pain is a common symptom of a large range of pathologies, bringing discomfort 

and reduced life quality to diseased individuals. Current understanding of neuropathies and 

pain mechanisms in a pathological context is limited by current research tools, which consist 

of animal models or oversimplified 2D in vitro models. Animal models are expensive, difficult 

to assess and are not always clinically translatable to humans33. In vitro models, on the other 

hand, can provide an inexpensive, simple and direct translational research platform34. To date, 

some in vitro human nociceptor models, containing neurons that are able to elicit APs and are 

sensitive to noxious stimuli, have already been reported13,14. However, the tissue in these 

models does not replicate the 3D anisotropic axonal morphology that characterizes the PN 

(Fig. 1a). Moreover, the reported 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 representation limits the translational potential of the 

models and demands for improved biomimetic PN platforms.  

 In this work, we demonstrate the fabrication of a 3D culture platform containing 

functional iPSCs-derived nociceptors neurospheres with myelinated or unmyelinated 

anisotropic neurites. To produce these neurospheres we modified the protocol described by 

Chambers et al. for accelerated conversion of iPSCs into nociceptors19. In our two-step 

method, we started by seeding iPSCs on an agarose microwell device that induces the 

formation 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 mimic the dorsal root ganglion 

(DRG) morphology and can be easily picked and handled manually (Fig. 1b and 2D). 

Contrarily, other nociceptor differentiation protocols culture cells on flat surfaces, producing 

disorganised and non-homogeneous cultures19,35. Before commencing differentiation, we 

adopted a strategy for cell synchronization via DMSO treatment, which has been reported as 

an effective method to arrest the cell cycle36. Following this, the differentiation protocol was 

initiated and after 7 days, cells exhibited a trunk neural crest phenotype (Fig. 2b and 2c). 

Contrary to Chambers et al. protocol, we supplied retinoic acid after day 2, which has been 

reported as a promoter of trunk neural crest specification25 and enhanced the spheroids 
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cohesion (Fig. S2b). At day 9 of differentiation, the neurospheres were harvested for the 

second part of the process, where these were placed on the desired culture substrate and 

cultured 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 phenotype acquisition. In 

just a three-week period, we were able to obtain several neurospheres (over 1500) exhibiting 

characteristic nociceptor markers such as substance P, CGRP and TRPV-1 expression (Fig. 

2e). The obtained neurons were electrically active, presenting a RMP value slightly higher than 

other reported iPSCs neurons37,38, but all able to elicit APs when stimulated (40 DIV cultures; 

Fig. 3a; table S2). These differentiated nociceptors also released substance P in response to 

a noxious stimulus (RTX) (10 DIV cultures; Fig. 3B), denoting the presence of a functional 

TRPV-1 channel26,35. For these experiments, we used dissociated neuron cultures 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 neurospheres (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 endings39. This effect is observed on the skin, where after 

topical capsaicin treatment, epidermal nociceptor fibers are reversibly lost27. We could 

replicate this process using RTX, and additionally, neurite retraction could be significantly 

reduced by co-addition of a TRPV-1 antagonist (CPZ) (Fig. 3d, 3e, 3f; movie S3). After 24 h, 

all conditions showed similar metabolic activity (Fig. 3g), evidencing that nociceptors neurites 

can be targeted, without loss of viability, using a 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 (Fig. 1b), which we previously 

reported as suitable to induce anisotropic neurite and myelin formation from rat DRGs and 

PC12 cells30. Unlike other strategies that rely on platform wall constraining to induce axonal 

alignment16,17, we simply used a substrate whose fibers are highly efficient in directing parallel 

axonal growth. Moreover, the fibers coating can be easily customized, which endows the 

platform with high versatility regarding the chemical and cellular composition. To recreate a 

PN tissue, we pre-seeded the scaffold with SCs, which proliferated and organised in highly 

aligned cell bands within 7 days (Fig. S3b). These SC bands replicate the native bands of 

Büngner, which form in the regenerating PN, to stimulate and guide regrowing axons to their 

targets40. As a cell source, we used the rat sciatic nerves, from which SCs can be extracted in 

high yield, are easily purified20, and have been shown to efficiently myelinate human iPSC-

derived sensory neurons15. To better evaluate the influence of SCs in promoting neural growth, 

we compared them with scaffolds coated with laminin (major nerve ECM protein)41 and matrigel 
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(assortment of ECM proteins)42, which are standard coatings in in vitro PN models5. 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 scaffold promoted higher neurite length, alignment and area after 7 and 

21 days of culture. (Fig. 4 and Fig. 5). Scaffolds also displayed larger amounts of myelin and 

more aligned segments than coverslips cultures (Fig. 6) and, unlike coverslip coatings, all 

scaffold coatings maintained an intact neuron cluster that permitted neurite outgrowth 

comparable to a DRG explant. Uncoated substrates, i.e. not containing any adhesive units, 

such as laminin, are traditionally not supportive of neuron attachment, survival and growth43. 

However, uncoated scaffolds supported neural growth (Fig. S4) while uncoated coverslips 

could not even allow cell attachment. This can be explained by the scaffold favourable 

chemical and topographical properties. On one hand, PEOT/PBT does not require 

functionalization to allow nerve growth44, contrary to glass43. On the other hand, the aligned 

microfibers promote cell entrapment and induce anisotropic neural growth45,46,47, contrary to 

flat isotropic substrates. 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 from diabetes mellitus type II and a cause of peripheral 

neuropathy7,48. In this situation, excess intracellular glucose is converted to sorbitol by aldose 

reductase, resulting in sorbitol accumulation, and consequently in increased cellular 

osmolarity, oxidative stress and mitochondrial dysfunction that lead to cellular damage8,48,49. 

Hyperglycemia damage is characterized by axonal degeneration and myelin abnormalities, 

such as layer decompaction50,49 (Fig. 7a). 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 a positive influence in mitigating hyperglycemic 

damage8,29. To achieve an acute hyperglycemic state, supraphysiological glucose 

concentrations (45 mM) can be supplied in the culture medium, allowing a rapid modelling of 

blood glucose spikes30. In our experiment, acute hyperglycemic exposure caused axonal and 

myelin damage, morphologically similar to diabetic type II mice8, which was quantitatively 

manifested in increased layer decompaction and decreased g-ratio (due to layer separation), 

compared to control cultures. Supplementation of epalrestat to hyperglycemic cultures 

effectively mitigated the cellular damage, denoting a benefit of sorbitol reduction in damage 

prevention (Fig. 7). These results highlight the advantages that in vitro platforms provide in 

comparison to animal models, by permitting a rapid, simple and inexpensive but still accurate 
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modelling 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 

damage that reduces the level of experimental control and undermines data reliability50,51.  

To develop a more biomimetic PN model, we embedded the cell-seeded scaffold in a 

fibrin hydrogel. Fibrin is a natural material present during nerve regeneration and widely used 

within PN conduits and models52,53. Its addition permitted neurites to grow beyond the scaffold, 

resulting in a neurite and myelin volume enhancement compared to bare scaffolds, while 

maintaining anisotropy (Fig. 8 and movie S4). This suggests that the topographical 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 signalling30,54,55. Using the 

fibrin/scaffold PN platform, we demonstrated the ability to create myelinated tissue with long-

term stability and exhibiting neurite dimensions (over 6.5 mm) that, for in vitro platforms, are 

the highest reported to date, to the best of our knowledge16,56.   

 Finally, as a proof-of-concept, we build different nociceptor innervation models by 

incorporating target tissues within the fibrin/scaffold PN platform. As targets, we selected the 

pancreas, represented by pancreatic pseudoislets, and the endometrium, represented by 

endometrial organoids. Both the pancreas, during CP9,10, and the endometrium, during 

endometriosis57,58, are innervated by unmyelinated nociceptors, which can become sensitized 

and trigger nociceptive pain. However, the exact pain pathophysiological mechanisms remain 

to be elucidated and current research is exclusively conducted in animal models, due to a lack 

of representative in vitro models. In this work, we established culture conditions that permitted 

simultaneous survival of all tissues and nociceptor ingrowth towards the target tissue, within 

10 days of co-culture (Fig. 9). We did not further explore the mechanisms of nociceptor 

innervation or sensitization, as we intended to show the versatility of this platform in generating 

various nociceptor innervation models. With further development, this platform can provide a 

simple and inexpensive research tool to understand tissue-specific pathophysiology of pain as 

well as safely and quickly screen analgesic compounds. 

In summary, we demonstrate here the formation of a 3D biomimetic nociceptor platform 

that can be used to assess neural growth in fine-tuned microenvironments, to model diabetes-

related pathologies and to produce innervation models. We believe that the platform here 

proposed could be a new highly relevant tool for neuroscience, and in general for biomedical 

sciences.  
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Figure S1. Characterization of human iPSCs pluripotency. A) Flow cytometry analysis to the 

iPSCs surface markers: stage specific embryonic antigen 3 (SSEA-3) and antigen 4 (SSEA-4) 

(both conjugated with Alexa Fluor 647, AF647) and podocalyxin (Tra 1-60 and Tra 1-81) (both 

conjugated with phycoerythrin, PE). B) Immunostaining on iPSCs clusters to the pluripotency 

markers Oct-3/4 (top panel, red) and Sox2 (bottom panel, red), showing the robust expression 

of these markers on all cells. DAPI is shown in blue and the scale bar is 100 μm.  
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Figure S2. Characterization of neural crest cells obtained from iPSCs neural differentiation. A) 

SOX10 marker (green, top panel) indicates the acquisition of a neural crest phenotype. On 

bottom panel, the secondary antibody control (no primary antibody added), indicates the 

specific binding of the used SOX10 antibody. DAPI is shown in blue and the scale bar is 250 

μm. B) Cell clusters at the neural crest stage require retinoic acid for cluster aggregation. The 

image of the left shows cultures with no retinoic acid added showing their poor integrity. On 

the right side, cultures with added retinoic acid, evidence good cell aggregation and cluster 

integrity. The scale bar is 100 μm. C) Size distribution of clusters at the end point of the 

differentiation process (with retinoic acid).  
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Figure S3. SCs morphology after culture on coverslips or scaffolds. A) SEM micrograph of the 

scaffold fibers. Scale bar is 200 μm. B) SCs morphology after 7 days of culture on coverslips 

(left side) and scaffolds (right side). On coverslips, SCs are located randomly and are isotropic, 

while on scaffolds, SCs are well aligned. F-actin is shown in green and DAPI in blue. Scale bar 

is 100 μm. C) Co-culture of iPSCs neurospheres with SCs on coverslips (top panel) or scaffolds 

(bottom panel). SCs (marked by S100 in green) on coverslips cultures tend to group around 

the neurosphere in large numbers, while few cells remain randomly spread throughout the 

coverslip. On the scaffold cultures, SCs are tightly packed and remain well aligned over the 

whole scaffold. In both culture systems, axons (marked by βIII-tubulin in red) tend to follow and 

intimately associated with SCs. In coverslips, neurite projection is short and radial, while in 
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scaffolds the neurites are long and aligned with the SCs direction. In both panels, DAPI is 

shown in blue and the scale bar is 100 μm. 

 

 
Figure S4. iPSCs neurosphere morphology on scaffolds without coating or seeded SCs. A) 

iPSCs neurosphere after 7 days of culture and B) 21 days of culture. βIII-tubulin is shown in 

white and the scale bar is 1000 μm.  

 

 

 
 

Figure S5. Neurosphere neurite growth increment from day 7 to day 21 in coverslips and 

scaffolds. The bars represent the ratio between the mean length at day 21 and the mean length 

at day 7. As visible, the laminin condition was the one that promoted the largest growth 

increment between these time points.  
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Figure S6. Myelin morphology and characterization on 21 DIV iPSCs/SCs cultures. A) 

Brightfield image of iPSCs/SCs co-culture on coverslips, depicting the existence of several 

myelin segments. Scale bar is 300 µm. B) Detailed view of the area highlighted by the red box 

in A). Scale bar is 100 µm. Myelin segments, which appear thick, straight and gleamy, can be 

easily distinguished from unmyelinated axons that look thin, irregular and less reflecting. C) 

High magnification view of a myelin segment, immunostained for MBP (green) and protein P0 

(red).  

 

 
Figure S7. Neurite alignment measurement on neurosphere/SCs scaffold co-cultures with 

(black bars) and without (gray bars) fibrin embedding over 7 (left side) and 21 days (right side). 

The values represent the coherence of identical ROIs containing the neurites, where 0 is full 

isotropy and 1 is full anisotropy. The bar graphs are shown as mean ± SD. We performed this 

experiment once, and took over 5 images per sample (n = 4).  Statistics were performed with 

two-way ANOVA followed by a Tukey’s HSD post-hoc test, where ns is p > 0.05. 



165 

 

 

 

 
Figure S8. Generation and characterization of tissue spheroids for innervation within the 

peripheral nerve platform. A) Pancreatic pseudoislets made from alpha TC and INS1E cells 

and B) correspondent size distribution. C) Endometrium organoids formed from GFP+ Ishikawa 

cells within matrigel domes and D) respective size distribution. All scale bar are 100 μm. 

 

 
Figure S9. Endometrium organoid innervation in a 10-day co-culture platform. The organoids 

retain their shape as seen in the image, showing spatial correlation of GFP (in green) and DAPI 

(in blue). Nociceptor neurites are seen in the image on the middle by βIII-tubulin 

immunostaining (in red), and as demonstrated in the merged image (right hand side) these 
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neurites interact and surround the endometrium spheroid, to establish innervation. Scale bar 

is 100 μm. 

 

 

Human PHOX2B Forward TACGCCGCAGTTCCTTACAA 

Human PHOX2B Reverse GAAGACCCTTTCCAGCTCTTT 

Human ETS1 Forward GCAGAATGAGCTACTTTGTGGA 

Human ETS1 Reverse TTGCTAGGTCCTTGCCTCA 

 

Table S1. Used primers for qPCR of PHOX2B and ETS1 genes.  

 

 

Cell # Cm (pF) RMP (mV) Overshoot (mV) AP amplitude (mV) I step (pA) 

#1 24,0 -44,2 55,4 99,6 200 

#2 11,9 -40,6 67,2 107,8 200  

#3 14,0 -60,3 -9,1 51,2 200  

#4 13,0 -38,5 24,1 62,6 200  

#5 20,0 -44,7 -8,7 36,0 200  

#6 16,0 -37,5 13,1 50,6 200  

#7 13,0 -42,8 6,1 48,9 200  

#8 18,0 -44,1 38,6 82,7 200  

 

Table S2. Patch clamp results from 40 DIV dissociated iPSCs-derived nociceptors. 

 

 

Target protein 
 

Source Used dilution 

βIII tubulin Sigma-Aldrich, T8578 1:500 

S100 Sigma-Aldrich, S2644 1:100 

MBP Thermo Fisher Scientific, PA1-
46447 

1:50 

Phox2B Santa Cruz Biotechnology, sc-
376997 

1:50 

ETS1 Santa Cruz Biotechnology, sc-
55581 

1:50 

Substance P Abcam, ab14184 1:100 

CGRP Abcam, ab22560 1:500 

TRPV-1 Alomone Labs, ACC-030 1:100 

BRN3A Merck Millipore, MAB1585 1:100 

Myelin Protein Zero (P0) Novus Biologicals, NB100-
1607 

1:50 

Insulin Abcam, ab7842 1:50 

Glucagon Bio-Techne, NBP1-67575 1:750 

 

Table S3. List of used primary antibodies.  

 

 

Host Target Conjugated 
fluorophore 

Source Dilution 

Goat Mouse IgG 488 Thermo Fischer Scientific 1:500 

Goat Mouse IgG 568 Thermo Fischer Scientific 1:500 
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Goat Mouse IgG 647 Thermo Fischer Scientific 1:500 

Goat Rabbit IgG 488 Thermo Fischer Scientific 1:500 

Goat Rabbit IgG 568 Thermo Fischer Scientific 1:500 

Goat Guinea Pig IgG 647 Thermo Fischer Scientific 1:500 

Donkey Sheep IgG 488 Thermo Fischer Scientific 1:500 

 

Table S4. List of used secondary antibodies.  
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Abstract 

Phosphodiesterases type 4 (PDE4s) inhibitors have been extensively researched for diverse 

applications due to their anti-inflammatory and neuroregenerative properties. Recent 

formulations, with low emetic responses, such as roflumilast (ROFLU) and BPN17440 (BPN), 

have demonstrated cognitive enhancement benefits, but have not been tested yet in the 

context of peripheral nerve (PN) tissue regeneration and neuropathy. In this work, we 

demonstrate the impact of ROFLU and BPN treatment on Schwann cells (SCs) in vitro 

acquisition and maintenance of a myelinating phenotype, in a regeneration and diabetes 

model. Using a PN regeneration model, we showed that ROFLU significantly enhanced the 

expression of myelin genes (MAG, MBP and PLP) compared to the control vehicle (DMSO), 

while BPN dosing led to an increased production of MAG and MBP. SC treatment with PDE4 

inhibitors did not impede axonal outgrowth and myelination of iPSCs-derived nociceptors. In a 
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diabetes model representing a hyperglycemia scenario, SCs were induced to a myelination 

phenotype and then exposed to different hyperglycemia levels. ROFLU was tested for the 

prevention of de-differentiation and as a promoter of re-differentiation upon returning to 

normoglycemia. Under both regimes, the addition of ROFLU promoted increased expression 

and production of MBP. After returning to normoglycemia, ROFLU-treated SCs also expressed 

increased levels of PLP.  In sum, we demonstrate here that in vitro applications of PDE4 

inhibitors result in the enhancement and maintenance of SCs myelination phenotype, in a 

repair and pathophysiological scenario. Despite containing preliminary findings, this work 

suggests a potential benefit of PDE4 inhibitors for PN regeneration enhancement and as 

therapeutics for PN-related disorders such as diabetic neuropathy.  

 

Introduction 

Phosphodiesterases (PDEs) are a super family of enzymes responsible for the 

degradation of cyclic nucleotides, such as cyclic adenosine monophosphate (cAMP) and cyclic 

guanosine monophosphate (cGMP). PDE4 enzymes, a sub-family of PDEs with over 25 

isoforms, regulate cAMP dynamics in neuron and glial cells, accounting for 70 to 80% of PDEs 

in neural tissue1,2. Both cAMPs and cGMPs are well-established cognitive enhancers, 

contributing to long-term potentiation and memory formation/consolidation3. Abnormal cAMP 

signalling, resultant from anomalous PDE4 function, is associated with cognitive defects in 

neurodegenerative diseases, such as Alzheimer’s disease (AD)1. To combat these 

pathologies, the use of inhibitors of PDE4 isoforms has been investigated. Among these, 

rolipram has shown extensive evidence in preventing AD progression and enhancing cognitive 

abilities in AD mice models1,4,5. cAMP elevation is also required for glial cell differentiation and 

neural regeneration, in both the central and peripheral nervous system (CNS and PNS). In the 

CNS, multiple sclerosis (MS) is caused by demyelination which leads to nerve conduction block 

and axonal loss. To promote remyelination, cAMP elevation strategies using rolipram or via 

exogenous cAMP dosing, have shown improvement of oligodendrocyte precursor cells (OPCs) 

differentiation into oligodendrocytes, which are capable of de novo myelin formation after 

injury6. Rolipram treatment for spinal cord injury was also effective in promoting axonal 

regrowth and motor function recovery2.  

In the PNS, cAMP level regulation via PDE4 activity plays a crucial role, particularly in the 

events following a nerve injury7. In the initial stages of repair, Schwann cells (SCs) de-

differentiate to a regeneration phenotype and proliferate in high numbers to form cell bands 

termed bands of Büngner8. During this process, cAMP combination with other growth factors 

(GFs) is essential to stimulate SC proliferation9. Besides acting as a mitogen, cAMP also 

signals differentiation, by promoting the exit of cell cycle and adoption of a pre-myelinating 

phenotype9. This phenotype switch is characterized by upregulation of the transcription factor 
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Krox20 and concomitant downregulation of cJUN10, as well as upregulation of myelin-related 

genes such as myelin associated glycoprotein (MAG), myelin basic protein (MBP) and 

oligondendrocyte marker O1 (O1)9,10,11. The therapeutic efficacy of PDE4 inhibitors in 

peripheral nerve (PN) repair was clearly shown in mice via rolipram application within a nerve 

guide, resulting in faster regeneration of both motor and sensory nerve fibers compared to the 

saline-treated group12. However, it remains to be investigated if PDE4 inhibitors are therapeutic 

candidates to stimulate remyelination and to treat peripheral demyelinating neuropathies, 

similar to their application in the CNS. In particular, diabetes-induced neuropathies represent 

a highly prevalent and challenging pathology in which recurring transient hyperglycemia is 

responsible for SC de-differentiation, demyelination and ultimately axonopathy13,14,15. In this 

regard, PDE4 inhibitors could be explored as prophylactic measures to prevent SC de-

differentiation or as compounds that both promote PN regeneration and successful 

remyelination after a neuropathic episode. Despite its success in promoting 

neuroregeneration, rolipram has been associated with adverse side effects such as nausea 

and emesis, which further motivated the development of new formulations4,16. Second 

generation PDE4 inhibitors such as roflumilast (ROFLU) and BPN14770 (BPN) have both 

shown cognition enhancing properties, whilst triggering a milder emetic response4. However 

there is yet no evidence on the use of these drugs and other similar formulations for PN 

applications.  

In this work, we have developed three-dimensional (3D) in vitro models to test the 

influence of PDE4 inhibitors on SCs myelination phenotype, in a regenerative and 

hyperglycemia setting. Building on a PN regeneration in vitro model previously described in 

chapters 317 and 4, we used the 3D SC-seeded scaffold to build an analogue of bands of 

Büngner, and tested the effect of the PDE4 inhibitors, ROFLU (5 and 10 µM) and BPN (1 and 

5 µM), on the SC myelination phenotype. We discovered that ROFLU treatment promoted a 

significant upregulation of the myelin genes (MBP, MAG and PLP) and the transcription factor 

SOX10, whilst BPN administration had a low impact on SC gene expression. However, at the 

protein level, we detected the opposite, with the BPN-treatment leading to the highest MBP 

production. Co-cultures with iPSCs-derived neurons resulted in myelinated cultures after 14 

and 21 days, with no statistical significant differences between conditions (using the current 

metrics). To build a hyperglycemia in vitro model, we differentiated SCs on 2D laminin-coated 

surfaces and exposed them to high glucose culture conditions (30 and 45 mM glucose). 

ROFLU (10 µM) was supplemented to the cultures to investigate potential cell protective 

properties. Even in a hyperglycemic environment, ROFLU was able to enhance the SCs 

myelination phenotype. After return to normoglycemic levels, ROFLU-treated SCs exhibited 

repair characteristics such as high cJUN expression, but also high expression of MBP and 

PLP.  
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The PDE4 inhibitors here tested showed promising results in the context of PN 

regeneration, after injury or disease. The use of 3D in vitro models for such investigations 

provides a useful research tool to screen different formulations/doses and assess their 

biological effects with great ease. Further in-depth analysis of PDE4 inhibitors action may result 

in the discovery of new therapies for current untreatable maladies.  

 

Materials and Methods 

 

Scaffold fabrication and sterilization 

The scaffolds were made via an electrospinning (ESP) process with a house-built 

system. The first step was the production of a release layer by electrospraying a solution of 

50% polyethyleneoxide (PEO, Mn = 3350, Sigma-Aldrich) in Milli-Q onto aluminum foil. For 

this, the solution flowed through a 0.8 mm inner diameter stainless steel needle (Unimed S.A.) 

at 2 ml/h, while at 20 kV and at a distance of 10 cm from a 60 mm diameter mandrel rotating 

at 5000 rpm.  Afterwards, a nonwoven polyurethane mesh (6691 LL (40 g/m2), a kind gift from 

Lantor B.V., The Netherlands) was prepared by punching an array of 12 mm circular holes and 

placed on the mandrel, covering the PEO sprayed-foil. We then produced the scaffolds by ESP 

of 300PEOT55PBT45 (PolyVation) in 75:25 Chloroform/1,1,3,3-hexafluoroisopropanol 

solution onto the mesh support structure. For this, the solution flowed through a 0.5 mm inner 

diameter stainless steel needle (Unimed S.A.) at 0.75 ml/h, while applying a voltage of 12 kV 

and at a distance of 10 cm from a rotating mandrel (at 5000 rpm). During both processes, the 

humidity remained at 35-40% and the temperature at 22-24°C. Finally, we generated individual 

scaffolds from the polyurethane mesh by punching 15 mm-outer diameter sections concentric 

to the 12 mm holes, resulting in a thin ESP membrane supported by a polyurethane mesh ring. 

To detach the scaffolds, these were immersed in deionized water and left in phosphate 

buffered saline (PBS) until further use. When required for cell seeding, the scaffolds were 

transferred to a 24 well plate and immersed in 70% ethanol for sterilization during 1-2 h, 

followed by repeated PBS washes and air-drying. These were then maintained in sterile PBS 

until requested. 

 

Agarose microwell platform fabrication 

A 3% (w/v) sterile agarose (Thermo Fisher Scientific) solution was prepared in PBS. 8 

ml of agarose solution were poured onto an in-house fabricated PDMS stamp with the negative 

template of 1580 microwells with 400 µm diameter. Centrifugation 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 phosphate buffered saline (PBS) solution and left at 4ºC until further use. The 
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day before cell seeding, PBS was replaced with culture media containing Advanced RPMI 

1640 supplemented with 1X glutamax (Thermo Fisher Scientific) and kept in the incubator at 

37ºC, 5% CO2 overnight. 

 

Primary Schwann Cells harvesting, purification and culture 

Primary Schwann cells (SCs) were harvested from the sciatic nerves of neonatal Wistar 

rat pups, following local and Dutch animal use guidelines. Nerve segments were extracted and 

digested, followed by cell isolation and purification as described by Kaewkhaw et al.18 Briefly, 

the collected nerves were sliced and digested in a 0.05% (wt/vol) collagenase solution for 60 

min at 37°C, 5% CO2. The cell suspension was filtered through a 40 µm cell strainer, 

centrifuged for 6 min at 400 g, followed by supernatant removal and cell pellet washing with 

DMEM containing 10% fetal bovine serum (FBS) and 100 U/ml penicillin and 100 μg/ml 

streptomycin. Cells were centrifuged again at 400 g for 6 min and the supernatant discarded. 

Finally, cells were re-suspended with 2 ml of Schwann cell proliferation and purification 

medium, composed of DMEM D-valine (Cell Culture Technologies), 2 mM L-glutamine, 10% 

(v/v) foetal bovine serum (FBS), 1x N2 supplement (R&D Systems), 20 µg/ml bovine pituitary 

extract, 5 µM forskolin, 100 U/ml penicillin and 100 μg/ml streptomycin, and 0.25 µg/ml 

amphotericin B (all Sigma-Aldrich), then plated on 35 mm petri dish pre-coated with 0.01% 

(v/v) poly-L-lysine (Sigma –Aldrich) and 1 µg/ml laminin (R&D systems) and incubated at 37°C, 

5% CO2. The use of D-valine in place of L-valine serves to inhibit fibroblast growth while 

permitting SCs survival and proliferation. 1 ml of fresh medium was added at day 7 of culture 

and subsequently changed every 2 days until confluency. Cells were used between passage 

number 3 and 6 (P3-P6). 

 

iPSCs culture 

Human iPSC line LUMC0031iCTRL08 (Provided by the LUMC iPSC core facility) was 

cultured on Geltrex coated dishes at a density of 10 x 103 /cm2 in mTESR1 medium (Stem Cell 

Technology). Cells were fed every alternate day with completely fresh medium and passaged 

weekly using Accutase (Stem Cell Technology). Upon splitting, cells were cultured in mTESR1 

medium supplement with 10 µM of Y-27632 (Tocris) for 24 h and replaced with mTESR1 

medium for further maintenance. 

 

iPSCs differentiation into nociceptive neurons and neurosphere formation 

In order to induce iPSCs differentiation into nociceptors, we adapted and modified the 

protocol published by Chambers et al. Nociceptor induction was initiated using single cell 

suspension of undifferentiated iPSCs detached with accutase, followed by seeding of 200 

cells/microwell in mTESR1 medium supplemented with 10 µm of Y-27632 and 0.5% Geltrex 



174 

 

(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 synchronization is initiated by the addition of mTESR1 medium supplemented with 1% 

dimethyl sulfoxide (DMSO). The cells were maintained for 72 h in the synchronization medium. 

Post synchronization cells were given a PBS wash and nociceptor induction was initiated by 

addition of dual SMAD inhibition media containing Advanced RPMI 1640 supplemented with 

Glutamax (both Thermo Fisher Scientific), 100 nM LDN-193189 (Tocris) and 10 μM SB431542 

(Tocris). The spheres were maintained for 48 h in the dual SMAD inhibition media. Following 

this, neural crest commitment was induced via media containing Advanced RPMI 1640 

supplemented with Glutamax, 3 µM CHIR99021 (Tocris) and 1 µM retinoic acid (Tocris). The 

spheres were maintained in the neural crest induction media for 5 days with media change 

every alternate day. Following this stage, the spheres were incubated in notch inhibition media, 

consisting of Advanced RPMI supplemented with Glutamax, 10 μM SU5402 (Tocris) and 10 

μM DAPT (Tocris), for 48 h.  

Finally, the neurospheres, composed of trunk neural crest cells, were collected and 

seeded on coverslips or scaffolds. In these substrates, cells were cultured in neural maturation 

medium for at least 5 days to reach the nociceptor phenotype. The neural medium was 

composed of Neurobasal Medium, 0.5 mM Glutamax, 100 U/ml penicillin and 100 μg/ml 

streptomycin (all Thermo Fisher Scientific), 100 ng/ml human nerve growth factor (NGF), 50 

μg/ml ascorbic acid (all Sigma-Aldrich), 25 ng/ml human neuregulin-1 type III (NRG-1 SMDF) 

and N21 supplement (both from R&D systems). 

 

SCs culture on scaffolds 

SCs were seeded on scaffolds at a density of 100 x 103 cells per scaffold and cultured 

for 7 days in SC proliferation medium, at 37ºC, 5% CO2. This medium was composed of high 

glucose DMEM, 4 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin (all Thermo 

Fisher Scientific), 10% (v/v) FBS, 20 µg/ml bovine pituitary extract, 5 µM forskolin (all Sigma-

Aldrich) and 1x N2 supplement (R&D Systems). At day 7 of culture, the medium was changed 

to SC proliferation medium containing either DMSO (0.1% v/v), ROFLU (at 5 or 10 μM in 

DMSO) or BPN14770 (BPN, at 1 or 5 μm in DMSO). The cells were cultured for 7 more days, 

at 37ºC, 5% CO2, with medium refreshments every other day.  

iPSCs / SCs co-culture on scaffolds 

 SCs were seeded on the scaffolds and cultured with the PDE4 inhibitors as described 

above. For this experiment we used only SCs exposed to DMSO (control; 0.1% v/v); ROFLU 

(at 10 μM) and BPN (at 5 μM). At day 14 of culture in the scaffolds, the PDE4 inhibitors were 

removed and replaced with neural medium, composed of Neurobasal Medium, 0.5 mM 
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Glutamax, 100 U/ml penicillin and 100 μg/ml streptomycin (all Thermo Fisher Scientific), 100 

ng/ml human nerve growth factor (NGF), 50 μg/ml ascorbic acid (all Sigma-Aldrich), 25 ng/ml 

human neuregulin-1 type III (NRG-1 SMDF) and N21 supplement (both from R&D systems). 

At this stage, iPSCs-derived neurospheres were collected from agarose molds and seeded on 

the scaffolds (one neurosphere per scaffold) and culture continued until day 21. 

 

2D SCs culture and hyperglycemia model  

 SCs were seeded at 25 x 103 cells/cm2 on glass coverslips (12 mm) or tissue culture 

treated 24-well plates, both pre-coated with 1 μg/ml laminin-1 (R&D systems) and 2 μg/ml poly-

D-lysine (Sigma Aldrich) the day before and incubated overnight at 37ºC, 5% CO2. The seeding 

medium was composed by DMEM low glucose with 10% FBS (v/v). After 24 h of culture, the 

medium was changed to serum deprivation medium composed by DMEM low glucose with 1% 

FBS (v/v). After 24 h, the medium was changed to differentiation medium that contained DMEM 

low glucose with 1 % FBS (v/v) and 250 µM of 8-(4-Chlorophenylthio)adenosine 3′,5′-cyclic 

monophosphate sodium salt (cAMP, Sigma-Aldrich, C3912) diluted in H2O. Cells were cultured 

in these conditions for 3 days, then evaluated for the first time point (identical medium but 

lacking cAMP was used as control). For the de-differentiation experiments, the cells were 

cultured in the referred conditions until the first time point, then the medium was changed to 

hyperglycemia medium composed of DMEM low-glucose supplemented with either 30 or 45 

mM D-glucose (Sigma-Aldrich, G8270), 1% FBS (v/v), 250 µM cAMP and PDE4 inhibitors 

(ROFLU at 10 µM; BPN at 5 µM) or DMSO (0.1% v/v). Control medium was composed of 

DMEM low-glucose, 1% FBS (v/v), 250 µM cAMP and DMSO (0.1% v/v). The cells were 

cultured for 7 days, with medium changes every other day. After this period, the cells were 

analysed or maintained in culture with re-differentiation medium. This medium was composed 

by DMEM low-glucose, 1% FBS (v/v), 250 µM cAMP and supplemented with either ROFLU (at 

10 µM), BPN (at 5 µM) or DMSO. The cells were cultured for additional 7 days, until the final 

timepoint, with medium changes every other day. Control medium was composed of DMEM 

low-glucose, 1% FBS (v/v), 250 µM cAMP and DMSO (0.1% v/v).  

Quantitative polymerase chain reaction (qPCR) 

Total RNA was isolated from primary rat SCs (n = 5) using Qiazol reagent (Qiagen), 

before cDNA synthesis using the qScript cDNA synthesis kit (Quanta) according to the 

manufacturer’s instructions. Gene expression analysis was performed using a StepOnePlus 

detection system (Applied Biosystems). The reaction mixture consisted of SYBR Green master 

mix (Applied Biosystems), 10 µM forward and reverse primers, nuclease free water and cDNA 

template (5 ng/µl), up to a total reaction volume of 10 µl. The primer pairs used for amplification 

are listed below (table 1). Results were analyzed by the comparative Ct method and were 

normalized to the most stable housekeeping genes, determined by Genorm. 
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 FORWARD SEQUENCE (5’-3’) REVERSE SEQUENCE (5’-3’) 

Sox10 GCACGCAGAAAGTTAGCC TGTCACTCTCGTTCAGCAAC 

PLP TCTGCAAAACAGCCGAGTTC TGGCAGCAATCATGAAGGTG 

cJUN TCCACGGCCACGGCCAACATGCT CCACTGTTAACGTGGTTCATGAC 

MAG GCTACAACCAGTACACCTTCTC TGACCTCTACTTCCGTTCCTG 

MBP ACGCGCATCTTGTTAATCCG AAGTTTCGTCCCTGCGTTTC 

Krox20 GCCCCTTTGACCAGATGAAC GGAGAATTTGCCCATGTAAGTG 

BCL2 ATCGCTCTGTGGATGACTGAGTAC AGAGACAGCCAGGAGAAATCAAAC 

Bax CCAGGACGCATCCACCAAGAAGC TGCCACACGGAAGAAGACCTCTCG 

YWHAZ GATGAAGCCATTGCTGAACTTG GTCTCCTTGGGTATCCGATGTC 

ACTB TGTCACCAACTGGGACGATA GGGGTGTTGAAGGTCTCAAA 

 

Table 1 –Rat primers for qPCR. 

 

Western blot 

Cells were lysed with RIPA buffer (150 mM sodium chloride, 1% Triton X-100, 5% 

sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, containing 10 µl/ml protease and 

phosphatase inhibitor) and pooled (n = 8) onto a 15 ml falcon tube that was immediately placed 

at -80ºC. After that, the samples were separated with SDS-PAGE and the proteins transferred 

onto a PVDF membrane, which was subsequently blocked (5% non-fat dry milk, Tris-buffered 

saline with 0.1% Tween-20) for 1 h at room temperature. The membranes were incubated with 

primary antibody overnight at 4°C. The used antibody was 1:500 rat anti-MBP (MAB386 

Millipore, USA). For normalization, 1:1000 mouse anti-β-actin was (Santa Cruz Biotechnology, 

USA) used. The membranes were washed with TBS and TBS-Tween, and subsequently 

incubated with secondary antibody for 1 h at room temperature: 1:2000 Rabbit anti-rat (DAKO, 

Belgium), and 1:2000 Rabbit anti-mouse (DAKO, Belgium). Membranes were washed in TBS 

and TBS-Tween and bands were visualized using the ECL Plus detection kit (Thermo Fisher 

Scientific, Belgium) and the generated chemiluminescent signal was detected by a 

luminescent image analyzer (ImageQuant LAS 4000 mini; GE Healthcare, Belgium). ImageJ 

(http://imagej.nih.gov/ij/) was used to quantify the protein bands intensity. The measured 

intensity was corrected for background signals. 

 

Immunostaining 

Samples were fixed with 4% paraformaldehyde (PFA) for 20 min at room temperature 

(RT), rinsed thoroughly with PBS, and left in PBS until further use. Permeabilization was 
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carried 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% bovine 

serum albumin (BSA) in PBS for overnight at 4ºC, under mild agitation. Afterwards, samples 

were incubated overnight at 4°C with primary antibody solutions in blocking buffer. The next 

day, the samples were washed with a wash buffer composed of 0.05% Tween20 and 1% BSA 

in PBS and incubated for 2 hr at RT with secondary antibody solutions in wash buffer. Following 

this, we rinsed the samples with PBS, stained with DAPI (0.2 µg/ml) for 10 min at RT, and left 

them in PBS until imaging.  

The primary antibodies used were the following: anti-βIII tubulin (Sigma-Aldrich, T8578, 

1:500), anti-myelin basic protein, MBP (Thermo Fisher Scientific, PA1-46447, 1:50) and anti-

myelin associated glycoprotein, MAG (Abcam, ab89780, 1:100), anti-oligondedrocyte marker 

1, O1 (Novus Biologicals, MAB1327, 1:100), anti-Krox20 (Sigma-Aldrich, ABE1374, 1:100), 

anti-cJun (Cell Signaling Technologies, 9165S, 1:300), anti-p75 (Alomone Labs, ANT-007, 

1:50). The used secondary antibodies were the following: goat anti-mouse conjugated with 

Alexa Fluor 488; goat anti-mouse conjugated with Alexa Fluor 568 and goat anti-rabbit 

conjugated with Alexa Fluor 568 (all used at 1:1000).  

 

Microscopy and image analysis 

Images were acquired using either an inverted epifluorescence microscope (Nikon 

Eclipse Ti-e) or a confocal laser scanning microscope (Leica TCS SP8) and prepared and 

analysed using Fiji software (https://fiji.sc/). To quantify marker expression in 2D samples 

(coverslips and well-plates) and 3D scaffolds, we measured the mean signal intensity of each 

marker and divided this value by the total number of cells in the image. Cell count was 

performed using the standard Analyze Particles function to DAPI+ objects. For this experiment, 

we took at least 10 images per sample, and 5 replicates per conditions. To quantify protein 

presence in the western blot experiment, we first measured the intensity of the background 

(average of multiple spots). Then, histograms were acquired to quantify the pixels, their 

intensity and crossproduct of both. Only crossproducts that exceeded the background were 

registered and the sum of crossproducts is taken. The same was done for β-actin. Finally, MBP 

crossproduct was divided by β-actin crossproduct and the results expressed relative to control. 

To measure the axonal area, we first converted images of βIII tubulin+ cells to binary images 

and measured the pixel area occupied by the neurites, excluding cell bodies. Then, we divided 

this value by the total area of the scaffold. For the myelination area, we measured the pixel 

area of MBP+ segments and divided this value by the area of the scaffold. The myelination 

ratio was obtained by dividing the total myelin area by the corresponding total axonal area. To 

measure the neurite length, we used the Simple Neurite Tracer plugin (https://imagej.net/SNT) 

and measured the distance between the cell bodies and the edge of the respective axons. 
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Statistics 

We have generated the graphs and analyzed the data using the software GraphPad 

Prism. Bar graphs are shown as mean ± standard error mean (SEM). Statistical significances 

were determined employing an one-way analysis of variance (ANOVA) followed by a Tukey’s 

honestly significant difference (HSD) post-hoc test or a two-way ANOVA followed by Sidak’s 

multiple comparison test (*p < 0.05, ** p < 0.01, ***p < 0.005, ****p < 0.0001 and ns is p > 

0.05). In the first part (3D remyelination model) the comparisons are done relative to the DMSO 

control. In the second part (2D hyperglycemia model) the comparisons are done relatively to 

low-glucose controls (shown as control in the graphs).  

 

Results 

 

Fabrication of a 3D regeneration model and influence of PDE4 inhibitors on SCs myelination 

phenotype 

To build a model that replicates the initial stages of PN regeneration, we applied the 

same strategy followed in chapter 3. Briefly, primary rat SCs were seeded onto an electrospun 

scaffold (100 x 103 cells/scaffold), composed of aligned and ultrathin PEOT/PBT fibers (fig. 

S1A). The cells were left to proliferate and align with the scaffold, over the course of 7 days, 

while in SC proliferation medium. After this period, the scaffold was fully covered with highly 

anisotropic SC bands (fig. S1B). To evaluate the influence of PDE4 inhibitors on SC 

myelination phenotype, we cultured the cells for additional 7 days in SC proliferation medium 

supplemented with either ROFLU (5 or 10 µM), BPN (1 or 5 µM), or DMSO (vehicle control) 

(fig. 1A). At this time point, we could detect a contribution of PDE4 inhibitors supplementation 

to the acquisition of a myelinated phenotype, at both gene (fig. 1B) and protein level (fig. 2). 

The chosen set of genes for analysis comprised myelin basic protein (MBP), which encodes 

for a major constituent of the central and peripheral myelin sheath19; myelin-associated 

glycoprotein (MAG), encoding for a transmembrane protein that mediates axonal adhesion8; 

myelin proteolipid protein (PLP), a gene expressed by SCs but whose protein is not 

incorporated in the myelin sheath20; and SOX10, a gene encoding for the transcription factor 

that directs differentiation from neural crest cells towards SCs21. ROFLU addition promoted a 

significant upregulation of all these genes compared to control samples. Particularly for MBP 

expression, this increase was of 6.4-fold (p < 0.01) and 9.17-fold (p < 0.0001), for ROFLU at 5 

and 10 µM, respectively. For MAG expression, ROFLU addition led to an increase of 2.6-fold 

(p < 0.001) when at 5 µM, and 2.1-fold (p < 0.05) when at 10 µM. PLP expression was similar 

in both ROFLU concentrations, showing 3.5-fold increase (p < 0.0001) compared to control 

samples. Finally, for SOX10, ROFLU supplementation at 5 µM led to 3.0-fold expression 

increase, while at 10 µM the increase was of 2.2-fold. In general, BPN also promoted an 
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increase in the expression of these genes. However, only PLP was significantly (p < 0.05) 

upregulated compared to control, and for 5 µM in particular.  

Because the SC proliferation medium contains forskolin, a chemical that enhances 

intracellular levels of cAMP, we evaluated the influence of its addition on the SCs phenotype, 

as well as eventual synergies with the PDE4 inhibitors. For this experiment, we selected only 

one concentration for each PDE4 inhibitor (for simplicity reasons), using ROFLU at 10 µM and 

BPN at 5 µM, again with DMSO only as control (fig. S2). Besides the previously tested genes 

(MBP, MAG, PLP and SOX10), we also evaluated the expression of c-Jun, a transcription 

factor controlling the activation of SCs repair phenotype22; BCL2, an apoptosis inhibitor23; and 

Krox20, a transcription factor controlling SCs myelinating phenotype24. The myelin-related 

genes — MBP, MAG and PLP — all showed a significant higher expression in samples 

cultured with forskolin compared to those without. The only exception was for MBP, which 

presented equal transcript expression when supplemented with BPN, regardless of forskolin 

presence. In DMSO only samples, the individual contribution of forskolin could be better 

appreciated and it was clear that its presence alone had a large influence, by dramatically 

enhancing MBP (p < 0.001), MAG (p < 0.0001) and PLP (p < 0.0001) expression. Still, gene 

expression was further increased when forskolin+ cultures were co-added with PDE4 inhibitors 

instead, particularly with ROFLU. In cultures without forskolin, the influence of PDE4 inhibitors 

was less noticeable, and only BPN could significantly (p < 0.05) enhance MBP expression 

compared to DMSO control. The transcription factor genes, c-Jun and Krox20, and the 

apoptosis regulator gene BCL2, showed a similar pattern of expression regardless of forskolin 

presence, with ROFLU promoting a small but not significant increment. Finally, SOX10 

expression was greatly improved by forskolin presence, but only when co-added with ROFLU 

(p < 0.0001) and BPN (p < 0.05). 

In regard to myelin proteins production, namely MAG and MBP, there was also a 

generalized increment due to PDE4 inhibitors. ROFLU and BPN, at both tested concentrations, 

induced a stronger MAG and MBP expression on the 3D SCs bands, compared to DMSO 

control (fig. 2A). This expression was quantified and normalized to the total cell number (fig. 

2B), which showed that BPN at 5 µM led to an expression of MAG (p < 0.0001) and MBP (p < 

0.01) twice as large as control samples. To further validate these results, we collected and 

quantified the amount of produced MBP via western blot and verified that all PDE4 inhibitors 

led to a higher production of this protein compared to DMSO cultures (fig. 2C and 2D).  
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Figure 1. A) Illustration of the strategy followed to generate the SCs regeneration bands. SCs 

are seeded on aligned fibrous scaffold (100 x 103 cells per scaffold) and cultured for 7 days in 

proliferation medium. After this, the medium is changed to proliferation medium containing 

ROFLU (at 5 or 10 μM), BPN (at 1 or 5 µM) or DMSO (vehicle control at 0.1% v/v) and cultured 

for additional 7 days. B) SC gene expression after culture with ROFLU, BPN or DMSO. 

Supplementation with ROFLU, at 5 or 10 μM, significantly upregulates the expression of MBP, 

MAG, PLP and SOX10 compared to DMSO control. BPN supplementation promotes a small 

but not significant gene upregulation, except for PLP, when at 5 μM. Transcript expression 

level is normalized to DMSO values. This experiment was performed twice, using five 

replicates per condition. Bar graphs represent mean ± SEM. Statistics were performed using 

one-way ANOVA followed by Tukey’s HSD post-hoc test where ****p < 0.0001, ***p < 0.001, 

**p < 0.01 and *p < 0.05. Illustration was designed with biorender (https://biorender.com/). 
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Figure 2. Expression of myelin proteins on SCs regeneration bands after culture with DMSO, 

ROFLU or BPN. A) Immunostaining of MAG (top row, green) and MBP (middle row, red) on 

the SCs bands after culture with the PDE4 inhibitors. The bottom row shows the merged 

channels, where DAPI is shown in blue and scale bars are 100 μm. The expression of MAG 

and MBP was higher in the conditions supplemented with the PDE4 inhibitors compared to 

control, particularly for BPN at 5 μM. B) Quantification of the immunostaining images, 

confirming a significantly higher expression of MAG and MBP in cultures with added BPN (at 

5 μM), compared to control. This quantification was performed by dividing the mean signal 

intensity of MAG+ or MBP+ cells by the total number of cells in the image (DAPI count). This 

experiment was performed twice, using at least five replicates per condition. For imaging 

analysis, at least five images were taken per sample. Bar graphs represent mean ± SEM. 
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Statistics were performed using one-way ANOVA followed by Tukey’s HSD post-hoc test 

where ****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05. C) Western blot analysis of MBP 

and β-actin. D) Quantification of band signal intensity, showing higher MBP production in 

cultures supplemented with ROFLU and BPN compared to control. This experiment was 

performed twice using 8 pooled replicates per condition.  

 

Co-culture of iPSCs-derived neurospheres with SCs in a 3D myelination model 

 After discovering a positive influence of PDE4 inhibitors on SC myelination phenotype, 

at both gene and protein level, we proceeded to investigate if that would translate to higher 

myelination capacity of co-cultured iPSCs-derived neurons. To test this, we followed the same 

protocol described in fig. 1A to generate 3D SCs bands cultured with PDE4 inhibitors, in 

particular ROFLU at 10 µM, BPN at 5 µM or DMSO only. At day 14, we added the iPSCs-

derived neuron spheroid, generated via the method described in chapter 4, and maintained 

the co-cultures for additional 14 or 21 days in neural medium (same for all conditions and 

absent of PDE4 inhibitors). All conditions promoted a dense and long neurite outgrowth from 

the cluster region, in a highly aligned fashion that resembled the native peripheral nerve tissue 

architecture (fig. 3A). At the end of the culture period, a high number of neurites were fully 

covered with a myelin sheath, evidencing proper nerve tissue maturation (better visible in fig. 

S4) and displayed an average length of 4165.9 ± 700.9 µm for DMSO, 4381.1 ± 385.0 µm for 

ROFLU and 4532.4 ± 938.6 µm for BPN. To further quantify nerve tissue formation, we 

analysed the axonal area, myelin area and myelination ratio (obtained from the ratio of the first 

two). After 14 days of culture, ROFLU scaffolds contained the highest axonal area (0.68 ± 

0.24%) and consequently myelination area (0.30 ± 0.14%) compared to DMSO (0.23 ± 0.02% 

axonal area and 0.07 ± 0.01% myelination area) and BPN (0.17 ± 0.03% axonal area and 0.08 

± 0.02% myelination area) scaffolds (fig. S3A and S3B). In terms of myelination ratio, all 

conditions presented similar results with actually BPN scaffolds containing the highest ratios 

(48.47 ± 6.83%), followed by ROFLU (38.43 ± 7.47%) and DMSO (31.3 ± 3.648%) scaffolds 

(fig. S3C). After 21 days of culture, the same trend continued with ROFLU supplemented 

cultures presenting the highest axonal area (4.12 ± 0.94%) and myelination area (2.84 ± 

0.58%). BPN added samples led to the second highest values, with 3.15 ± 0.33% of axonal 

area and 1.17 ± 0.31% of myelination area and finally DMSO only scaffolds produced an 

axonal area of 2.47 ± 0.69% and a myelination area of 1.16 ± 0.52% (fig. 3B and 3C). 

Myelination ratio analysis showed that ROFLU samples led to highest values (72.47 ± 5.03%), 

however not significantly different than BPN (53.24 ± 5.07 %) and DMSO (70.04 ± 8.98%) 

cultures (fig. 3D).  
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Figure 3. 3D scaffold co-culture of SCs and iPSCs-derived neurons for 21 days. Prior to 

neuron seeding, SCs (100 x 103 cells/ scaffold) were cultured initially in SC proliferation 

medium (for 7 days) and then on SC proliferation medium with either ROFLU (10 μM, middle 

image), BPN (5 μM, bottom image) or DMSO (control, 0.1% v/v, top image) for extra 7 days. 

A) Immunostaining micrographs of βIII-tubulin (green), MBP (red) and DAPI (blue), showing 

the neurite outgrowth and myelination of iPSCs-derived neurons. Scale bar is 1000 μm. B), C) 

and D): Quantification of the axonal area (B), myelination area (C) and myelination ratio (D) 

from the 3D co-cultures. Axonal area was determined by the ratio of βIII-tubulin+ segment area 

(excluding cell body area) with the total scaffold area. Myelination area was determined by the 
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ratio of MBP+ segment area (excluding cell body area) with the total scaffold area. Myelination 

ratio was calculated from the ratio of MBP+ with βIII-tubulin+ segments on the same image. 

This experiment was performed twice with 5 replicates per condition. For the image analysis 

we took one image per sample, capturing the whole tissue. Statistics were done using one-

way ANOVA followed by Tukey’s post-hoc test. The note n.s. means not significant.  

 

SCs differentiation into a myelinating phenotype 

 To test a potential protecting role of PDE4 inhibitors on SCs cultured under 

hyperglycemic conditions, we devised a 2D hyperglycemia model that allows to easily screen 

the SCs phenotype under different circumstances (fig. 4A). To build this model, we seeded the 

SCs (25 x 103 cells/cm2) on laminin-coated surfaces (glass coverslips or tissue treated well-

plates) and after 24 h we deprived the cells of serum (reduced from 10% to 1 %) in order to 

arrest the cell cycle and induce cell synchronization25. After that, we induced SCs differentiation 

into a myelinating phenotype by exposing cells to a culture medium containing a cell membrane 

permeable cAMP analog. cAMP elevation correlates with a SCs shift to a myelination 

phenotype and in vitro reports show that exogenous cAMP supplementation is a robust 

promoter of this phenotype switch10,26. After 3 days of culture with cAMP (at 250 µM), we 

noticed a dramatic shift in SCs morphology and phenotype. Regarding cell morphology, SCs 

exposed to cAMP adopted a flattened shape with a large cytoplasmic-to-nuclei ratio, while SCs 

in control conditions remained elongated with a low cytoplasmic-to-nuclei ratio (fig. 4B). 

 Quantification of cell area showed that cAMP-treated SCs enlarged to over 5 times the 

area of control SCs (p < 0.05, fig. 4C). Gene expression analysis (fig. 4D) revealed that the 

cAMP treatment induced a dramatic upregulation of Krox20 to 16-fold (p < 0.001) compared 

control, whereas cJUN expression was 3-fold lower (p < 0.0001). The myelin gene PLP 

remained at similar expression levels, but MBP expression was nearly 4-fold higher (p < 0.01) 

in cAMP-treated SCs. Both SOX10 and BCL2 gene analysis showed a 5-fold (p < 0.0001) 

downregulation in differentiated cells. Protein expression was also visualized and quantified 

via immunostaining analysis (fig. 4E and 4F). Again, Krox20 expression is significantly 

increased (p < 0.05) in differentiated SCs, while cJUN is significantly reduced (p < 0.05). 

Despite some visual differences (fig. 4E), the overall quantification analysis of MAG, MBP, O1 

(oligodendrocyte marker O1, which is associated with SCs myelinating phenotype switch10) 

and p75 (modulator for SC myelination and promoter of nerve regeneration27) expression did 

not show any major discrepancies between both conditions (fig. 4F).   
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Figure 4. 2D differentiation of SCs into a myelinating phenotype. A) The designed culture 

protocol to create a 2D model of hyperglycemia on differentiated SCs, while testing PDE4 

inhibitors action. B) SCs morphology at day 5 after culture in medium containing cAMP (right 
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image) or not (left image). Red is F-actin and blue is DAPI. Scale bar is 100 µm. C) Cell area 

measurements of day 5 differentiated SCs, showing that the cAMP treatment induces cell 

enlargement. The values are shown as cell area (pixel area of F-actin) divided by cell number 

(DAPI count). D) SC gene expression at day 5 after culture with cAMP. Control medium was 

absent of cAMP. Transcript expression level is normalized to control values. E) 

Immunostaining micrographs taken from day 5 SCs after differentiation with cAMP (top row). 

Control medium (bottom row) was absent of cAMP. O1, MAG and c-Jun are shown in green. 

Krox20, MBP and p75 are shown in red. DAPI is shown in blue. Scale bar is 50 µm. F) 

Respective quantification of the marker expression intensity normalized to the cell number 

(DAPI count). This set of experiments was performed once, using five replicates per condition. 

Bar graphs represent mean ± SEM. Statistics were performed using an unpaired t-test where 

****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05. 

 

2D hyperglycemia model and PDE4 inhibitors influence on SC de-differentiation 

After differentiating SCs to a myelination phenotype via cAMP exposure, we probed 

cell de-differentiation as a result of hyperglycemia and tested if the PDE4 inhibitor ROFLU is 

able to mitigate it. For this, we cultured the differentiated cells for 7 days under 30 mM or 45 

mM, with ROFLU (added at 10 µM) or DMSO (at 0.1% v/v). Low glucose (5.5 mM) medium 

containing DMSO (0.1% v/v) was used as control (fig. 4A). Gene analysis (fig. 5A) showed that 

despite cJUN expression levels remaining unchanged throughout the different conditions, a 

reduced Krox20 expression in high glucose conditions suggests a hyperglycemia-induced SC 

de-differentiation. Regarding MBP, we observed an increased expression in both 45 mM 

glucose samples, but with a substantial upregulation to 4-fold (p < 0.001) in ROFLU-

supplemented cultures. The other myelin gene, PLP, also showed a moderate increase (p < 

0.05) for both 45 mM glucose conditions. Finally, SOX10 expression was dramatically 

enhanced due to ROFLU addition, exhibiting a 6-fold increase (p < 0.05) at 30 mM and a 4-

fold increase at 45 mM. Contrarily, DMSO conditions showed SOX10 expression levels similar 

to control samples.  

Phenotype analysis, via immunostaining micrograph quantification (fig. 5B), revealed 

that MAG and p75 expression remained unaffected in high glucose environment cultures. 

Similarly to gene expression, MBP presence was also significantly enhanced (p < 0.0001) in 

ROFLU-containing cultures exposed to 45 mM glucose. In contrast with Krox20 gene 

expression, the presence of this marker was increased in the 45 mM glucose condition, 

particularly in samples supplemented with ROFLU (p < 0.001). Finally, O1 marker presence 

was significantly enhanced in both ROFLU concentrations, with the highest values 

corresponding to the 45 mM condition.  
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Figure 5. 2D culture of differentiated SCs in hyperglycemic conditions for 7 days, in the 

presence of ROFLU (at 10 µM) or DMSO (vehicle control). Glu 30 means glucose at 30 mM 

and Glu 45 means glucose at 45 mM. Control medium contained 5.5 mM glucose. A) 

Immunostaining micrograph quantification calculated from the mean marker intensity divided 

by the cell number (DAPI count). B) SC gene expression level normalized to control values as 

determined by qPCR. This set of experiments was performed once with 5 replicates per 

condition. For the image analysis we took at least 8 images per sample. Statistics were done 

using two-way ANOVA followed by Dunnett's multiple comparisons test, where ****p < 0.0001, 

***p < 0.001, **p < 0.01, *p < 0.05 and n.s. means not significant.  
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SCs re-differentiation in normoglycemia  

After culturing the cells in hyperglycemic medium for 7 days to induce de-differentiation, 

we exposed the SCs to medium containing low-glucose and ROFLU (10 µM), for another 7 

days, to investigate its influence in promoting re-differentiation (fig. 4A). Analysis to the gene 

profile (fig. 6A) demonstrated that the transcription factor cJUN was significantly upregulated 

(p < 0.05) in conditions pre-exposed to 45 mM glucose and treated with ROFLU, while the 

other conditions presented similar values to control. Krox20 gene expression showed that all 

hyperglycemic conditions were downregulated compared to control and that ROFLU-treated 

samples exhibited the lowest Krox20 expression levels. These results suggest lack of 

differentiation, however when analysing MBP and PLP expression we found contrary evidence. 

Both ROFLU treated groups presented higher (although not significant) levels of MBP 

expression. PLP expression was also higher in the ROFLU-treated condition, when at 30 mM, 

but not at 45 mM glucose. The high glucose conditions with DMSO showed lower PLP 

expression levels compared to control.  

Regarding protein expression, the p75 marker was present in higher quantities in most 

hyperglycemic conditions (except for the 45 mM DMSO group), while Krox20 expression was 

found slightly lower, but not significantly, in these conditions. Regarding O1 expression, all 

groups exhibited almost equal values. The myelin marker MBP showed equal values 

compared to control for the 30 mM DMSO and 45 mM ROFLU group, while the other conditions 

showed slightly lower values. Finally, MAG expression was even increased (not significantly) 

in the 30 mM DMSO and 45 mM ROFLU groups, while the remaining conditions showed again 

expression values at a lower level than control samples.  
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Figure 6. 2D culture of de-differentiated SCs in differentiation medium for 7 days, in the 

presence of ROFLU (at 10 µM) or DMSO (vehicle control). Cells were previously cultured in 

hyperglycemic conditions for 7 days, where Glu 30 means glucose at 30 mM, Glu 45 means 

glucose at 45 mM and control refers to cells cultured in low glucose (5.5 mM) A) 

Immunostaining micrograph quantification calculated from the mean marker intensity divided 

by the cell number (DAPI count). B) SC gene expression level normalized to control values as 

determined by qPCR. This set of experiments was performed once with 5 replicates per 

condition. For the image analysis we at least 8 images per sample. Statistics were done using 

two-way ANOVA followed by Dunnett's multiple comparisons test, where ****p < 0.0001, ***p 

< 0.001, **p < 0.01, *p < 0.05 and n.s. means not significant.  
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Discussion 

PDE4 inhibitors hold great promise as therapeutics for the treatment of several 

disorders. By preventing the degradative action of PDE4 enzymes, the intracellular levels of 

cAMP can be raised, leading to increased activation of protein kinase A (pKA), cyclic 

nucleotide-gated ion channels and exchange proteins directly activated by cAMP (EPAC)5,28. 

These downstream effectors are involved in the regulation of several physiological processes, 

including immunomodulation, glial cell differentiation and neural regeneration1,12,28. For this 

reason, PDE4 inhibitors have been investigated in the combat of inflammatory diseases, such 

as atopic dermatitis29 or chronic obstructive pulmonary disease30, neurodegenerative 

diseases, such as AD4 or MS7, and also as drugs that can enhance neural regrowth after injury 

(in animal models)2,12. With respect to the neural tissue, most reports to date have solely 

focused on CNS disorders, neglecting a possible therapeutic impact of PDE4 inhibitors on PN 

repair. At the same time, PN physical injuries and neuropathies are common and worldwide 

debilitating circumstances, in need of new and improved therapies.  

The goal of this project was to test the efficacy of PDE4 inhibitors in driving or 

maintaining the myelinating phenotype of SCs, during a repair or demyelinating pathological 

state (hyperglycemia), using in vitro models that we established in-house. In the initial stages 

of PN repair, SCs proliferate in high number to form the bands of Büngner, which will conduce 

axonal regrowth. This process is driven by cAMP, which despite a reduction from normal levels 

(of 8 to 10 %), is necessary for combination with the GFs in the milieu (e.g. basic fibroblast 

growth factor, insulin-like growth factor, neuregulin 1 etc.), to activate pKA and promote SC 

proliferation7,9,10,31. Increased SC proliferation is associated with a phenotype switch from a 

mature to a repair state, promoted by c-Jun, which is expressed as the neuregulin 1/ErbB2 

receptor becomes activated32. This repair programme also entails upregulation of neurotrophic 

factors and cell-adhesion molecules and simultaneous downregulation of myelin-related 

proteins33,34. To simulate the formation of bands of Büngner, we cultured SCs on a microfibrous 

aligned scaffold (as described on chapter 3)17, which directs SC morphology into highly aligned 

3D bands, analogous to the native structures (fig. S1). To further replicate the in vivo process, 

SCs were cultured in the presence of forskolin, a cAMP elevation agent7,35, whose combination 

with GFs contained in the serum-rich medium, promotes pKA activity and SC proliferation10,26.  

During PN repair, as axons regrow and regain glial contact, SCs are signalled to re-

differentiate, exiting the cell cycle and assuming a premyelinating phenotype, characterized by 

myelin proteins upregulation and new myelin synthesis9. Again, this process is highly 

dependent on cAMP, which acts on a different downstream effector, EPAC, and in Krox-20 to 

drive remyelination9,31,36. cAMP level regulation, necessary to trigger SCs phenotype switch, is 

tightly controlled by PDE4 enzymes. This can be further evidenced by the ability of rolipram to 

elevate cAMP levels within damaged PN tissue from a rat model7.  
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Our aim was to test the potential of the second generation PDE4 inhibitors, ROFLU and 

BPN, in enhancing SCs transition, after band formation, into a premyelinating phenotype (fig. 

1A). We detected that ROFLU, at both tested concentrations (5 and 10 µM), produced a 

significant enhancement of myelin-related genes (MAG, MBP and PLP) and SOX10 

expression, causing a stronger impact than BPN supplementation (fig. 1B). However, this gene 

upregulation was strongly dependent on forskolin presence, as its removal led to significantly 

lower levels of transcript expression, especially of MAG and PLP (fig. S2). This finding 

suggests that PDE4 inhibition alone is not sufficient to elevate the endogenous cAMP to levels 

required for a fast transition to a premyelination phenotype. In the native PN, injured neurons 

produce cAMP as a response to the large influx of calcium and sodium ions37. However, in our 

in vitro model of SCs, a cAMP promoter agent, such as forskolin, is needed to quickly raise the 

cAMP levels, which can then be maintained by inhibiting their degradation. Because Krox20 

expression showed a similar pattern regardless of forskolin presence, with slightly higher 

values for the group with no forskolin, PDE4 inhibition alone may be sufficient to drive this 

phenotype switch, although at a slower rate than when a cAMP promoter is present.  

At the protein level, we observed that BPN rather than ROFLU, led to a higher myelin 

protein synthesis (MAG and MBP), which demonstrates a disparity between gene expression 

and protein production at the observed timepoint (fig. 2). These results suggest that the tested 

PDE4 inhibitors trigger a different temporal response on SCs, with BPN probably leading to a 

quicker myelin gene upregulation, followed by protein synthesis and gene downregulation. 

During the same period, ROFLU treatment likely triggered a slower influence on SCs, which 

at chosen timepoint, were still in the first stage of response, denoted by myelin gene 

upregulation. Regardless of these temporal differences, it was clear that PDE4 inhibitor 

supplementation, and particularly in combination with forskolin, produced a visible phenotype 

change to a premyelinating state. To investigate if this treatment would affect myelination 

capacity, we co-cultured iPSCs-derived neurons with the pre-differentiated SC bands. All 

culture conditions resulted in the formation of long, highly aligned and myelinated neural tissue 

(fig. 3A and fig. S4). After 14 and 21 days, we observed that ROFLU-treated conditions 

promoted the highest axonal and myelin density (fig. S3 and fig. 3B). Because ROFLU-treated 

cells presented a high c-Jun expression (fig. S2) regardless of forskolin presence, we 

hypothesize that the production of neurotrophic factors by these SCs might have been 

increased, thus stimulating a faster axonal outgrowth. We also observed no significant 

difference in myelination ratio measurements between conditions, indicating that the PDE4 

inhibitors did not interfere in the remyelination process, and that faster grown neural tissue as 

in the ROFLU group, could be equally myelinated. This can be explained by the fact that the 

establishment of axonal contact signals SC redifferentiation38. Furthermore, the attained 

myelination ratio when compared to other works using primary neurons from a rat dorsal root 
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ganglion39, exhibited similar values. Though outside of the scope of the current study, further 

examination at an earlier time point (e.g. day 7) may also indicate if SC pre-differentiation 

would improve the rate of remyelination. Furthermore, a transmission electron microscope 

(TEM) analysis would permit to visualize the myelin sheath diameter and compaction state to 

determine more accurately the maturation level of the engineered PN tissue, and verify if SC 

pre-differentiation results in more mature myelin. Finally, since PDE4 inhibitors were removed 

once the co-culture was initiated, the overall cAMP levels might have dropped, leading SCs to 

reduce (or partly reduce) the expression of its myelination transcript program. A continuous 

PDE4 inhibitor supplementation throughout all culture period would shed light on this matter.    

In the second part of this work, we analysed the influence of ROFLU on SCs phenotype, 

when cells are cultured under hyperglycemic conditions. Hyperglycemia is one of the major 

physiological imbalances caused by diabetes type II that commonly leads to diabetic 

neuropathy40,41. In a hyperglycemic situation, excess glucose is converted to sorbitol by aldose 

reductase, resulting in sorbitol accumulation. Due to this, increased cellular osmolarity, 

oxidative stress and mitochondrial dysfunction ensues, perturbing the SCs metabolism and 

inducing cell dedifferentiation to an immature phenotype, denoted by the halted production of 

myelin proteins14,40,42. Due to SC dysfunction, myelin damage such as morphological 

aberrations, demyelination and decompaction can arise14,43. In this 2D in vitro model, our aim 

was to explore if ROFLU supplementation was sufficient to preserve the myelination phenotype 

of hyperglycemia-exposed SCs and if it could improve the redifferentiation of glucose-

damaged cells. To quickly achieve a differentiated state, we cultured SCs with a membrane-

permeable cAMP analog, which has been shown to have a fast and robust effect in promoting 

this phenotype transition10,31. As a result, cAMP-treated SCs enlarged to 5-times the size of 

control cells and significantly increased the expression of MBP and Krox20, while exhibiting 

lower expression levels of cJUN (fig. 4A-D). However, at the protein level, we did not find 

significant differences between treated and control cells, likely due to the short differentiation 

period (3 days) being insufficient to allow protein synthesis (fig. 4E and 4F). 

 To mimic an acute hyperglycemic state we cultured the differentiated cells with medium 

containing glucose at 30 and 45 mM, which are supraphysiological concentrations routinely 

used in in vitro diabetic assays that aim to recapitulate blood sugar spikes14,17,44. We observed 

that while cJUN expression was unaffected regardless of culture conditions, evidencing an 

absence of injury/repair response8, Krox20 expression was lower in high glucose conditions, 

suggesting de-differentiation45. On the other hand, the myelin genes PLP and MBP, showed a 

similar or even higher expression in hyperglycemic conditions, with ROFLU potentiating MBP 

transcript levels (fig. 5A). This result was validated with protein expression analysis (fig. 5B), 

in which we noted again a significant MBP expression for ROFLU-treated cells at the highest 

glucose concentration. MAG, Krox20, O1 (SC differentiation marker10) and p75 (neurotrophin 
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receptor involved in remyelination46) either showed similar or higher expression values than 

control.  

Finally, we analysed whether ROFLU supplementation under normoglycemic 

conditions was effective in rescuing/inducing redifferentiation of SCs pre-exposed to high 

glucose levels. ROFLU-treated samples, pre-exposed to 45 mM glucose, showed a 

significantly higher cJUN expression. This suggests that the PDE4 inhibitor, by enhancing the 

cAMP levels, is able to potentiate the regenerative program in damaged cells. At the same 

time, ROFLU-treated samples exhibited lower Krox20 expression, but a higher (not significant) 

MBP and PLP expression (fig. 6A). In sum, this indicates that while directing SCs response to 

a regenerative phenotype, ROFLU-treated cells can simultaneously exhibit mature 

characteristics, even after glucose damage. At the protein level, all differentiation markers 

showed similar values to control, which evidences a recovery of a myelinating phenotype to 

basal levels (fig. 6B). Despite these promising finding, we noted that a similar outcome 

between DMSO and ROFLU conditions does not permit an unequivocal determination of the 

effectiveness of the PDE4 inhibitor.  

In this work we have investigated for the first time, the influence of PDE4 inhibitors on 

the PN tissue, using in vitro models. We have demonstrated that PDE4 inhibitors may have a 

positive impact on the PN, stimulating and helping to maintain a mature myelinating phenotype 

of SCs, whether in a regenerative or diseased state. As exemplified, the use of in vitro models 

to quickly and easily study a compound’s action on cells, cultured under controlled 

circumstances, can greatly aid the field of neurobiology and drug development on the pursuit 

of better therapies for PN-related problems. 
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Figure S1. A) Scanning electron micrograph of the electrospun scaffold composed by aligned 

ultrathin PEOT/PBT fibers with 1.37 ± 0.20 μm. Scale bar is 200 µm. B) Morphology of 

Schwann cells after 7 days of culture in the scaffold, with SC proliferation medium. Red is F-

actin and blue is DAPI. Scale bar is 50 µm.  
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Figure S2. Gene expression, determined by qPCR, on the SCs bands after culture for 7 days 

in SC proliferation medium supplemented or not with forskolin and PDE4 inhibitors (ROFLU at 

10 µM or BPN at 5 µM). DMSO was used as control. Transcript expression level was 

normalized to forskolin plus DMSO samples. This experiment was performed twice, using five 

replicates per condition. Bar graphs represent mean ± SEM. Statistics were performed using 
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two-way ANOVA followed by Tukey’s HSD post-hoc test where ****p < 0.0001, ***p < 0.001, 

**p < 0.01 and *p < 0.05. 

 

 

 
Figure S3. Quantification of the axonal area (A), myelination area (B) and myelination ratio (C) 

from iPSCs-derived neurons cultured with SCs for 14 days, after exposition to DMSO, ROFLU 

or BPN. Axonal area was determined by the ratio of βIII-tubulin+ segment area (excluding cell 

body area) with the total scaffold area. Myelination area was determined by the ratio of MBP+ 

segment area (excluding cell body area) with the total scaffold area. Myelination ratio was 

calculated from the ratio of MBP+ segment with βIII-tubulin+ segment on the same image. This 

experiment was performed twice and we used at least 5 replicates per condition. For the image 

analysis we took one image per sample, capturing the whole tissue. Statistics were done using 

one-way ANOVA followed by Tukey’s post-hoc test. The note n.s. means not significant. 
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Figure S4. Overview of the myelin segments on the iPSCs/SCs 21 day co-cultures. The 

images were obtained from stitching of immunostaining micrographs to MBP+ structures. Prior 

to iPSCs-neuron seeding, SCs were cultures with SC proliferation medium containing DMSO 

(top image), ROFLU (10 µM; middle row) or BPN (5 µM; bottom image). Scale bar is 1000 µM.  
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Abstract 

 

Sensory innervation of the skin is essential for its function, homeostasis and wound healing 

mechanisms. Thus, to adequately model the cellular microenvironment and function of native 

skin, in vitro human skin equivalents (hSE) containing a sensory neuron population began to 

be researched. In this work, we established a fully human three-dimensional (3D) platform of 

hSE innervated by induced pluripotent stem cell-derived nociceptors spheroids (hNSs), 

mimicking native innervation. Both the hSE and nociceptor population exhibited morphological 

and phenotypical characteristics resembling their native counterparts, such as epidermal and 

dermal layer formation and nociceptor marker exhibition, respectively. In the co-culture 

platform, neurites developed from the hNS and navigated in 3D to innervate the hSE from a 

distance. To probe both skin and nociceptor functionality, we applied a clinically available 

capsaicin patch (Qutenza™) directly over the hSE section and analyzed neuron reaction. 

Application of the patch caused an exposure time-dependent neurite regression and 

degeneration. In platforms absent of hSE, axonal degeneration was further increased, 

highlighting the role of the skin construct as a barrier. In sum, we established an in vitro tool of 

functional innervated skin with high interest for preclinical research.  
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Introduction 

 The skin is densely innervated by different sensory nerve fibers that equip individuals 

with the ability to sense touch, temperature and pain1,2. This permits the recognition and 

avoidance of damaging stimuli, which is pivotal to maintain the physical integrity of skin (and 

other organs)3. For this, cutaneous nociceptor fibers play a major role, by detecting noxious 

stimuli, such as high temperature (>43ºC), low pH substances (<6.0) and irritant chemicals 

(e.g. capsaicin), and conveying a signal to the central nervous system (CNS)4. Noxious stimuli 

detection is provided by sensor proteins, such as transient receptor potential vanilloid 1 (TRPV-

1) channels, expressed within nociceptor fibers. Once activated, these channels open and 

induce neuron depolarization, triggering an action potential that is further propagated to the 

CNS, where a pain is perceived4,5. Interestingly, the continuous targeting of TRPV-1 channels 

with a stable agonist, such as capsaicin, can induce nociceptor desensitization and nerve 

ending ablation, which results in a local analgesic effect instead4. In addition to providing 

sensorial ability, skin innervation is also necessary to maintain skin physiology and to promote 

re-epithelialization during wound healing2,6,7,8. Thus, cutaneous nerves are not only essential 

for normal skin function, but also for restoring function after damage. Moreover, nerve defects 

due to pathological conditions, such as spinal cord injury or diabetic neuropathy, lead to 

impaired regeneration1.   

In recent years, the development of engineered human skin equivalents (hSE) has 

greatly evolved and several companies are now commercializing skin analogues composed of 

fibroblasts and keratinocytes that replicate the skin anatomy up to an extent3. Such models 

constitute a safe, inexpensive and quick alternative to animal testing and simultaneously 

provide a more translational research tool, due to their human source. Because of their defined 

cellular ecosystem, in vitro models also permit a simpler and more direct evaluation of specific 

cells and molecules contribution. Advanced hSE models containing other cellular components 

such as vasculature9, hair follicles10 and melanocytes11 have been developed in order to better 

mimic the native microenvironment, to study specific interactions and to accurately model 

certain pathologies. Despite these advancements, innervated hSE platforms are still scarce, 

regardless of the importance of cutaneous nerves for skin function and wound regeneration 

mechanisms. The development of innervated hSE models would improve in vitro testing by 

providing more representative data and allowing a wider range of assays that probe neurons 

state and their influence on surrounding cells. This is of particular interest to screen compounds 

with potential neurotoxic effects and/or that may produce/mitigate pain12, to design strategies 

for improved wound healing via nerve targeting7 or to investigate nerve relations with other cell 

types in health and pathological states (e.g. diabetic neuropathy)3. To show the influence of 

nerves on skin regeneration, Blais et al.6 constructed a skin model containing mouse sensory 

neurons, which upon implantation on a wounded mouse, led to faster wound regeneration (due 
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to substance P secretion) compared to control constructs (absent of neurons). However, due 

to the physiological differences between species, research using innervated skin models fully 

composed of human cells is needed. To this end, Muller et al.13 reported an innervated hSE 

model containing functional nociceptors obtained from induced pluripotent stem cells (iPSCs). 

Despite the successful integration of all cellular components, the reported strategy still 

presented some shortcomings such as disorganized and non-representative neuronal 

architecture, with neural cell bodies situated beneath the skin tissue; because of this 

configuratoin, sample sectioning is required to observe innervation pattern. Moreover, testing 

on this model remains to be demonstrated. 

 In this work, we show the development of an innervated hSE model with demonstrated 

applicability. The model is comprised of a fibrin/collagen hydrogel platform containing two 

separate compartments, one for a sensory neuron population and the other for a hSE 

construct. The sensory neurons, previously described in chapter 4, were differentiated from 

iPSCs, formed into a neurosphere, and exposed to nerve growth factor (NGF) to induce a 

mature nociceptor phenotype (TRPV-1+ and response to noxious stimuli) as well as electrical 

activity. The fabrication method of the hSE was also previously reported and the engineered 

tissue well-characterized14,15. In this co-culture system, the neurospheres were able to develop 

extensive neurite projections throughout the gel platform, to innervate the hSE from a distance 

within 21 days. Co-cultures with primary neurons from a dorsal root ganglion (DRG) population 

instead, revealed similar neuron morphologies although innervating at a higher density. To 

validate the platform utility, we performed a topical application of a commercial capsaicin patch 

(Qutenza ™) on the skin region and detected a time-dependent neural degradation of hNS and 

DRG neurons as a result. In sum, the work here described constitutes an advancement in the 

development of fully human and functional innervated hSE constructs that permit convenient 

testing and tissue analysis.  

 

Materials and Methods 

 

Agarose microwell platform fabrication 

 A 3% (w/v) sterile agarose (Thermo Fisher Scientific) solution was prepared in PBS. 8 

ml of agarose solution were poured onto an in-house fabricated PDMS stamp with the negative 

template of 1580 microwells with 400 µm diameter. Centrifugation 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 phosphate buffered saline (PBS) solution and left at 4ºC until further use. The 

day before cell seeding, PBS was replaced with culture media containing Advanced RPMI 
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1640 supplemented with 1X glutamax (Thermo Fisher Scientific) and kept in the incubator at 

37ºC, 5% CO2 overnight. 

 

iPSCs culture 

Human iPSC line LUMC0031iCTRL08 (Provided by the LUMC iPSC core facility) was 

cultured on Geltrex coated dishes at a density of 10 x 103 cells/cm2 in mTESR1 medium (Stem 

Cell Technology). Cells were fed every alternate day with completely fresh medium and 

passaged weekly using Accutase (Stem Cell Technology). Upon splitting, cells were cultured 

in mTESR1 medium supplement with 10 µM of Y-27632 (Tocris) for 24 h and replaced with 

mTESR1 medium for further maintenance. 

 

iPSCs differentiation into nociceptive neurons and neurosphere formation 

In order to induce iPSCs differentiation into nociceptors, we adapted and modified the 

protocol published by Chambers et al.16. Nociceptor induction was initiated using single cell 

suspension of undifferentiated iPSCs detached with accutase, followed by seeding of 200 

cells/microwell in mTESR1 medium supplemented with 10 µm of Y-27632 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 synchronization is initiated by the addition of mTESR1 medium supplemented with 1% 

dimethyl sulfoxide (DMSO). The cells were maintained for 72 h in the synchronization medium. 

Post synchronization cells were given a PBS wash and nociceptor induction was initiated by 

addition of dual SMAD inhibition media containing Advanced RPMI 1640 supplemented with 

Glutamax (both Thermo Fisher Scientific), 100 nM LDN-193189 (Tocris) and 10 μM SB431542 

(Tocris). The spheres were maintained for 48 h in the dual SMAD inhibition media. Following 

this, neural crest commitment was induced via media containing Advanced RPMI 1640 

supplemented with Glutamax, 3 µM CHIR99021 (Tocris) and 1 µM retinoic acid (Tocris). The 

spheres were maintained in the neural crest induction media for 5 days with media change 

every alternate day. Following this stage, the spheres were incubated in Notch inhibition media, 

consisting of Advanced RPMI supplemented with Glutamax, 10 μM SU5402 (Tocris) and 10 

μM DAPT (Tocris), for 48 h.  

Finally, the neurospheres, composed of trunk neural crest cells, were collected and 

seeded on coverslips or scaffolds. In these substrates, cells were cultured in neural maturation 

medium for at least 5 days to reach the nociceptor phenotype. The neural medium is composed 

of Neurobasal Medium, 0.5 mM Glutamax, 100 U/ml penicillin and 100 μg/ml streptomycin (all 

Thermo Fisher Scientific), 100 ng/ml human nerve growth factor (NGF), 50 μg/ml ascorbic acid 
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(all Sigma-Aldrich), 25 ng/ml human neuregulin-1 type III (NRG-1 SMDF) and N21 supplement 

(both from R&D systems). 

 

Characterization of iPSCs-derived nociceptors phenotype  

 To characterize the formation of nociceptor neurons from iPSCs and compare their 

phenotype with DRG neurons, we seeded the neurospheres (at the end stage of differentiation) 

and DRGs on 12 mm laminin-coated coverslips (one sphere/DRG per coverslip). Laminin 

coating was performed the day before cell seeding, with 100 μl of a solution containing 1 μg/ml 

laminin-1 (R&D systems) and 2 μg/ml poly-D-lysine (Sigma Aldrich) in PBS. The neurons were 

cultured for 7 days in neural medium composed of Neurobasal Medium, 0.5 mM Glutamax, 

100 U/ml penicillin and 100 μg/ml streptomycin (all Thermo Fisher Scientific), 100 ng/ml human 

nerve growth factor (NGF), 50 μg/ml ascorbic acid (both Sigma-Aldrich) and N21 supplement 

(R&D systems). At day 7 of culture, the cells were fixed and immunostained as described 

below.  

  

3D culture of DRGs and iPSCs neurospheres in a collagen/fibrin matrix  

 3D neuron cultures were performed by combining a neuron-seeded scaffold with a 

collagen/fibrin hydrogel. The scaffold was prepared by punching a 12 mm circular section from 

a nonwoven polyurethane mesh (6691 LL, Lantor B.V.). These sections were then sterilized 

by immersion in 70% ethanol for 1 h and transferred to sterile 24 well-plates. iPSCs 

neurospheres were collected from the agarose platforms and seeded on these scaffolds (one 

neurosphere per scaffold). The samples were cultured in neural medium and left to attach 

overnight, at 37ºC, 5% CO2. The same procedure was done for DRG cultures. To isolate 

DRGs, we dissected P7 Brown Norway rats, previously sacrificed by decapitation (following 

local and Dutch animal use guidelines). After collection, the DRG was carefully stripped from 

nerve roots and placed on the scaffold. 

 The day after, we prepared a sterile ice-cold solution of collagen type I (rat tail, Corning, 

354249), fibrinogen (human, Enzyme Research Laboratories), thrombin (bovine, Sigma-

Aldrich, T4648), NaOH (1N), PBS (10X) and deionized H2O, to yield a final concentration of 4 

mg/ml of collagen and 1 mg/ml of fibrin. 200 μl of this solution was added on top of the cell-

seeded scaffold and left to polymerise for 15 min at 37ºC, 5% CO2. The cells were cultured for 

7 days with neural medium, at 37ºC, 5% CO2.  
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Human tissue and cell culture 

Human juvenile foreskin was obtained after routine circumcisions from pediatric 

surgery. All skin samples were obtained in compliance with the “Code for Proper Secondary 

Use of Human Tissue” as formulated by the Dutch Federation of Medical Scientific Societies 

(www.federa.org) and approved by the institutional review board of the VU University medical 

center. 

Keratinocytes and fibroblasts were isolated from foreskin and cultured essentially as 

previously described17. Keratinocytes were expanded in keratinocyte medium (KC medium) 

composed of Dulbecco's modified Eagle's medium (DMEM)/Ham's F12 (Corning) in a 3:1 ratio 

supplemented with 1% UltroserG (BioSepra SA), 1 μmol/L hydrocortisone (Sigma-Aldrich), 1 

μmol/L isoproterenol hydrochloride (Sigma-Aldrich), 0.1 μmol/L insulin (Sigma-Aldrich), 2 

ng/ml human keratinocyte growth factor (Sigma-Aldrich), 100 U/ml penicillin and 100 μg/ml 

streptomycin (Corning). Fibroblasts were cultured in DMEM with 1% UltroserG and 1% 

penicillin/ streptomycin. For all experiments, keratinocytes were used at passage 2 and 

fibroblasts at passage 2-3. 

 

Formation of human skin equivalent (hSE) 

hSE was constructed as previously described17. Fibroblasts (5×105 cells) were 

embedded in 350 μl of a 4 mg/mL collagen (rat tail; collagen type I; Corning) plus 1 mg/mL 

fibrin (human; Enzyme Research Laboratories) solution and this mixture pipetted into 24 mm 

transwell inserts (0.4 µm pore size; Corning). Hydrogels were cultured for 1-3 days submerged 

in KC medium. Keratinocytes (5×105 cells) were then seeded on top of the hydrogel and 

cultured submerged for 3-4 days in KC medium. Hereafter, hSE were further cultured at the 

air-liquid interface for another 10-14 days in skin medium composed of DMEM/Ham's F12 in a 

3:1 ratio supplemented with 1% UltroserG, 1 μmol/L hydrocortisone, 1 μmol/L isoproterenol 

hydrochloride, 0.1 μmol/L insulin, 10 µmol/L L‑carnitine, 0.01 mol/L L‑serine, 50 μg/mL 

ascorbic acid (Sigma-Aldrich), and 1% penicillin/streptomycin. 

 

Fabrication of a compartmentalized collagen/fibrin platform 

 The compartmentalized collagen/fibrin platforms were prepared as illustrated in fig. 3A. 

Briefly, we started by fabricating the polydimethylsiloxane (PDMS) mold units, which were 

made by pouring a PDMS solution (10:1 monomer:curing agent) (Farnell) on custom-made 

molds and curing for 2 h at 80°C. These custom-made molds (one to produce the reservoir 

and the other to produce the patterning unit) were created through milling (monoFAB SRM-20, 

Roland) of a poly(methyl methacrylate) (PMMA) slab (fig. S2). Afterwards, the PDMS units 

were cut from the mold and post-cured/sterilized for 4 h at 160°C and left in sterile conditions 

until use. To create the compartmentalized collagen/fibrin platforms, we first assembled the 
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PDMS units as demonstrated in fig. 3A, and then pipetted 150 μl of a collagen/fibrin solution 

(4 mg/ml / 1mg/ml) inside the reservoir. After this, a scaffold composed of a sterile 8 mm 

circular cut of a nonwoven polyurethane mesh (6691 LL, Lantor B.V.) was added on top. The 

platforms were left to polymerize overnight at 37ºC, 5% CO2 and inside a petri dish filled with 

PBS to maintain humidity and prevent gel drying. The following day, these could be detached 

from the PDMS molds, by carefully picking the scaffold with a fine tip tweezers. The hydrogel 

platforms were left in neural medium until further use. 

 

Development of an innervated skin model using the compartmentalized collagen/fibrin platform 

 The innervated skin model was constructed by sequential co-culture of iPSCs-derived 

nociceptor neurosphere with a hSE section, as illustrated in fig. 3D. Once differentiated, the 

neurospheres were picked from the mold and added into the neuron compartment of the 

collagen/fibrin platforms (previously dried up of medium). Immediately, the platforms were 

centrifuged at 50 g for 1 min, to promote cell settling. After this, 15 μl of the same collagen/fibrin 

solution was added on top of the neurosphere to seal it. The solution was left to polymerize for 

15 min by incubation at 37ºC, 5% CO2. After this, neural medium was added and the cells were 

cultured for 7 days in the same conditions, with medium refreshments every other day. At day 

7, we retrieved the hSE cultures (at the mature stage) and made 3 mm circular sections using 

a sterile biopsy punch. These sections were then carefully placed on the skin compartment of 

the gel platform, previously filled with 15 μl of collagen/fibrin solution, to promote the hSE 

immobilization. The gel platforms, containing the neurosphere and hSE section, were 

transferred to 24 well-plate inserts (VWR, BRND782807) and fitted into an adequate 24 well-

plate (Thermo Fisher Scientific, 15503783). The medium composed of skin/neural medium at 

1:1 was added without submerging the hSE sections, leaving them exposed to the air. The 

cells were cultured in this medium and conditions for additional 21 days, at 37ºC, 5% CO2. 

 

Capsaicin patch testing on innervated skin platform  

 At day 46 of neurosphere culture (day 21 of skin/neuron co-culture) we performed the 

capsaicin patch test as illustrated in fig. 5A. For this, we made 3 mm circular cuts of a capsaicin 

patch (Qutenza ™) using a sterile biopsy punch, and placed the cuts directly in contact with 

the skin section. The samples were incubated for 1 or 24 h, in neural/skin medium, at 37ºC, 

5% CO2. 

 

 

 

 

 



210 

 

Immunostaining  

Samples were fixed with 4% paraformaldehyde (PFA) for 25 min at room temperature 

(RT), rinsed thoroughly with PBS, and left in PBS until further use. Permeabilization and 

blocking was performed simultaneously with a solution of 1% triton X-100, 5% goat serum, 

0.05% Tween20, and 1% bovine serum albumin (BSA) in PBS, for 24 h at 4ºC, under mild 

agitation. Immediately, samples were incubated for 48 h at 4°C, under mild agitation, with 

primary antibody solutions containing 0.1% triton X-100, 5% goat serum, 0.05% Tween20, and 

1% bovine serum albumin (BSA) in PBS. Following this, the samples were washed with a wash 

buffer composed of 0.05% Tween20 and 1% bovine serum albumin (BSA) in PBS, and left for 

24 h at 4ºC, under mild agitation, to remove unbound antibodies. Secondary antibody solutions 

were prepared in wash buffer and incubated for 48 h at 4ºC, under mild agitation. Following 

this, we rinsed the samples with PBS, stained with DAPI (0.2 µg/ml) for 20 min at RT, and left 

them in PBS until imaging. 

The used primary antibodies were the following: anti-βIII tubulin (Sigma-Aldrich, T8578, 

1:500), anti-Substance P (Abcam, ab14184, 1:100), anti-CGRP (Abcam, ab22560, 1:500), 

anti-TRPV-1 (Alomone Labs, ACC-030, 1:100), and anti-involucrin (Abcam, ab181980, 1:100).  

Finally, the used secondary antibodies were the following: goat anti-mouse conjugated 

with Alexa Fluor 488; goat anti-mouse conjugated with Alexa Fluor 568, goat anti-rabbit 

conjugated with Alexa Fluor 488 and donkey anti-sheep conjugated with Alexa Fluor 488 (all 

Thermo Fisher Scientific).  

 

Microscopy and image analysis 

Stereomicroscope images were acquired with a Nikon SMZ25 stereomicroscope. 

Fluorescent images were acquired with an inverted epifluorescence microscope (Nikon Eclipse 

Ti-e) or a confocal laser scanning microscope (Leica TCS SP8). 3D image reconstructions 

were processed with Amira (Thermo Fisher Scientific). All the other images were prepared and 

analyzed using Fiji software (https://fiji.sc/). To determine the axonal degeneration resultant 

from the capsaicin exposure experiment, we developed an algorithm that is able to detect 

associated morphological changes. The method is illustrated in fig. S7 and is based on the 

analysis of immunostaining images to βIII-tubulin. The original images are first converted to 

binary and then we use the analyze particle function in Fiji to segment objects that represent 

debris of degenerated axons. This function provides both the object counting and total object 

area. Additionally, we measure the total axonal area. Finally, we divide the object area by the 

total axonal area to determine the normalized degeneration area.  

 

 

 



211 

 

Statistical analysis 

 Boxplots are shown as data points from the minimum to maximum value. Bar graphs 

represent the mean + SD. Statistics were performed using an unpaired t-test or a one-way 

ANOVA followed by Tukey’s HSD post-hoc test. The asterisks represent:  ***p < 0.001; **p < 

0.01; *p < 0.05 and n.s. means p > 0.05. 

 

Results 

 

Fabrication of a human nociceptor 3D culture model  

To generate human nociceptor spheroids (hNSs) we followed the protocol previously 

described in chapter 4 and illustrated in fig. 1A. At day 9 of differentiation, the mold contains a 

large collection of uniform, cohesive and round spheroids with an average diameter of 308.7 ± 

38.6 μm (fig. 1B). At this stage, the spheroids are harvested from the mold, transferred to the 

culture substrate and cultured for at least 7 days in NGF-supplemented neural medium to 

promote neurite outgrowth and nociceptor phenotype acquisition in situ. When cultured on 

laminin-coated (1 μg/ml) coverslips, the neurons are able to attach, survive and grow neurites. 

We show neurite outgrowth from an hNS cultured for 7 days in neural medium (fig. 1C), 

evidencing a dense and radial neurite projection (βIII-tubulin+ segments). To validate the 

acquisition of a nociceptor phenotype, we investigated the presence of characteristic 

nociceptor markers18, TRPV-1, calcitonin gene-related peptide (CGRP) and substance P, and 

compared it with primary sensory neurons, obtained from a rat DRG explant (fig. 1D). Both 

hNS neurons (fig. 1D, top row) and DRG neurons (fig. 1D, bottom row) revealed the presence 

of these markers, located throughout the axonal length. In chapter 4 we also validated the 

ability of these neurons to sense noxious stimuli by exposing them to resininferatoxin 

(capsaicin analog and TRPV-1 ligand) and to elicit action potentials, thus validating neuronal 

functionality.  

After phenotypical evaluation, we developed and analyzed a 3D culture model for hNS, 

using DRG cultures as a comparison. The model is composed of a 12-mm polyurethane 

scaffold supporting the hNS or DRG, which are cultured in neural medium. After overnight 

attachment, the cell-seeded scaffold was covered with a solution of collagen/fibrin (at 4 mg/ml 

and 1 mg/ml respectively), that quickly gelled and formed a stable hydrogel. As visible in fig. 

1E, showing 7-day old models, both cell types could develop dense and extensive neurite 

projections throughout the gel. After this culture period the neurite length for hNSs and DRGs 

was not significantly different and exhibited a mean value of 488.6 μm for and 503.5 μm, 

respectively (fig. S1).  
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Figure 1. Development and characterization of iPSCs-derived nociceptors and 3D culture 

within fibrin/collagen hydrogels. A) Illustration of the process for iPSCs differentiation into 

nociceptors and spheroid formation. B) Brightfield micrograph of the agarose mold showing 

the formation of spherical, compact and uniform neuron clusters with an average diameter of 

308.7 ± 38.6 μm. Scale bar is 400 μm. C) Neurite outgrowth from the hNS after 7 days of 

culture on a laminin-coated coverslip. βIII-tubulin is shown in white and DAPI in blue. Scale 

bar is 300 μm. D) Characterization of the nociceptor phenotype from iPSCs-derived 

nociceptors (top row) and comparison with rat DRG neurons (bottom row). Both cell types were 

cultured for 7 days on laminin-coated coverslips and both show the expression of the 

characteristic nociceptor markers: TRPV-1 (green, left column), CGRP (red, middle column) 

and substance P (purple, right column). Scale bar is 50 μm for all images. E) 3D culture of 

hNSs (top row) and rat DRGs (bottom row) on a collagen/fibrin hydrogel for 7 days, 

demonstrating extensive neurite outgrowth throughout the gel, as visible through the flat 

projection (left column, scale bar is 100 μm) and 3D view (right column, scale bar is 200 μm).   

 

Development of a human skin equivalent 

 To generate a human skin equivalent (hSE) we used a protocol previously established17 

and illustrated in fig. 2A. After this culture period, the hSE construct appeared as a compact, 

opaque, elastic and circular tissue with an area of 159 ± 7 mm2, an approximate diameter of 

14 mm and around 1 mm of thickness (fig. 2B). To analyze skin maturation, we performed 

histological and immunohistochemical analysis on the cross-sections (fig. 2C and 2D). As 
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visible from H&E staining (fig. 2C), the engineered tissue remarkably resembled the native 

structure19, evidencing the formation of a dermis and epidermis region. The dermis region 

denoted the presence of several elongated fibroblasts (in blue). The epidermis was 

characterized by a stratified cellular layer (in blue), culminating in a stratum corneum (in pink). 

Particularly, the hSE was characterized by the formation of a basal lamina in the dermal-

epidermal transition, followed by a stratum basale (bottom zone; cuboidal keratinocytes), 

stratum spinosum (middle zone; slightly elongate keratinocytes) and stratum granulosum (top 

zone; very elongated keratinocytes) before the stratum corneum. In addition, the presence of 

keratin 10 (left image; in red) and loricrin (right image; in red) in the epidermal region of the 

hSE construct was detected (fig. 2D).  

  

Figure 2. Development of a human skin equivalent composed of human fibroblasts and human 

keratinocytes on a collagen/fibrin matrix. A) Illustration of the followed protocol. In the first 

stage, fibroblasts are embedded in a collagen/fibrin matrix at a density of 5 x 105 cells/hydrogel 

(in 350 µL) and cultured in submerged conditions for 1-3 days. Keratinocytes (5 x 105 cells) 

are then seeded on top of the gel and cultured in submerged conditions for 3-4 days. After this, 

the construct is lifted to an air-liquid interface to induce epidermal differentiation. The 

constructs are cultured for additional 2 weeks for further skin maturation. B) Photograph of the 

skin construct at the end stage of the protocol. Scale bar is 5mm. C) Hematoxylin and eosin 

(H&E) staining on a skin equivalent cross section showing the formation of dermis and 

epidermis, containing all characteristic layers. Scale bar is 100 μm. D) Expression of keratin 

10 (red, left image) and loricrin (red, right image) on skin equivalent layers. Samples were 
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counterstained with hematoxylin (blue). Scale bar is 50 μm. Illustration was made in biorender 

(https://biorender.com/). 

 

Development of a skin innervation model in compartmentalized hydrogel platform  

 In order to fabricate a skin innervation model that is reproducible, biomimetic and 

permits a facile morphological assessment of both tissues, we developed a compartmentalized 

hydrogel platform. For this, we patterned two separate compartments within a collagen/fibrin 

hydrogel with 1.5 mm in height, measuring 1 mm and 3 mm in diameter, and intended for a 

neural population (hNS or DRG) and hSE section, respectively. To fabricate it, we followed the 

process illustrated in fig. 3A. A mesh support of nonwoven polyurethane is used to provide 

stable anchorage points to the hydrogel, facilitating the removal from the mold and future 

handling. After overnight polymerization, the patterned gels can be easily removed and 

maintained their structural stability, evidencing the presence of two separate compartments, 

separated by 1 mm (fig. 3B, 3C; a congo red dye was added to improve contrast). 

 For the preparation of the skin innervation model, we followed the timeline illustrated in 

fig. 3D, using either one hNS or DRG as neuron population. After implantation of the hSE 

section on the skin compartment, the platform was lifted to air and cultured for 21 days, with 

both tissues segregated but in proximity (fig. 3E). Following 21 days of co-culture we evaluated 

the neuronal outgrowth and the occurrence of innervation. hNSs developed a dense and radial 

neurite network with long neurite projections (marked by βIII-tubulin) averaging 1786.6 μm in 

length (fig. 4A). Examining the border of the hSE section (marked by involucrin) at high 

magnification, it was possible to observe the occurrence of innervation, denoted by the 

presence of several neurites that grew into the skin region (fig. 4B and 4C). In DRG-containing 

platforms, we registered a similar neurite outgrowth pattern after the same culture period (fig. 

S3A). The mean neurite length was 2546.3 μm and extensive innervation was also detected 

(fig. S3B).  

To quantify the innervation area in models composed of hNSs or DRGs, we acquired 

images of neurites present at the border of the hSE construct and penetrating into it. iPSCs-

derived cells were able to generate a large innervation area (6.8 x 105 pixel area / mm2), with 

DRGs producing an even higher number (p < 0.05) of innervating axons (1.7 x 106 pixel area 

/ mm2) (fig. S4). 
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Figure 3. Fabrication of a collagen/fibrin platform with defined compartments for hSE and hNS. 

A) Illustration of the fabrication process. First, the PDMS mold units are assembled as 

demonstrated, with the pillars of the patterning unit facing up. Then, 150 μl of a chilled 

collagen/fibrin mix solution is pipetted into the mold and a mesh support is placed on top. The 

gel is left to form overnight in the incubator at 37ºC, 5% CO2. The day after, the gel can be 

removed. B) Photograph of a gel evidencing the two wells for cell culture. The red color is from 

a red dye, added to improve visualization. Scale bar is 1 mm. C) Stereomicroscope micrograph 

showing in better detail the presence of compartments, for skin placement (3 mm; left 

compartment) and for neuron population seeding (1 mm; right compartment). D) Depiction of 

the followed protocol for the formation of an innervated skin platform. The timeline is relative 

to the beginning of the iPSCs culture protocol shown in fig. 1. Initially the hNS is implanted on 

the platform within the neural compartment. After 7 days of culture in submerged conditions 

with neural medium, the hSE section is added. For this, we take a 3mm biopsy from a larger 

hSE construct and carefully add it to the platform. A 10 μl collagen/fibrin drop is added to bond 

it to the platform. The platforms are lifted to an air-liquid interface and cultured for 21 days with 

neural/skin medium at 1:1. E) Stereomicroscope micrograph showing the presence of a hSE 

section and a neurosphere in their defined compartments. Scale bar is 1 mm. Illustration (in D) 

was made in biorender (https://biorender.com/). 
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Figure 4. Remote innervation of a hSE section within the compartmentalized collagen/fibrin 

platform. A) Overview of the platform showing a vast neurite outgrowth (βIII-tubulin, red) from 

the hNS towards the hSE compartment (involucrin, green). Scale bar is 1000 μm. B) High 

magnification view of the white dashed rectangle marked in A). In the interface between the 

hSE section and the surrounding gel it is visible a large presence of neurites that penetrate 

into the hSE compartment.  Scale bar is 100 μm. C) 3D reconstruction of the interface view 

shown in B).  

 

Innervated skin model function testing by capsaicin patch application 

 After characterization of a platform showing nociceptor innervation of a hSE construct, 

we performed an experiment that allowed simultaneous testing of the hSE and nociceptor 

function. For this, we applied a capsaicin patch topically (directly over the hSE section) for 1 

or 24 h and measured the neural response (Fig. 5A). As a control, we used samples that were 

not exposed to the capsaicin patch. To dissect the influence of skin as an absorption barrier, 

we also tested platforms composed of hNS but lacking the hSE component. In these samples, 

the capsaicin patch was placed inside the void skin compartment. For comparison, we also 

realized this experiment on platforms composed of primary nociceptors from a rat DRG 

population (fig. S6).  

The capsaicin patch was absorbed through the skin and delivered to the innervating 

neurites, causing subsequent degeneration. These morphological changes were evident when 
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comparing to control samples, in which normal neurite morphology was observed with no signs 

of injury (fig. 5B i). On the other hand, after 1 h of exposure (fig. 5B ii), neural degeneration 

(ND) was visible through the formation of blebs throughout the axonal network. If exposure to 

capsaicin was prolonged to 24 h, axonal degeneration was even more pronounced (fig, 5B iii). 

At this time point, bleb formation (BF) was ubiquitous and a loss of neurite alignment was 

observed (BF was 1318.0 ± 226.9). The appearance of blebs was significantly increased 

compared to control samples (p < 0.001; BF was 343.0 ± 110.3) and 1 h treated samples (p < 

0.05; BF was 805.8 ± 464.9) (fig. 5C). Axonal degeneration measurements also revealed 

significantly more degraded neurites in 24 h-treated samples (ND was 0.04 ± 0.009) compared 

to those treated for 1 h (p < 0.01; ND was 0.021 ± 0.015) and control samples (p < 0.001; ND 

was 0.007 ± 0.002). In addition to degradation, we also observed signs of neurite retraction 

(pointed by white arrows in fig. 5B iii). We investigated neurite retraction in 2D hNS cultures 

(on laminin-coated coverslip) and saw that 24 h of capsaicin exposure (at 100 μM) routinely 

formed wavefronts, resultant of pulled-back neurites (fig. S5). Moreover, we also saw that 24 

h exposure could lead to the detachment of neural tissue in some areas (fig. S6B). Contrarily, 

control samples (fig. S6A) exhibited good neural tissue stability throughout the hydrogel. 

Innervation platforms composed of DRGs neurons showed a similar response as in hNS-

containing platforms (fig. S8), with the capsaicin treatment leading to a time-dependent axonal 

degeneration with identical morphological changes. After 1 h of incubation degradation was 

still low (fig. S9; BC was 993.2 ± 402.4; ND was 0.039 ± 0.020), but after 24 h the neurites 

morphology exhibited clear signs of damage (fig. S9; BC was 2252.0 ± 507.3; ND was 0.1314 

± 0.04277) at a larger extent than hNS samples. In samples lacking a skin construct (fig. 5B 

bottom row), we could see that capsaicin diffusion was unhindered and thus neurite 

degeneration was even more pronounced. After 1h of exposure (fig. 5b v), a vast neurite 

degeneration and retraction was already observed (fig. S10; BC was 1929 ± 198.3; ND was 

0.087 ± 0.042). Axonal degeneration was further increased when the exposure time was 24 h 

(fig. 5b vi), as most of the neurite network was destroyed or severely damaged (fig. S10; BC 

was 2610 ± 1815; ND was 0.15 ± 0.10).  
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Figure 5.  Nociceptor response to a capsaicin stimulus applied via a capsaicin patch, placed 

over the skin section. A) Illustration of the followed approach. A 3mm cut of a large capsaicin 
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patch was made with a biopsy punch and carefully placed over the skin. The samples were 

incubated for 1 h and 24 h and then analyzed. B) Immunostaining to βIII-tubulin (in red) 

revealed that a capsaicin stimulus applied on the skin is absorbed and transmitted to the 

surrounding neurons, causing an exposure time-dependent degradation. After 1 h of exposure 

(top row, middle column) the signs of neurite degeneration are already evident. After 24 h of 

exposure (top row, right column) the amount of degenerated neurites increased and there were 

also signs of neurite retraction. In no treatment samples (top row, left column), the neurite 

morphology seemed normal, with no signs of injury. Samples with no added hSE (bottom row) 

showed that in the absence of a skin layer between the capsaicin patch and the gel platform, 

capsaicin diffusion was enhanced and consequently the effect over hNS at 1 h (middle image) 

or 24 h (right image) was even more pronounced. All scale bars are 100 μm. C) and D) 

Quantification of the axonal degeneration observed in this experiment within the innervated 

hSE platform. C) Bead object count was performed by analyzing and counting circular objects 

in the images within a defined threshold. The boxplot shows data points from the minimum to 

maximum value.  D) Neurite degeneration was obtained by dividing this value by the total 

neurite area. The bar graphs represent the mean + SD. Statistics were performed using one-

way ANOVA followed by Tukey’s HSD post-hoc test, where ***p < 0.001, **p < 0.01 and *p < 

0.05. Illustration was made in biorender (https://biorender.com/). 

  

Discussion 

Cutaneous sensory innervation is necessary to provide skin with its sensorial function 

and to promote efficient wound healing1,8. Therefore, their presence within hSE is critical to 

better recapitulate the native skin structure/function, as well as to investigate pathologies 

involving cutaneous nerve fibers (e.g. diabetes)20 and wound healing 

mechanisms/acceleration strategies6,21. In particular, nociceptor fibers are essential to prevent 

organ damage, by mediating the pain sensing mechanisms that recognize noxious stimuli in 

direct (e.g. capsaicin) or indirect (e.g. high temperature) contact with the skin. In doing so, 

nociceptor fibers help avoiding them1,18,22. Thus, in vitro hSE models incorporating nociceptors 

will also open the possibility to investigate the influence of compounds on skin and the 

underlying nerves (e.g. cosmetic, therapeutic creams, etc.)12. 

The goal of this work was to develop a 3D biomimetic model of human skin with 

innervating nociceptors. At the same time, we intended to design a platform that simplified in 

vitro testing, such as morphological evaluation of the innervating fibers. To achieve this, we 

fabricated a hydrogel platform containing two separate wells, for compartmentalized co-culture 

of a nociceptor population (hNS) and a skin equivalent (hSE) (fig. 3). The compartmentalization 

of tissues ensures reproducible and precise cell location, consistent nerve fiber 

length/innervation density and replicates the native mode of cutaneous innervation from a 
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distant DRG23. Additionally, assessment of the innervating fibers can be done directly in whole-

mount samples, thus avoiding the laborious and time-consuming process of sample sectioning. 

As a hydrogel material, we used a collagen/fibrin blend, which permits the simple and quick 

preparation of a patterned hydrogel with a stable shape. Moreover, these materials are 

permissive for both neural and skin cells growth and have been extensively used in skin and 

nerve tissue engineering approaches24,25.  

To prepare the hNS, we used the method reported in chapter 4, which yields a large 

number of self-aggregating and uniformly sized cell clusters (fig. 1A and 1B). When harvested, 

at the trunk neural crest stage, the cell clusters can be precisely placed on a chosen substrate, 

e.g. laminin-coated coverslip, where they exhibit neural outgrowth and attain a nociceptor 

phenotype (fig. 3C and 3D). Cultures of a collagen/fibrin hydrogel embedding a hNS-seeded 

scaffold resulted in a 3D, vast and fairly anisotropic neurite network (fig. 1E), with comparable 

densities to DRG cultures (fig. S1).  

To fabricate a hSE model we used a well-established and reported method14,15 that 

generates a skin-like tissue with remarkable morphological resemblance to the native tissue26, 

with clear formation of a dermis and stratified epidermis region (fig. 2B-D). To assemble the 

innervated skin model, we added the neural and skin tissues sequentially to the hydrogel 

platform, starting with the neural cell cluster, in order to prime neurite outgrowth within the 

hydrogel, before hSE implantation (fig. 3D). Co-cultures of 21 days resulted in a vast and radial 

3D neurite outgrowth, reaching and innervating the hSE section (fig. 4). Comparative co-

cultures with a primary DRG explant led to a similar neurite density, but with increased 

targeting towards the hSE that resulted in a larger innervation density compared to hNS-hSE 

models (fig. S3 and S4). 

Once the skin innervation model was established, we devised an experimental setup 

to simultaneously evaluate the skin barrier function and nociceptor ability to detect noxious 

stimuli. To do this, we applied a commercially available capsaicin patch (Qutenza ™) in contact 

with the hSE and directly measured the nociceptors’ reaction, via fluorescent imaging of the 

whole sample (fig. 5A). Despite causing irritation and a burning sensation, capsaicin 

treatments are used in the clinic as a pain management solution; the molecule is able to 

selectively target and stimulate nociceptors, causing their reversible 

defunctionalization/ablation4,27. In particular, the Qutenza™ patch delivers a high capsaicin 

concentration (80 mg capsaicin per gram of adhesive; 8%) and is shown to produce an 

effective pain relief for up to 12 weeks, after a single 60 min application4. Capsaicin activates 

TRPV-1 channels, promoting calcium influx and consequent mitochondrial dysfunction, 

inhibition of metabolism and loss of electrical excitability, leading to loss of function. 

Additionally, the maintenance of cellular membrane integrity may be compromised, resulting 

in the collapse/retraction of nerve endings4,28. In our experiment with hNS-hSE platforms, we 
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observed that the capsaicin treatment led to the appearance of blebs within the neurite 

network, indicating neurite degeneration, in proportion to the patch application time (fig. 5B-

D). This was evident when compared to the control samples, whose neurite networks appeared 

straight and with no beads. Because of these obvious morphological changes, we could 

quantify neurite degeneration, with an in-house developed imaging algorithm that tracked bead 

formation (fig. S7). We also observed neurite retraction as a consequence of capsaicin 

treatment in our 3D platform (fig. 5B) and in 2D cultures (fig. S5), indicating a similar behavior 

of these differentiated nociceptors compared to their native counterparts.  

In the absence of a hSE construct, neurite damage was even more pronounced, 

exhibiting extensive degeneration already after 1 h of patch exposure and almost full neurite 

ablation after a 24 h treatment (fig. 5B bottom row and fig. S10). This finding underscores the 

ability of our skin construct to act as a barrier that slows the delivery of capsaicin to innervating 

fibers. In DRG containing platforms we also detected the same neurite regression and 

degeneration effect after capsaicin exposure (fig. S8), which indicates that our differentiated 

neurons replicate the primary neuron response to this noxious stimulus. However, the neurite 

damage was further accentuated in DRGs, compared to differentiated nociceptors (fig. 5C-D 

and fig. S9), probably due to a higher expression of TRPV-1 and thus increased sensitivity to 

capsaicin.  

As demonstrated, this platform can support testing of compounds with potential effects 

on cutaneous nerves, applied via a method that mimics real topical applications. Particularly, 

substances that activate nociceptors and may trigger a painful sensation, as well as cause 

neurotoxicity, could be evaluated with this platform. Due to our platform design denoted by two 

horizontally separate compartments, testing on the platform is simplified by the ability to directly 

observe the innervating fibers without need for sample sectioning. This is an improvement from 

other hSE models13 where the stacked configuration of neurons and skin tissue requires 

sectioning to observe the innervating fibers. Our previous work (chapter 3) demonstrated that 

our iPSC-derived neurons could be stimulated to release CGRP and substance P, 

neuropeptides involved in nociceptive pain, after TRPV-1 stimulation with a capsaicin analog. 

Further quantification of these neuropeptide release would strengthen the experimental read-

out, allowing to better determine the response of our model to noxious stimuli. Finally, the 

acquisition of histological and immunohistochemical cross-sectional images of the model after 

the co-culture period (and capsaicin exposure) would permit the evaluation of hSE quality as 

well as epidermal nerve fiber density/morphology. Regardless, we have shown here a method 

that combines two established tissue models to generate an innervated skin platform, with 

shown application in neuron testing.  

Conclusion 
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 We have developed a 3D platform containing nociceptor-innervated skin of human 

origin, recapitulating the native manner of innervation and that can be easily observed without 

sample sectioning. Using this platform, we demonstrated the potential to evaluate the effect of 

topical compounds on the innervating fibers. We believe that this pilot work contributes towards 

the pursuit of biomimetic and functional skin models for improved preliminary in vitro research 

that may enhance predictability of results in following animal and human trials. 
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Figure S1. Neurite outgrowth from human nociceptor spheroids (hNS) (black bar) or rat DRGs 

(gray bar) in collagen/fibrin hydrogels. The bar graph represents the mean ± SD obtained from 

neurite length measurements in images containing the full neurite length. At least 10 

measurements were taken per image and 3 images were taken per sample (n = 4). Statistics 

were performed with an unpaired t-test and ns denotes p > 0.05.  
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Figure S2. Photograph of the PDMS units used to pattern the skin and neural compartments 

on the collagen/fibrin hydrogel. Scale bar is 10 mm.   

 

Figure S3. DRG remote innervation on the skin compartment. A) Overview of the whole 

platform showing the vast neurite outgrowth (immunostained by βIII-tubulin in red) from the 

DRG cluster and into the compartment containing the skin section. This compartment is 

delineated with a white line. Scale bar is 1000 μm. B) High magnification of the white dashed 
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box shown in A). This interface view illustrates well the extensive innervation of the cultured 

skin.  

 

 

Figure S4. Innervation density measurement on innervated hSE models composed of hNS 

and DRG as nociceptor population. The measurements were obtained by selecting similar 

regions of interest (ROI) at the border of the hSE section that contained penetrating neurites. 

To quantify these, we measured the axonal area (βIII-tubulin+ segments) and divided the 

results by the image area. For this we took 3 images per sample (n = 3). The bar graphs 

represent the mean ± SD. Statistics were performed with an unpaired t-test, where * denotes 

p < 0.05.  

 

 

Figure S5. Capsaicin exposure effect on 7-day old hNS cultured on laminin-coated coverslips. 

After 24h of 100 µM exposure, we detected the occurrence of neurite retraction in many 

regions, evidenced by the neurite front clustering pointed by the red arrows in A) and B). 

Neurite regrowth from those spots is also visible. Scale bars are 100 μm.  
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Figure S6. Capsaicin exposure effect on hNS cultured on the 3D compartmentalized platform. 

A) On control samples (left image), nociceptor neurites maintain a normal morphology (no 

blebbing or other signs of degradation) and remain innervating the hSE. B) Samples cultured 

with the capsaicin patch for 24 h, evidence a peeling aspect (red arrows), caused by extensive 

neurite regression. βIII-tubulin is shown in white and the scale bars are 1000 μm.  
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Figure S7. Algorithm for quantification of axonal degeneration. A) Original image from βIII-

tubulin+ segments. B) Binary image of A). C) Object segmentation with the Analyze particle 

function of imageJ. D) Object counting and area measurement.  

 

 

Figure S8. Capsaicin patch exposure test on DRG/hSE platforms. Samples were not treated 

(left image), exposed to the capsaicin patch for 1 h (middle image) or 24 h (right image). Control 

samples revealed normal neurite morphology, while capsaicin treated samples reveal some 

axonal damage, particularly visible in the 24 h condition. βIII-tubulin is shown in red and the 

scale bar is 100 μm.   
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Figure S9. Quantification of the axonal degeneration in innervating platforms containing a 

DRG as neuron population. A) Bead object count was performed by analyzing and counting 

circular objects in the images within a defined threshold. The boxplot shows data points from 

the minimum to maximum value. B) Neurite degeneration was obtained by dividing this value 

by the total neurite area. Statistics were performed using one-way ANOVA followed by Tukey’s 

HSD post-hoc test, where ***p < 0.001 and **p < 0.01. 

 

 

Figure S10. Quantification of the axonal degeneration in platforms devoid of a hSE section. 

A) Bead object count was performed by analyzing and counting circular objects in the images 

within a defined threshold. The boxplot shows data points from the minimum to maximum 

value. B) Neurite degeneration was obtained by dividing this value by the total neurite area. 

Statistics were performed using one-way ANOVA followed by Tukey’s HSD post-hoc test, 

where ***p < 0.001 and **p < 0.01. 
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Complex Tissue Regeneration Department, MERLN Institute for Technology-Inspired 
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Abstract 

Nerves and blood vessels are present in most organs and are indispensable for their function 

and homeostasis. Within these organs, neurovascular (NV) tissue forms congruent patterns 

and establishes vital interactions. Several pathologies, including diabetes type II, produce NV 

disruptions with serious consequences to patients that are complicated to study using animal 

models. Complex in vitro organ platforms, with neural and vascular supply, allow the 

investigation of such interactions, whether in normal or pathological context, in an affordable, 

simple and direct manner. To date, few in vitro models contain NV tissue, and most strategies 

report models with non-biomimetic representations of the native environment. To this end, we 

have established here a NV platform that contains mature vasculature and neural tissue, 

composed of human microvascular endothelial cells (HMVECs), induced pluripotent stem cell 

(iPSCs) derived sensory neurons, and primary rat Schwann cells (SCs) within a fibrin 

embedded polymeric scaffold. First, we show that SCs can induce the formation and stabilize 

vascular networks to the same degree as the traditional and more thoroughly studied human 

dermal fibroblasts (HDFs). We also show that through SC pre-patterning, we are able to control 

vessel orientation. Using our NV platform, we demonstrate the concomitant formation of three-

dimensional neural and vascular tissue, and the influence of different medium formulations and 

cell types on the NV tissue outcome. Finally, we propose a protocol to form mature NV tissue, 

via integration of independent neural and vascular constituents. The platform described here 

provides a versatile and advanced model for in vitro research of the NV axis.  
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Introduction 

 Nerves and blood vessels (BVs) are commonly found in the same regions, forming 

overlapping arborized networks/patterns within tissues1. This uncanny alignment is the result 

of intimately linked developmental pathways of these two systems, with each navigating side-

by-side as tissues grow. This neurovascular (NV) alignment and codependency persists in 

mature tissues as both the neural and vascular tissues exhibit mutual requirements, where 

large nerves require vascularization to ensure nutrient and oxygen supply, and large BVs rely 

on innervation to regulate vasodilation and vasoconstriction2,3. The underlying reason for this 

shared organization and distribution of nerves and BVs is similar: to provide sufficient coverage 

of a target tissue to ensure survival and function. Parallels also exist in terms of how these 

target tissues become innervated and vascularized; for both subunits of the NV axis, a tissue 

releases growth factors (GFs), in soluble or matrix-bound form, to attract and direct nerve and 

BV growth1. For nerves, non-innervated target cells secrete GFs such as nerve growth factor 

(NGF) to attract neurons. For vessels, hypoxic tissues secrete vascular endothelial growth 

factor (VEGF) to trigger vascularization. In both cases, once the target tissue is stimulated by 

neuropeptides or sufficiently supplied with oxygen, the production of GFs by the target tissue 

subsides1,4. To reach their targets, nerves and BVs make use of similar pathfinding 

mechanisms. The growth cone is a specialized tip of a growing neuron that has numerous 

filopodia that actively extend and retract in response to the environment, determining the 

direction of nerve growth. Similarly, sprouting BVs designate a specialized endothelial cell as 

“tip cell” to sense the milieu and  pave the way, while trailing “stalk cells” proliferate and form 

capillary lumens1,3,5. To promote development, survival and growth of nerve and vessel 

networks, there is a plethora of GFs and receptors which are common to both tissues5,6. NGF, 

for instance, is a known neurotrophic factor but it can also exert a positive influence on 

endothelial cell (EC) proliferation, survival and migration. Similarly, the VEGF family is known 

to induce vasculogenesis and angiogenesis but can also promote neurogenesis5. Besides 

common molecular players, there is also mounting evidence of direct influence of nerves on 

vessels, and vice-versa, which results in the stereotyped NV alignment. For example, smooth 

muscle cells lining the vessels secrete artemin to induce sympathetic nerve fiber alignment6,7. 

Conversely, within the skin, Schwann cells (SCs) associated with sensory nerves instruct 

vessel patterning via local VEGF secretion8. SCs and ECs interactions, in particular, have been 

more thoroughly investigated, with in vitro reports showing a promotion of ECs migration by 

SCs9 and in vivo reports showing that BVs direct the migration of SC cords during nerve 

regeneration10. However, there is scarce evidence regarding the vasculogenic/angiogenic 

potential of SCs. To better understand the NV axis, it is crucial to develop research platforms 

that allow the study of nerves and BVs in a normal or pathological state. While in vivo models 

provide the most complex representation in terms of tissue architecture and physiology, that 
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inherent complexity limits the ability to discern individual contributions of cells and molecules. 

Moreover, the various biological differences between humans and animal models diminish the 

clinical potential of the findings. A suitable in vitro model would not only improve the knowledge 

about native NV communication, but also accelerate translational research. For instance, in 

diabetes, a worldwide prevalent disease, microvascular damage is frequent, which in turn 

affects the function of peripheral nerves. It is known that hypoxia, resulting from microvessel 

alteration, leads to increase oxidative stress, inflammation and loss of trophic support for 

neurons and SCs11. However, the current scarcity of in vitro NV models precludes the research 

and development of therapeutic drugs, which has to be presently conducted via diabetic (e.g. 

streptozotocin, STZ-induced, etc.) animal models. These models are sub-optimal, containing 

several limitations such as high variability, high cost, systemic damage (complicated to have a 

clear cause/effect understanding) and high incidence of secondary effects due to STZ 

treatment12. To circumvent this, some models have been proposed, although most of them 

replicate the central nervous system NV unit13,14,15. Peripheral nerve (PN) NV models include 

the work of Grasman et al.16, in which human umbilical vein ECs (HUVECs) stimulated axonal 

growth from a rat dorsal root ganglion population (DRG). However, this model has some 

drawbacks: first, HUVECs originate from a non-innervated tissue, the umbilical cord, thus 

limiting the model relevance; second, DRG extraction requires recurrent animal sacrifice, 

which poses ethical concerns and is an expensive procedure; lastly, the co-cultures were 

established on a glass coverslip, which does not provide the three-dimensional (3D) support 

required for the proper development and maturation of both tissues. Yuan et al.17 described a 

similar system, but containing human microvascular endothelial cells (HMVECs) as a vascular 

population instead. These cells originate from the skin, a richly innervated tissue, and thus 

constitute a more relevant cell source. The authors discovered that co-cultures of HMVECs 

and DRGs led to higher overall cell viability and higher expression of VEGF and NGF, 

compared to single cultures of each cell population. Yet, the use of a flat substrate in this 

culture system limits again the model biomimicry, particularly the vascular tissue, which cannot 

form luminized capillaries on a two-dimensional (2D) space. To improve upon this,  Osaki et 

al.18 proposed an approach that uses embryonic stem cell-derived motor neurons (ESC-MNs) 

and induced pluripotent stem cell (iPSC)-derived ECs cultured on a collagen gel, to form a 3D 

NV unit within a microfluidic chip. The authors found out that the presence of ECs improved 

neurite length and function. Despite the shown technological advances, the depicted vascular 

networks do not present a mature vessel morphology and phenotype. Moreover, the absence 

of SCs excludes the possibility of forming myelinated axons and oversimplifies the model of a 

NV milieu, where the presence of different cell types is crucial for proper tissue function.  

 Here, we report the formation of a 3D NV platform, composed of human iPSCs-derived 

sensory (nociceptor) neurons, HMVECs and SCs. First, we describe the potential of SCs to 
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induce vasculogenesis of HMVECs in a fibrin hydrogel, with a similar outcome to the well-

established human dermal fibroblasts (HDFs). We further conclude that SC-conditioned 

medium, despite enhancing tubule formation on matrigel-coated surfaces, is not sufficient to 

induce 3D vessel formation in fibrin hydrogels. We also demonstrate that, by pre-patterning of 

SCs with an aligned microfibrous scaffold, we are able to direct vessel orientation. To fabricate 

a NV platform, we capitalize on the use of a neural model, developed by us and previously 

described in chapter 4. The model is composed by a 3D co-culture of functional human iPSCs-

derived sensory neurons and SCs, seeded on a microfibrous scaffold and embedded in a fibrin 

hydrogel. As a result we were able to obtain a vast anisotropic and myelinated neurite network. 

From this, we explored different strategies to include a vascular component and create a 

peripheral NV unit. Finally, we show that through initial segregation of neural and vascular 

cultures, followed by integration in a single unit, we are able to generate a mature NV model 

that show hallmarks of the native NV interactions, such as NV alignment.   

 We believe that the proposed model constitutes a significant advancement in the 

biofabrication of complex multicellular ecosystem that is the peripheral NV unit. The platform 

presented here can be utilized to tap into NV interactions and study NV associated pathologies 

in a simple, precise and affordable manner.  

 

Materials and methods 

Agarose microwell mold fabrication 

A 3% (w/v) sterile agarose (Thermo Fisher Scientific) solution was prepared in PBS. 8 

ml of agarose solution were poured onto an in-house fabricated PDMS stamp with the negative 

template of 1580 microwells with 400 µm diameter. Centrifugation 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 phosphate buffered saline (PBS) solution and left at 4ºC until further use. The 

day before cell seeding, PBS was replaced with culture media containing Advanced RPMI 

1640 supplemented with 1X glutamax (Thermo Fisher Scientific) and kept in the incubator at 

37ºC, 5% CO2 overnight. 

 

Cell culture 

 Human iPSC line LUMC0031iCTRL08 (Provided by the LUMC iPSC core facility) was 

cultured on Geltrex coated dishes at a density of 10 x 103 /cm2 in mTESR1 medium (Stem Cell 

Technology). Cells were fed every alternate day with completely fresh medium and passaged 

weekly using Accutase (Stem Cell Technology). Upon splitting, cells were cultured in mTESR1 

medium supplement with 10 µM of Y-27632 (Tocris) for 24 h and replaced with mTESR1 

medium for further maintenance. 
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 Adult human microvascular endothelial cells (HMVECs) were purchased from Lonza 

(CC-2543) and cultured on appropriate endothelial cell growth medium, which we refer here 

as vessel medium. The medium is composed of basal medium (CC-3156, Lonza) and 

supplements (CC-4147, Lonza), such as fetal bovine serum (FBS), hydrocortisone, human 

basic fibroblast growth factor (hFGF), vascular endothelial growth factor (VEGF), insulin-like 

growth factor (R3-IGF-1), ascorbic acid, human epidermal growth factor (hEGF), and 

gentamicin sulfate-amphotericin (GA-1000). The exact concentrations are undisclosed by the 

provider. Cells were expanded until passage 5 and used at that passage for 3D culture 

experiments with fibrin and for the angiogenesis assay on matrigel.  

 Normal adult human dermal fibroblasts (HDFs) were purchased from Lonza (CC-2511) 

and cultured with fibroblast growth medium composed of basal medium (CC-3131) and 

supplements (CC-4126), such as FBS, insulin, human fibroblast growth factor (hFGF) and 

gentamicin sulfate-amphotericin (GA-1000). Again, the exact concentrations are undisclosed 

by the provider. Cells were expanded until passage 6 and used for 3D culture experiments at 

that passage.  

 

SCs isolation and purification 

 Primary rat Schwann cells (SCs) were harvested from the sciatic nerves of neonatal 

Wistar rat pups, following local and Dutch animal use guidelines. Nerve segments were 

extracted and digested, followed by cell isolation and purification as described by Kaewkhaw 

et al.19  Briefly, the collected nerves were sliced and digested in a 0.05% (wt/vol) collagenase 

solution for 60 min at 37°C, 5% CO2. The cell suspension was filtered through a 40 µm cell 

strainer, centrifuged for 6 min at 400 g, followed by supernatant removal and cell pellet washing 

with DMEM containing 10% fetal bovine serum (FBS) and 100 U/ml penicillin and 100 μg/ml 

streptomycin. Cells were centrifuged again at 400 g for 6 min and the supernatant discarded. 

Finally, cells were re-suspended with 2 ml of Schwann cell proliferation and purification 

medium, composed of DMEM D-valine (Cell Culture Technologies), 2 mM L-glutamine, 10% 

(v/v) FBS, 1% (v/v) N2 supplement (R&D Systems), 20 µg/ml bovine pituitary extract, 5 µM 

forskolin, 100 U/ml penicillin and 100 μg/ml streptomycin, and 0.25 µg/ml amphotericin B (all 

Sigma-Aldrich), then plated on 35 mm petri dish pre-coated with 0.01% (v/v) poly-L-lysine 

(Sigma –Aldrich) and 1 µg/ml laminin (R&D systems) and incubated at 37°C, 5% CO2. The use 

of D-valine in place of L-valine serves to inhibit fibroblast growth while permitting SCs survival 

and proliferation. 1 ml of fresh medium was added at day 7 of culture and subsequently the 

medium was changed every 2 days until confluency. Cells were used between passage 

number 3 and 6 (P3-P6). 
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iPSCs differentiation and neurosphere formation 

In order to induce iPSCs differentiation into nociceptors, we adapted and modified the 

protocol published by Chambers et al.20. Nociceptor induction was initiated using single cell 

suspension of undifferentiated iPSCs detached with accutase, followed by seeding of 200 

cells/microwell in mTESR1 medium supplemented with 10 µm of Y-27632 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 synchronization is initiated by the addition of mTESR1 medium supplemented with 1% 

dimethyl sulfoxide (DMSO). The cells were maintained for 72 h in the synchronization medium. 

Post synchronization cells were given a PBS wash and nociceptor induction was initiated by 

addition of dual SMAD inhibition media containing Advanced RPMI 1640 supplemented with 

Glutamax (both Thermo Fisher Scientific), 100 nM LDN-193189 (Tocris) and 10 μM SB431542 

(Tocris). The spheres were maintained for 48 h in the dual SMAD inhibition media. Following 

this, neural crest commitment was induced via media containing Advanced RPMI 1640 

supplemented with Glutamax, 3 µM CHIR99021 (Tocris) and 1 µM retinoic acid (Tocris). The 

spheres were maintained in the neural crest induction media for 5 days with media change 

every alternate day. Following this stage, the spheres were incubated in notch inhibition media, 

consisting of Advanced RPMI supplemented with Glutamax, 10 μM SU5402 (Tocris) and 10 

μM DAPT (Tocris), for 48 h.  

Finally, the neurospheres, composed of trunk neural crest cells, were collected and 

seeded on coverslips or scaffolds. In these substrates, cells were cultured in neural maturation 

medium for at least 5 days to reach the nociceptor phenotype. The neural medium is composed 

of Neurobasal Medium, 0.5 mM Glutamax, 100 U/ml penicillin and 100 μg/ml streptomycin (all 

Thermo Fisher Scientific), 100 ng/ml human nerve growth factor (NGF), 50 μg/ml ascorbic acid 

(all Sigma-Aldrich), 25 ng/ml human neuregulin-1 type III (NRG-1 SMDF) and N21 supplement 

(both from R&D systems). 

 

Scaffold fabrication and sterilization 

 The scaffolds were fabricated via a two-step electrospinning (ESP) process with a 

custom-built apparatus. The first step was the production of a release layer by electrospraying 

a solution of 50% polyethyleneoxide (PEO, Mn = 3350, Sigma-Aldrich) in Milli-Q onto aluminum 

foil. For this, the solution flowed through a 0.8 mm inner diameter stainless steel needle 

(Unimed S.A.) at 2 ml/h, while subjected to 20 kV and at a distance of 10 cm from a 60 mm 

diameter mandrel rotating at 5000 rpm.  Afterwards, a nonwoven polyurethane mesh (6691 LL 

(40 g/m2), a kind gift from Lantor B.V., The Netherlands) was prepared by punching an array 

of 12 mm circular holes and placed on the mandrel, covering the PEO sprayed-foil. We then 
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produced the scaffolds by ESP of 300PEOT55PBT45 (PolyVation) in 75:25 

Chloroform/1,1,3,3-hexafluoroisopropanol solution onto the mesh support structure. For this 

process, the solution flowed through a 0.5 mm inner diameter stainless steel needle (Unimed 

S.A.) at 0.75 ml/h, while applying a voltage of 12 kV and at a distance of 10 cm from a rotating 

mandrel (at 5000 rpm). During both processes, the humidity remained at 35-40% and the 

temperature at 22-24°C. Finally, we generated individual scaffolds from the polyurethane mesh 

by punching 15 mm-outer diameter sections concentric to the 12 mm holes, resulting in a thin 

ESP membrane supported by a polyurethane mesh ring. To detach the scaffolds, these were 

dipped in deionized water and left in phosphate buffered saline (PBS) until further use. When 

required for cell seeding, the scaffolds were transferred to a 24 well plate and immersed in 

70% ethanol for 1h for sterilization, followed by repeated PBS washes and air-drying. These 

were then maintained in sterile PBS until needed. 

 

Fabrication of a 3D biomimetic PN platform 

To fabricate our PN platform we followed the process illustrated in Fig. 1A. While the 

iPSCs differentiated and formed neurospheres as described above, we simultaneously seeded 

the scaffolds with 100 x 103 primary SCs and cultured these for 7 days with SC medium. During 

this time, cells were allowed to populate the scaffold and align with its fibers to form highly 

anisotropic SCs bands. After 7 days, when SCs bands were fully formed, we added one 

neurosphere per scaffold. For this, we simply retrieved the neurospheres from the agarose 

mold into an Eppendorf, and carefully pipetted one neurosphere onto each scaffold containing 

125-150 µl of neural medium. After this, we let the neurospheres adhere to the substrate for at 

least 6 hours, before adding neural medium. This medium was composed of Neurobasal 

Medium, 0.5 mM Glutamax, 100 U/ml penicillin and 100 μg/ml streptomycin (all Thermo Fisher 

Scientific), 100 ng/ml human nerve growth factor (NGF), 50 μg/ml ascorbic acid (all Sigma-

Aldrich), 25 ng/ml human neuregulin-1 type III (NRG-1 SMDF) and N21 supplement (both from 

R&D systems). The following day we added 300 μl of fibrin, composed of 3.5 mg/ml human 

fibrinogen (Enzyme Research Laboratories), 5 U/ml thrombin (Sigma-Aldrich) and 2.5 mM 

CaCl2. After full gel formation (~15 min), neural medium containing 100 μg/ml aprotinin was 

added. The cultures were maintained for 7 or 21 days at 37ºC, 5% CO2 and the medium 

refreshed every other day. 

 

Fabrication of a 3D vascularized fibrin platform  

 The 3D vascularized platforms were fabricated through the co-culture of HMVECs with 

either HDFs or SCs, in a fibrin hydrogel. Briefly, cells were counted and added to a tube at a 

density of 1.5 M cells/ml for HMVECs and 0.3 M cells/ml for HDFs or SCs. After this, cells were 

resuspended in 150 μl of 10 mg/ml human fibrinogen plasminogen depleted (Enzyme 
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Research Laboratories) and the suspension was added to either a 24 well-plate or scaffold. 

Following this, 150 μl of thrombin at 20 U/ml and containing 5 mM CaCl2 was added to induce 

fibrin polymerization. The gels were allowed to form for about 15 min and then vessel medium 

(formulation above) was added. The samples were cultured for 10 days, with daily medium 

changes and at 37ºC, 5% CO2.  

 

Fabrication of a NV platform 

 To assemble a NV platform, we followed two distinct strategies. The first strategy was 

used to assess the influence of different culture conditions, namely cells and medium type, on 

the development of neural and vascular tissue. For this, we either coated the scaffold with 

laminin by adding 100 μl of 1 μg/ml laminin-1 (R&D systems) and 2 μg/ml poly-D-lysine (Sigma 

Aldrich), or seeded it with SCs (100 x 103 cells/scaffold). The scaffolds were maintained in SC 

proliferation medium, for 7 days. After this, a neurosphere was placed at the center of both 

laminin and SC-seeded scaffolds, and the co-cultures maintained in neural medium for 7 days. 

At day 14, we added either 300 µl of blank fibrin or fibrin containing HMVECs (1.5 M/ml). The 

platforms were cultured for additional 10 days, in either neural medium or a 1:1 mix of 

neural/vessel medium. For the second strategy, we aimed to build a mature NV platform by 

merging a previously formed vascular model and nerve model. The vascular model was 

composed of a HMVECs/SCs co-culture and formed as described in the section before. The 

vascular cultures were maintained for 11 days in vessel medium. The nerve model was formed 

as described in the 3D nerve model fabrication section, and the iPSCs/SCs co-cultures 

maintained for 4 days in neural medium. To make a single NV unit, we picked up the vascular 

model, which was formed over a polyurethane mesh ring that facilitated handling, and 

transferred it over the nerve model. Both components were bound together by dispersing 150 

µl of fibrin over them and leaving it to polymerize for about 15 min. After that, the cultures were 

supplemented with neural/vessel medium at 1:1 and kept for 10 days. All cultures were kept 

at 37ºC, 5% CO2, and the medium changed every other day.  

 

Collection of SCs or HDFs conditioned medium 

 SCs or HDFs were seeded at 10 x 103 cells/cm2 on 6 well-plates in 1 ml of normal 

vessel medium. The day after, the medium was removed and 2 ml of fresh medium was added. 

The cells were cultured for 5 days and 1 ml of medium was collected every day and stored at 

-80ºC. 

 

Tube formation assay on matrigel  

For matrigel coating, we dispensed 150 μl of ice-cold matrigel (CB-40234A, Thermo 

Fisher Scientific) into the wells of a 48 well-plate. The plate was incubated at RT for 10 min, 
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followed by incubation at 37ºC for 30 min. After this, HMVECs were collected in normal vessel 

medium or SCs-conditioned vessel medium and 250 μl of cell seeding solution was added into 

each well, at a density of 75 x 103 cells/cm2. The cells were cultured for 48 h at 37ºC, 5% CO2.  

 

Cytokine array  

 The detection of cytokines present within normal vessel medium, SCs-conditioned 

medium and HDFs-conditioned medium was performed with a cytokine array kit (AAR-CYT-2-

2, Ray Biotech). The protocol was performed as indicated by the manufacturer and the 

membranes were imaged with a chemiluminescence imaging system (Chemidoc, Bio-rad) at 

an appropriate charge-couple device (CCD) exposure.  

 

Immunostaining  

Samples were fixed with 4% paraformaldehyde (PFA) for 25 min at room temperature 

(RT), rinsed thoroughly with PBS, and left in PBS until further use. Permeabilization and 

blocking was performed simultaneously with a solution of 1% triton X-100, 5% goat serum, 

0.05% Tween20, and 1% bovine serum albumin (BSA) in PBS, for 24 h at 4ºC, under mild 

agitation. Samples were then incubated for 48 h at 4°C, under mild agitation, with primary 

antibody solutions containing 0.1% triton X-100, 5% goat serum, 0.05% Tween20, and 1% 

bovine serum albumin (BSA) in PBS. Following this, the samples were washed with a wash 

buffer composed of 0.05% Tween20 and 1% bovine serum albumin (BSA) in PBS, and left for 

24 h at 4ºC, under mild agitation, to remove unbound antibodies. Secondary antibody solutions 

were prepared in wash buffer and incubated for 48 h at 4ºC, under mild agitation. Following 

this, we rinsed the samples with PBS, stained with DAPI (0.2 µg/ml) for 20 min at RT, and left 

them in PBS until imaging. For F-actin staining we used Alexa Fluor 488- or Alexa Fluor 568-

phalloidin (Thermo Fisher Scientific) at 1:75 dilution in PBS for 1 hr at RT. 

The used primary antibodies were the following: anti-βIII tubulin (Sigma-Aldrich, T8578, 

1:500), anti-S100 (Sigma-Aldrich, S2644, 1:100), anti-Myelin Basic Protein, MBP (Thermo 

Fisher, PA1-46447, 1:50), anti-CD31 (Agilent, M082329-2, 1:100), anti-CD31 (Abcam, 

ab32457, 1:100) anti-laminin (Bio-connect, LS-C384320, 1:100), anti-collagen IV (Nordic 

MUbio, MUB0338S, 1:100), anti-von Willebrand Factor (Abcam, ab194405, 1:100), anti-VE-

cadherin (Cell Signalling Technology, D87F2, 1:100) and anti-alpha smooth muscle actin 

(Thermo Fisher Scientific, PA5-19465, 1:100).  

Finally, the used secondary antibodies were the following: goat anti-mouse conjugated 

with Alexa Fluor 488; goat anti-mouse conjugated with Alexa Fluor 568, goat anti-rabbit 

conjugated with Alexa Fluor 488 and goat anti-rabbit conjugated with Alexa Fluor 568 (all 

Thermo Fisher Scientific).  
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Imaging 

 Brighfield images were acquired with an inverted microscope (Nikon Eclipse Ti-e). 

Fluorescent images were acquired with an inverted microscope (Nikon Eclipse Ti-e) or a 

confocal laser scanning microscope (Leica TCS SP8). For scanning electron microscopy 

(SEM), the samples were mounted on sample stubs with carbon tape and gold-sputtered for 

40 s at 30 mA (Cressington Sputter Coater 108 auto). SEM Imaging was conducted with a 

SEM (FEI/Philips XL-30 ESEM) at V= 10 kV.  

 

TEM imaging 

Samples were prepared by fixation in 4% PFA in PBS, followed by washing with 0.1 M 

Cacodylate (3x for 15 min). Cells were fixed again with 2.5% glutaraldehyde in Cacodylate 0.1 

M overnight (minimum of 1 h), followed by washing with 0.1 M Cacodylate (3x 15 min), 

postfixed with 1% Osmiumteroxide + 1.5% potassium hexacyanoferrate (II) trihydrate in 

Cacodylate 0.1 M, then washed again with 0.1 M Cacodylate 3x for 15 min. Then we proceeded 

to a dehydration series (70% for 30 min, 90% for 30 min and 2x 100% for 30 min), followed by 

propylenoxide 2x 30 min and Propylenoxide:Epon LX112 (1:1) overnight with stirring. Samples 

were covered with fresh epon LX112 7 h with stirring and embedded in beemcapsules with 

fresh epon 3 days at 60ºC. 60 nm sections were then cut with a diamond knife, stained with 

uranyl acetate and lead citrate and imaged with a TEM (FEI Tecnai G2 Spirit BioTWIN iCorr).  

 

Image analysis  

3D images and videos of neurons and vascular channels were processed with Amira 

(Thermo Fisher Scientific) or Leica Application Suit (LAS X, Leica Microsystems) software. 2D 

images were processed and analyzed with Fiji software (https://fiji.sc/). To quantify neural 

morphological parameters, we captured images that contained the whole tissue sample. 

Neurite length was obtained with Simple Neurite Tracer plugin21, by measuring the distance 

between cell bodies and the edge of the respective axons. Neurite area was obtained by first 

converting images of βIII tubulin+ cells to binary images and measuring the pixel area occupied 

by the neurites, excluding cell bodies. Then, we divided this value by the total area of the 

scaffold. To measure the orientation degree of HMVECs we used the OrientationJ plugin22 and 

applied the Measure function over identical circular ROIs to obtain the coherence values 

(where 0 is full isotropy and 1 is full anisotropy). For this experiment, we took at least 10 

measurements per sample. Vascular channel network analysis of 3D fibrin cultures was 

performed after acquisition of at least 5 images per sample. Vascular tubes analysis of 2D 

matrigel cultures was performed after acquiring images capturing the whole well where cells 

were cultured. Vessel/tube length was determined manually by measuring the length of an 

individual vessel until the next bifurcation. Vessel/tube branching density was determined by 
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manually counting the number of branching points within an image and dividing this value by 

the image area. Vessel/tube density was determined by manually counting the number of 

vessels within an image and dividing this value by the image area. Vessel area was obtained 

by converting images to binary and measuring the occupied area of CD31+ structures. This 

value was then divided by the total area of the image. Finally, to quantify the amount of 

detected cytokines in the membrane array images, we measured the integrated pixel density 

within identical circular ROIs manually positioned over the membrane spots. The final values 

were obtained by first correcting the samples signal through background subtraction. Then, we 

normalized the values on the conditioned medium samples by multiplying the spots value 

(individual cytokines) with the ratio between the positive control of the reference membrane 

(normal medium) and the sample membrane (conditioned mediums). This sample cytokine 

value was then divided by the corresponding reference cytokine value to obtain the final 

relative secretion value. Those values were then used to build a heat map, with different color 

codes according to the relative secretion value.   

 

Statistics 

 We have built the graphs and analyzed the data using the software GraphPad Prism. 

Bar graphs are shown as mean ± SD and boxplots represent data point between the minimal 

and maximal value. Statistical significances were determined employing an unpaired t-test or 

two-way analysis of variance (ANOVA) followed by a Tukey’s honestly significant difference 

(HSD) post-hoc test (*p < 0.05, ** p < 0.01, ***p < 0.005, ****p < 0.0001 and ns is p > 0.05). 

The comparisons on the graphs from Fig. 6 are done relatively to the laminin samples. 

 

 

Results 

 

Formation of a 3D biomimetic PN platform 

 In order to create a NV unit, we first sought out to develop a platform that would allow 

neural tissue to grow in a manner that replicates the native PN environment. For this, we used 

the protocol established in chapter 4, which makes use of iPSCs-derived neurons, in form of 

spheroids (neurospheres), and primary SCs, co-cultured in an aligned microfibrous scaffold 

with fibrin embedding. The biofabrication protocol is illustrated in fig. 1A, where we show the 

two process phases: 1) Neurosphere formation and SC seeding on scaffolds. For this, we 

seeded iPSCs on an agarose mold with 400 μm microwells (200 cells per well) and applied a 

spheroid formation/nociceptor differentiation protocol over the course of 18 days. At the same 

time, we expanded primary SCs and seeded them on aligned microfibrous scaffolds (100 x 103 

cells / scaffold) at day 11. The SCs are cultured in proliferation medium for 7 days, in order to 
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populate the scaffold and form aligned cell bands, reminiscent of bands of Büngner. After this 

period, the neurospheres were collected and added to the scaffold (one neurosphere per 

scaffold). After attachment, a fibrin hydrogel was added to the top of the construct. The 

hydrogel provides the 3D support, necessary for cells to grow beyond the substrate. 

Additionally, it allows the inclusion of other tissues, in this case, vascular tissue. The co-

cultures were maintained up to 21 days to allow proper tissue maturation, i.e. axon myelination. 

The first checkpoint was at day 7 of culture, where we could see that the neurite development 

was already vast, well aligned and assumed a 3D conformation (fig. 1B). When cells were 

allowed to further grow for 21 days, we could observe an increase in the neurite volume and 

the formation of surrounding myelin (fig. 1C). When analyzing the construct cross-section via 

TEM, we could clearly visualize the presence of compacted and abundant myelin layers, with 

an average thickness of 89.1 ± 17.6 nm.  

 

 

Figure 1. Development of a 3D biomimetic PN platform. A) Illustration of the biofabrication 

process, depicting its two main phases. The first phase is the formation of nociceptor 

neurospheres via iPSCs differentiation within an agarose mold containing 400 μm microwells. 

The whole process takes 18 days from the day cells are seeded (at a density of 200 cells per 

well) until the spheres are ready to be harvested. The differentiation process itself takes only 

14 days. At day 11, primary SCs are seeded and cultured on an aligned microfibrous scaffold 

(at a density of 100 x 103 cells per scaffold). In the second phase, the neurospheres are 

harvested and placed on the SC-seeded scaffold (one neurosphere per scaffold). A fibrin 
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hydrogel embedding is also added, following neurosphere attachment.  The co-culture is 

maintained for up to 21 days to allow compact myelination to occur. B) At 7 days of co-culture, 

there is already a vast, 3D and aligned neurite outgrowth, as illustrated by the 3D 

reconstruction of a micrograph showing immunostaining to βIII-tubulin (in red). C) At 21 days 

of co-culture, neurites maintain their anisotropy and show signals of myelination as evidenced 

by the 3D reconstruction of a micrograph, correlating βIII-tubulin+ (in red) with MBP+ segments 

(in green). For C) and D) the scale bar is 100 μm. D) TEM micrograph of the platform cross-

section showing the presence of multiple, compact myelin rings surrounding the neurites 

(average thickness is 89.1 ± 17.6 nm). The scale bar is 100 nm.  

 

Formation of a 3D vascularized platform with HMVECs and HDFs 

 To form a hydrogel platform containing vascular channels we used a protocol adapted 

from literature23,24,25. As a hydrogel, we chose again the same fibrin formulation used to 

fabricate the PN platform. This ensured that the material would be permissive for the growth 

of both tissues, and thus facilitated integration at a later stage. In our approach, we combined 

HMVECs and HDFs, at a concentration of 1.5 x 106 and 3 x 105 cells/ml respectively (5:1 ratio), 

randomly dispersed within a fibrin hydrogel. The cells were cultured for 10 days in vessel 

medium to allow vessel formation and maturation (fig. 2A). In fig. 2B, we show that the 

presence of HDFs is critical for proper vessel development; As shown elsewhere, HDFs 

produce angiogenic factors that stimulate vessel formation and directly associate with the 

vessels to stabilize them23,24,26. As depicted here, in cultures lacking HDFs (fig. 2B, left image) 

the resulting vessels are poorly formed and not well interconnected. In contrast, the inclusion 

of HDFs results in vessels that are better formed and display good interconnectivity (fig. 2B, 

right image). We also characterized these newly formed vessels according to traditional 

phenotypical markers present in native vasculature (fig. 2C). VE-cadherin, a major component 

of the adherens junctions and essential for the endothelial barrier27, is visibly present at the 

border between cells (fig. 2C top left). Von Willebrand factor (vWF), a blood glycoprotein that 

mediates platelet adhesion to damage sites, essential for hemostasis and characteristic of 

mature vessels27, was also present along the vessel wall (fig. 2C bottom left). We also 

evaluated the expression of laminin and collagen type IV, two extracellular matrix (ECM) 

molecules that are part of the endothelium basal lamina and also indicate vessel 

maturation28,29. As shown in fig. 2C (right column), these markers are present and located 

adjacently to the vessel wall, forming the basement membrane. Finally, in fig. 2D, we show 

that the formed vessels are 3D and open inside, with an average lumen diameter of 5.9 μm, 

which is slightly smaller than typically reported values30, but within the range for capillaries (5 

to 10 µm)31. 
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Figure 2. Formation and characterization of a 3D vascular channel network composed of 

HMVECs and HDFs. A) Illustration of the biofabrication process. Each 3D culture is composed 

of 300 μl of human fibrin containing HMVECs, at 1.5 x 106 cells/ml and HDFs, at 0.3 x 105 

cells/ml, forming a ratio of 5:1. The culture is maintained for at least 10 days. B) The presence 

of HDFs within the culture is essential for the formation and maintenance of well-defined 

vessels. The micrograph on left side shows poor vessel formation in the absence of HDFs. On 

the other hand, when present, HDFs promote the development of well-defined and 

interconnected vascular channels (right micrograph). The vascular channel formation is 

denoted by CD31 immunostaining (in green) and the scale bar is 100 μm. C) Characterization 

of the vessels phenotype with the traditional vascular markers: VE-cadherin (in red; top left 

tile), laminin (in red; top right tile), von Willebrand factor (vWF, in red; bottom left tile) and 

collagen type IV (col IV; in red; bottom right tile). F-actin is shown in (green) and DAPI (in blue) 

(top tiles and bottom left). For the bottom right tile, CD31 is shown in green. The scale bar in 
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the top tiles is 50 μm and in the bottom tiles is 25 μm. D) 3D reconstruction of a micrograph 

depicting a vascular network, evidenced by CD31 immunostaining (in green). As exemplified, 

the vascular network is 3D, well interconnected and shows the presence of lumens with an 

average diameter of 5.9 μm. Illustration made with biorender (https://biorender.com/).  

 

Formation of a 3D vascularized platform with HMVECs and SCs 

 After establishing a vascular model composed of HMVECs and HDFs, we were also 

interested in assessing the potential of SCs as vasculogenesis promoters and mural cells. 

Since SCs are known to secrete VEGF and are used in our PN model to achieve myelination, 

the substitution of HDFs with SCs would simplify the construction of a neurovascular model. 

However, we first evaluated the feasibility of using rat SCs with human cells by investigating 

the ability of rat VEGF (VEGF-165) in binding and activating the VEGF receptor (vascular 

endothelial receptor 2; VEGFR2) on HMVECs. As demonstrated in fig. S1, both human (middle 

image) and rat VEGF (right image) at 5 ng/ml were sufficient to induce the receptor 

phosphorylation. Conversely, when using control medium (basal medium plus 5% FBS and 

depleted of VEGF), the receptor was not activated. Once we confirmed the ability of rat-derived 

VEGF to communicate with HMVECs, we also tested the purity of our SC population. When 

extracting these cells from sciatic nerves, the isolated cell population contains contaminating 

fibroblasts, but these can be removed to obtain pure SCs cultures, as evidenced by the 

ubiquitous S100+ cells (SC marker) and the absence of CD90+ cells (fibroblast marker) (fig. 

S2). 

 Next, we co-cultured HMVECs with either HDFs or SCs in a fibrin hydrogel, as depicted 

in Fig. 2A, and evaluated the resulting vessel network after 10 days (fig. 3). As expected, co-

cultures with HDFs promoted an extensive interconnected and stable vessel network (fig. 3A, 

right image). Remarkably, when co-cultured with SCs, the resulting network was also well-

formed, interlinked and seemingly steady (fig. 3A, middle image), similarly to HDFs/HMVEC 

co-cultures. In contrast, single cultures of HMVECs did not produce any vessels (fig. 3A, left 

image). Through image analysis, we quantified the vessel morphology obtained in the co-

culture systems (Fig. 3B). There were no significant differences vessel density, i.e. number of 

vessels per area, between the two cell types (44.6 ± 22.4 in HDFs versus 55.9 ± 17.7 in SCs). 

HDFs promoted a higher (p < 0.05) vessel area than SCs (20.2 ± 4.3% versus 17.2 ± 4.3%, 

respectively), but a shorter vessel length (p < 0.001) (155.7 ± 66.1 μm versus 199.2 ± 85.9 μm, 

respectively). Finally, branching density analysis, i.e. number of branching points per area, 

revealed a higher number (p < 0.05) in SCs cultures (47.5 ± 17.6) compared to cultures 

containing HDFs (34.7 ± 15.3).  

 After the surprising finding that SCs are suitable to promote vessel development to a 

similar extent as HDFs, we decided to further characterize this new co-culture system. In fig. 
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3C, we show that SCs (S100+; in green) were dispersed through the gel but also directly 

associated with the vessel wall (CD31+; in red). Interestingly, SCs adjacent to the vessel wall 

expressed alpha smooth muscle actin (αSMA), a cell marker indicative of mural cell 

differentiation32 and vessel maturation (fig. 3D). Using the same set of markers as described 

above for HDFs, we further characterized the vessel phenotype. As seen in fig. 3E, VE-

cadherin (top left), vWF (bottom left), laminin (top right) and col-IV (bottom right) were also 

present and located in the same regions. Finally, we show in fig. 3F that the HMVECs/SCs 10-

day co-cultures in fibrin resulted in vast 3D vascular channel network with lumens of 4.6 μm in 

diameter. To emphasize that lumen formation was homogenous and not sporadic, we show a 

moving cross-section of the vessel network in supplementary movie 1, where it is visible that 

all vessels are open throughout.   

 

Figure 3. Formation and characterization of a 3D vascular channel network composed of 

HMVECs and SCs. A) Comparison of vascular networks after 10 days of culture, composed 

by HMVECs only (left tile), HMVECs plus HDFs at 5:1 ratio (middle tile) and HMVECs plus 

SCs at 5:1 ratio (right tile). CD31 is shown in red and the scale bar is 100 μm. B) Quantification 

and comparison of networks formed with SCs (black bars) or HDFs (gray bars) through the 

parameters: vessel area (top left), vessel length (top right), vessel density (bottom left) and 

branching density (bottom right). The bar graphs represent the mean ± SD. Vessel area was 

determined as the ratio of CD31+ area per total image area. The vessel length was determined 
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as the total length of an individual vessel until the next bifurcation. Vessel density was 

determined as the ratio of number of vessels contained in an image per image area. Branching 

density was determined as the ratio of vessel branching points contained in an image per 

image area. This experiment was performed twice and we used at least four replicates per 

condition. For the image analysis, we took at least five images per sample. Statistics were 

performed using an unpaired t-test, where ****p < 0.0001, *p < 0.05 and ns denotes p > 0.05. 

C) 3D reconstruction of a micrograph depicting an intimate association of SCs (S100; green) 

and vessels (CD31; red). D) 3D reconstruction showing that SCs when associated with vessels 

(CD31; red) also express alpha smooth muscle actin (αSMA; green). E) Vascular vessels 

characterization resulting from the co-culture of HMVECs and SCs via the traditional markers: 

VE-cadherin (white; top left tile), laminin (white; top right tile), vWF (white; bottom left tile) and 

col IV (white; bottom right tile). CD31 is shown in red and DAPI in blue. For C), D) and E) the 

scale bar is 50 μm. F) 3D reconstruction of a vascular network showing the formation of well-

defined, 3D interconnected vessels with lumens (average diameter of 4.6 μm). CD31 is shown 

in red and the scale bar is 500 μm for the network overview image and 5 μm for the lumen 

detail image. 

 

SC-conditioned medium analysis and influence on vasculogenesis 

 To further investigate the role of SCs in vessel formation we also analyzed its 

secretome and assessed if SCs-conditioned medium is sufficient to induce vessel formation. 

First, we performed a classical angiogenesis assay on a Matrigel layer to compare vascular 

tube formation in normal vessel medium or vessel medium pre-conditioned by SCs (fig. 4A). 

As demonstrated in fig. 4B, when cultured for 48 h with SCs-conditioned medium, HMVEC 

tubule formation is more extensive and widespread than with normal vessel medium. For 

improved visualization, we traced the tubules with a purple line (original brightfield images 

shown in fig. S3). HMVECs cultured with conditioned medium produced significantly longer 

(583.6 ± 239.8 μm versus 513.3 ± 224.2 μm; p < 0.001), more numerous tubules (77.1 ± 24.2 

versus 53.3 ± 10.6 tubes/mm2; p < 0.05), and also a more branched network (66.3 ± 20.0 

versus 48.0 ± 9.6 branching points/mm2; p < 0.05) compared to HMVECs in normal vessel 

medium (fig. 4C).  

 Once established that SC-conditioned medium has a positive influence on tubule 

formation, we wanted to compare which specific growth factors were being released by HDFs 

and SCs. The secretome profile of both cell types was similar, particularly for wound healing 

and immunomodulatory cytokines, with exception of IFN-gamma and CD86, which were 

substantially higher for SCs compared to HDFs (fig. 4D). As expected, due to their role in vivo, 

SCs also released a larger concentration of neuromodulatory cytokines, including beta-NGF, 

CNTF and agrin. With regard to pro-angiogenic cytokines, VEGF-A was released in similar 
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amounts by both cell types, but PDGF-AA was more actively secreted by SCs. The original 

cytokine array membrane images can be found in fig. S4. 

 Finally, we assessed if SCs-conditioned medium had the same angiogenic potential in 

a fibrin-based 3D culture with HMVECs and, thus, if the presence of SCs is entirely necessary. 

In cultures with conditioned medium but lacking SCs, there was a massive HMVEC 

proliferation throughout the gel and the formation of monolayer on top of the gel, but no 

apparent vessel formation (fig. 4E, left image). In contrast, the presence of SCs led to the 

formation of a vast interconnected network of well-delineated vessels (fig. 4E, right image).  

 

 

Figure 4. Exploring the influence of SCs and its secretome on the formation of vascular 

networks with hMEVCs. A) Illustration of the experiment where HMVECs were seeded in either 

normal or SCs-conditioned medium, onto matrigel coated wells at 75 x 103 cells/cm2 and the 

resulting network was evaluated after 48 hr. B) Brightfield micrographs taken 48 hr after cell 

seeding showing the differences in tube formation between normal (left image) and SCs-

conditioned medium (right image). Purple traces were drawn on top of the tubes for better 
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visualization. The scale bar is 2 mm. C) Characterization and comparison of hMEVC tube 

formation on matrigel samples when cultured with normal (black bars) or SCs-conditioned 

medium (gray bars) using the parameters: vessel length (left graph), vessel density (middle 

graph) and branching density (right graph). The bar graphs represent the mean ± SD. This 

experiment was performed twice and we used 3 replicates per condition. The whole well was 

imaged in order to determine the measured parameters. To quantify the length of the tubes, 

we measure the length of each individual tube until the next bifurcation. The tube density was 

determined as the total number of tubes divided by the total well area. The branching density 

was calculated as the total number of branches divided by the total well area. Statistics were 

performed using an unpaired t-test, where **p < 0.01 and *p < 0.05. D) Determination and 

comparison of an array of cytokines present in SCs- (left column) versus HDFs-conditioned 

medium (right column). The secreted amount of each cytokine was normalized to a control 

medium (normal medium). The value of the ratio between conditioned and normal medium for 

each cytokine was translated to a color code, denoting 0 to 0.99 (black), 1.00 to 1.99 (light 

green), 2.00 to 2.99 (dark green), 3.00 to 3.99 (yellow), 4.00 to 4.99 (red) and 5.00 to 10.00 

(dark red). Cytokines were organized in categories representing their most prominent function, 

such as pro-angiogenic, neuromodulatory, immunomodulatory or wound healing.  E) 

Micrographs of 10-day cultures of hMEVCs only (in SCs-conditioned medium; left image) or 

HMVECs plus SCs (in normal medium; right image) showing immunostaining to CD31 (red). 

As visible, SCs-conditioned medium is not sufficient to promote vessel formation. The 

presence of SCs within the culture is required for vessel formation and maintenance. Scale 

bars are 500 μm.  

 

Directing vessel orientation through SCs patterning 

 After identifying a direct role of SCs in aiding vessel formation, we questioned if these 

were able to induce vessel patterning. To assess this, we generated an experimental set up 

using SCs seeded on aligned microfibrous scaffolds to pattern SC bands. Afterwards, 

HMVECs were seeded in a fibrin hydrogel on top of the construct, and vessel formation was 

evaluated after 10 days of co-culture (fig. 5A). The scaffolds used were identical to those in 

the PN platform and were composed of PEOT/PBT aligned micro-fibers of 1.37 ± 0.20 μm (Fig. 

5B). 

SCs, seeded at 100 x 103 SCs, adhered, proliferated and aligned with the scaffold after 

7 days of culture, as visible by F-actin staining (fig. 5C). After addition of a 300 μl fibrin gel 

containing HMVECs (1.5 x 106 cells/ml), the formed vessels acquired an overall orientation 

that followed the one of the underlying scaffold fibers (fig. 5D, right image). The average length 

of these vessels was 550.9 ± 265.3 μm. In control cultures, with scaffolds devoid of SCs, vessel 

formation was minimal and most HMVECs organized in a branched monolayer (fig. 5D, left 
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image). In the latter situation, HMVECs orientation was isotropic, and thus cell alignment 

measurements showed a low coherence value of 0.02 ± 0.01 (fig. 5F). In contrast, SCs 

scaffolds promoted a significantly larger (p < 0.0001) HMVEC anisotropy, with a coherence 

value of 0.11 ± 0.04. Lastly, we also evaluated the aligned vessel morphology and interaction 

between both cell types in more depth. As shown in fig. 5E, the patterned microvessels were 

3D and maintained open channels throughout their structure, as visible in the orthogonal 

projections of CD31+ cells from both viewing planes. In supplementary movie 2, we show a 

moving cross-section of the vessels to exemplify that the lumens are steadily maintained 

through the aligned vascular network. SCs, marked by S100, were present along the vessels 

border, maintaining an aligned morphology (fig. 5E). In supplementary movie 3, we show that 

these SCs were present throughout the whole construct and were able to migrate from the 

scaffold layer where the alignment was maintained, to the upper layers where cell orientation 

became random.  

 

Figure 5. Pre-aligned SCs can influence hMEVCs to form an oriented vessel network following 

the same direction. A) Illustration of the followed strategy. In the first phase, 100 x 103 SCs are 

seeded on an aligned fibrous scaffold and cultured in SCs proliferation medium for 7 days in 

order to form aligned cell bands. In the second phase, the scaffold is covered with 300 μl of 

fibrin containing 1.5 x 106  HMVECs/ml. The co-culture is maintained for additional 10 days in 

normal vessel medium. B) SEM micrograph of the scaffold denoting the presence of aligned 

micro-sized polymeric fibers composed of PEOT/PBT. The scale bar is 200 nm. C) 

Morphological appearance of SCs after 7 days of culture in the scaffold. As visible, the cells 

are highly aligned at this timepoint. F-actin is shown in red and DAPI in blue. The scale bar is 

50 μm. D) The presence of pre-aligned SCs promotes the formation of vessels (CD31, in red) 
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that follow an overall fiber/SCs direction (right image). The length of these vessels is 550.9 ± 

265.3 μm. In the absence of SCs within the scaffold/fibrin platform, HMVECs do not form 

vessels or follow any overall direction (left image). E) SCs immunostained by S100 (in green) 

exhibit an overall alignment at the z-plane of the vessels (CD31, red) and are intimately 

associated with them. The vascular channels also display wide lumens as seen by the CD31 

orthogonal projections of the xz- and yz-plane. F) Quantification of hMVECs orientation via 

coherence measurement on equally sized ROIs from CD31 micrographs (where 0 is full 

isotropy and 1 is full anisotropy). As visible, the presence of SCs promotes a statistical 

significant increase (p < 0.0001) in cell alignment. The bar graphs represent the mean ± SD. 

All experiments were performed once and we used five replicates per condition. Ten 

measurements were taken per sample. Statistics were performed using an unpaired t-test, 

where ****p < 0.0001. Illustration made with biorender (https://biorender.com/). 

 

Development of a neurovascular platform  

Neural tissue assessment 

 Following the development of a 3D neural platform and a 3D microvascular model, we 

set out to combine both biofabrication approaches to create a 3D neurovascular platform (fig. 

6A). We compared the neural growth in platforms with different compositions, such as the 

scaffold coating (laminin or SCs) and fibrin content (blank or with HMVECs), and cultured with 

different media. In this way, we could dissect the influence of individual parameters and 

determine the best conditions for optimal neural growth. As depicted in fig. 6A, the scaffolds 

were either coated with laminin (1 μg/ml) or seeded with SCs (100 x 103 cells per scaffold). 

After 7 days of culture in SCs proliferation medium, we added one neurosphere in the center 

of the scaffolds and cultured the platforms for extra 7 days in neural medium to promote neurite 

outgrowth. At day 14, a blank fibrin hydrogel or an HMVEC-laden fibrin gel (1.5 x 106  cells/ml) 

was added on top of the construct. The platforms were cultured for additional 10 days in pure 

neural medium (NM) or neural/vessel medium in equal proportions (1:1 medium). In all 

conditions, the neurons attached and survived the culture period. The resulting morphology 

was however quite different among conditions. In general, neurons cultured with NM 

developed longer and more aligned neurites than in the mixed medium condition (fig. 6C). 

When quantifying the neurite length (fig. 6C), we detected the same trend in both media with 

respect to culture substrates. SCs-seeded scaffolds with blank fibrin promoted the highest 

neurite length, with a mean value of 2522.4 ± 564.2 μm in NM and 868.3 ± 294.5 μm in 1:1 

medium. Laminin-coated scaffolds with blank fibrin promoted a mean length of 1784.0 ± 491.4 

μm when cultured with NM, and 624.2 ± 207.8 μm when cultured in 1:1 medium. Interestingly, 

the addition of HMVECs impaired neurite outgrowth with these cultures showing a dramatic 

reduction (p < 0.0001) in the NM group for both laminin-coated (775.3 ± 203.7 μm) and SC-
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seeded scaffolds (651.9 ± 184.1 μm). When culturing with 1:1 medium instead, the neurite 

length in platforms with HMVEC-loaded fibrin was similar to those with blank fibrin, and only 

inferior (p < 0.0001) to SCs scaffolds with blank fibrin.  

Regarding neurite area, we registered a similar trend in both medium groups. Samples 

composed of SCs-seeded scaffolds with blank fibrin ranked the highest again, displaying a 

neurite area (shown as % of total scaffold area) of 5.5 ± 0.9% for NM and 5.8 ± 2.0% for 50/50 

medium. In the NM group, laminin-coated scaffolds with blank fibrin displayed the second 

highest neurite area with 3.5 ± 1.6%. When HMVECs were added with fibrin, the neurite area 

decreased to 2.7 ± 0.9% in laminin-coated scaffolds and to 1.9 ± 0.6% in SCs-seeded 

scaffolds. Finally, for the 1:1 medium group, the condition with both SCs and HMVECs led to 

an area of 4.11 ± 2.3%. Laminin-coated scaffolds with blank fibrin followed, occupying 2.7 ± 

0.9% of the scaffold area. Finally, laminin-coated scaffolds with HMVEC-laden fibrin promoted 

a neurite area of only 1.9 ± 0.9%. Despite the reduction in neurite length and area in HMVEC-

containing scaffolds, we could see that the neurite density, i.e. number of fibers emanating 

from the cluster, was higher than in other conditions, which is probably a result of increased 

neuron proliferation. However, due to cell crowding and size of the features of interest, it is 

hard to distinguish neurites from cell bodies, and thus precise quantification is impaired in this 

case.  
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Figure 6.  Development of a neurovascular platform and neural tissue assessment. A) 

Illustration of the followed strategy. In the first phase, the aligned microfibrous scaffold was 

coated with laminin (1 μg/ml) or seeded with SCs (100 x 103 cells per scaffold). The cultures 

were maintained for 7 days in SC proliferation medium to allow SCs to populate the scaffold. 

In the second phase, one neurosphere was placed on the center of a laminin-coated or a SCs-

seeded scaffold. The culture medium was then switched to neural medium and the culture 

maintained for 7 days to induce neurite outgrowth. After this period, 300 μl of blank fibrin or 

fibrin containing 1.5 x 106  HMVECs/ml was added to both types of scaffold. The cultures were 

maintained for extra 10 days in either full neural medium or a mixed medium composed of 

neural medium and vessel medium at 1:1 ratio. Quantification and comparison of the B) neurite 

area (top graph) and C) neurite length (bottom graph) between samples of laminin-coated 

scaffolds plus blank fibrin (black bars); SCs-seeded scaffolds plus blank fibrin (green bars); 

laminin coated scaffolds plus HMVEC-laden fibrin (red) or SCs-seeded scaffolds plus HMVEC-

laden fibrin (light orange bars). Left column bars represent samples cultured in neural medium 

and the right column represent samples in neural/vessel medium at 1:1 ratio. D) Overview of 

the neurite morphology of the abovementioned platform conditions, via immunostaining to βIII-

tubulin (white). Scale bar is 500 μm. The bar graphs represent the mean ± SD. This experiment 

was performed twice and we use at least five replicates per condition. The whole sample was 

measured in order to quantify the neurite area and neurite length. Neurite area was determined 

by the βIII-tubulin+ area, excluding the cell bodies, divided by the total scaffold area. Neurite 

length was determined by the length spanning from the tip of an axon until the point where it 

emanates from the cell body. At least 20 measurements were taken per sample. Statistics 

were performed via two-way ANOVA followed by Tukey’s multiple comparison test, where ****p 

< 0.0001 and ** p < 0.01. Comparisons were done relative to laminin samples. Illustration made 

with biorender (https://biorender.com/).   

 

Vascular tissue assessment 

 We also assessed vascular tissue formation in the conditions that contained HMVEC-

laden fibrin. As demonstrated in fig. 7A, HMVECs (marked by CD31) were attracted to the 

neurospheres (βIII-tubulin+) in platforms cultured with both mediums and regardless of SCs 

presence. When zooming in close to the neurosphere (fig. 7A right column), in NM medium 

HMVECs were unable to form vessels, organizing instead into a monolayer. On the other hand, 

in mixed medium, HMVECs were able to arrange in an interconnected vessel network that is 

circumscribed to the neurosphere area. When inspecting this network in higher detail (fig. 7A 

right column), it was visible that neurites and vessels followed a parallel direction, indicative of 

neurovascular alignment.   



257 

 

 In fig. 7B, we show examples of the vessel network formed in platforms that were 

cultured in 1:1 medium and with (right image) or without (left image) SCs seeded on the 

scaffold. As depicted, both conditions permitted vessel formation on top of the neuron clusters, 

and the presence of SCs did not seem to enhance vascularization dramatically. To verify this, 

we quantified the developed vascular network (fig. 7C). Both conditions yielded a similar area 

(0.3 ± 0.1% for no SCs and 0.3 ± 0.1% with SCs) and similar vessel density (2.5 ± 0.4 

vessels/mm2 for no SCs and 2.0 ± 0.2 vessels/mm2 with SCs). Regarding vessel length, 

however, we noted a significant difference (p < 0.0001) in platforms containing SCs (363.8 ± 

82.2 μm) compared to those absent of glial cells (190.4 ± 86.5 μm).    

Figure 7. Vascular tissue development on the fabricated neurovascular platform. A) 

Comparison of the neural and vascular tissue formation on platforms composed of SC-seeded 

scaffolds and hMVECs-laden fibrin cultured on neural medium (top row) or neural/vessel 

medium at 1:1 (bottom row). Full neural medium promoted neurite outgrowth but was not 

sufficient to induce vessel formation. Neural/Vessel medium at 1:1 promoted simultaneous 

neuron proliferation, neurite outgrowth and vessel formation, which was mostly circumscribed 
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to the top of the neurosphere. βIII-tubulin is shown in white and CD31 in red. The right most 

column depicts a high magnification view of the yellow-dashed box marked in the merged 

column. For the low magnification images, the scale bar is 500 μm, while for the high 

magnification it is 100 μm. B) Vessel formation on platforms composed of laminin-coated 

scaffolds with HMVECs-laden fibrin (left image) or SCs-seeded scaffolds and HMVECs-laden 

fibrin (right image). Vascular development (marked by CD31 in red) was similar in platforms 

with and without SCs present. The scale bar is 500 μm. C) Quantification and comparison of 

the vascular network on platforms with SCs (gray bars) and without (black bars) using the 

parameters: vessel area (left graph), vessel density (middle graph) and vessel length (right 

graph). The bar graphs represent mean ± SD. Vessel area was determined as the ratio of 

CD31+ area per total image area. Vessel density was determined as the ratio of number of 

vessels contained in an image per image area. The vessel length was determined as the total 

length of an individual vessel until the next bifurcation. This experiment was performed twice 

and we use at least five replicates per condition. Statistics were performed using an unpaired 

t-test, where ****p < 0.0001 ns denotes not significant.  

 

Development of mature vessel innervation platform  

In an effort to improve the fabrication of a neurovascular platform we developed a new 

assembly strategy (fig. 8A), in which both vascular and nerve model are first formed separately 

to provide the optimal conditions for the development of each tissue, and then bonded into a 

single and compact NV unit.  The vascular component contained a co-culture of HMVEC/SCs, 

built as described in fig. 3, and cultured for 11 days. The nerve component was prepared as 

described in fig. 1 and the iPSCs/SCs co-culture maintained for 4 days. At the point where 

both models were merged, the vascular unit displayed an interconnected vessel network, and 

the nerve model showed vast neurite outgrowth from the cluster.   

To bond both structures, we added fibrin gel, which is a common material between both 

models, and thus promoted a facile integration. After 21 days of culture we investigated the 

developed vasculature/neuronal morphology and resulting NV interactions. To compare the 

progression of vascular development in platforms pre- and post-integration with the neural 

scaffolds (fig. 8A), we assessed vascular morphology at 11-day (pre-integration; vascular 

component) and 21-day cultures (post-integration; NV platform). The 11-day co-cultures 

showed well-formed vessels, reminiscent of a vascular plexus, with a large diameter, short 

length and a tortuous/meandering pattern. In 21-day co-cultures, the vessels continued to 

develop and the resulting structures resembled mature microvessels, with a thinner diameter, 

larger length and more strongly oriented. We quantified both vessel networks and compared 

the outcome in fig. S5. The mean vessel diameter decreased from 31.1 ± 9.5 μm to 9.2 ± 2.3 

μm overtime (fig. S5A; p < 0.0001), while the mean vessel length increased from 199.2 ± 85.8 
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μm to 279.5 ± 140.6 μm (fig. S5B; p < 0.001). Regarding vessel area (fig. S5C) and branching 

density (fig. S5E) there was no difference between timepoints. However, there was a higher 

number of vessels per area (fig. S5D) present at day 21 (111.9 ± 27.4 vessels/mm2) compared 

to day 11 (56.0 ± 17.8 vessels/mm2). In fig. 8C and 8D, we exposed different examples of NV 

interactions that we observed in our platform. In fig. 8C, we show the resulting interactions in 

the region comprised by the neurosphere. In this region, we noticed a large presence of 

HMVECs, which denotes an attraction of these cells towards the neuron cluster. The cells that 

migrated and came in direct contact with the neurosphere (top images), tended to cover its 

whole surface, forming a monolayer. In a different manner, HMVECs that were attracted to this 

region, but remained over 200 μm from the neurosphere surface were able to form vascular 

structures. These structures, resembling a vascular plexus, appeared to be newly formed, due 

to their morphology that is visibly less mature than the 21-day old microvessels (fig. 8B). 

Finally, in fig. 8D we show neurovascular interactions in regions distant from the neurosphere. 

Here, we observed a large presence of mature vessels and no indication of new vessel 

formation or endothelial cell migration. Neurites that extended over large distances into these 

remote regions were observed to surround the microvessels located there. In several cases, 

we noticed both signs of NV alignment and possible vessel innervation.  
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Figure 8. Development and characterization of a platform for mature vessel innervation. A) 

Illustration of the platform, which is composed of two separate components: a 3D vessel 

network platform (top part) and a 3D neural tissue platform (bottom part). The vessel network 

platform was composed of a 300 μl fibrin hydrogel loaded with HMVECs (1.5 x 106  cells/ml) 

and SCs (0.3 x 105  cells/ml). To improve stabilization and ease of handling, the cell-laden 

fibrin hydrogel was cross-linked over a polyurethane mesh ring. After seeding, the cultures 

were maintained for 10 days in vessel medium. At the same time, the 3D neural tissue platform 

was prepared by first seeding the aligned scaffold with SCs (100 x 103 cells/scaffold), which is 

cultured for 7 days in SCs proliferation medium, and then adding a neurosphere and a fibrin 

hydrogel embedding (150 μl). This co-culture was maintained for 4 days in neural medium to 

promote neurite outgrowth. For the creation of the vessel innervation platform, the component 

containing the vascular channels was transferred on top of the neural tissue component, and 

these are bonded with 150 μl of fibrin hydrogel. This platform was then cultured for 10 days in 

neural/vessel medium at 1:1 (middle part).  B) Vessel morphology (shown by CD31 in red) at 

d21 (bottom image) shows further maturation denoted by thinning, less branching and a 

straighter pattern compared to vessels at d11 (top image). C) HMVECs are attracted towards 

the neurosphere and form either a monolayer, when in direct contact (top row), or a vascular 

plexus, when not in direct contact (bottom row). Scale bar is 100 μm. D)  Vessel innervation 

occurred primarily on regions farther away from the neurosphere cluster, where vessels 

maintained their morphology and neurites could innervate it and align with the vessels as 

highlighted in the yellow-dashed box. For C) and D) βIII-tubulin is shown in white and CD31 in 

red. Scale bar is 100 μm for C) and 50 μm for D). Illustration made with biorender 

(https://biorender.com/). 

 

Discussion 

 Due to the dependence of most organs on innervation and vascular supply, the 

development of in vitro models containing functional and biomimetic NV tissue is critical to 

generate complex and more representative organ platforms. Interactions within the NV axis 

are also common, starting during the developmental phase and persisting in adult life. 

Additionally, several pathologies, such as diabetes type 2, produce NV dysfunctions and 

aberrations33,34,35. In this regard, in vitro NV models can accelerate research by providing a 

simple and inexpensive tool that permits a better understanding of NV interactions, 

pathophysiology mechanisms and its specific biological players. To this end, recent efforts 

have been carried to reconstruct the NV multicellular ecosystem, although with limitations 

regarding the relevance of cell sources and level of biomimicry16,17,18,36. To tackle this, we have 

developed a NV platform that takes into consideration the crucial biological and physical 
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requirements of the neural and vascular components, by merging an optimized 3D nerve model 

with an optimized 3D vascular network model, in a single cohesive unit. 

The nerve model was previously established in chapter 4 and consists of a 3D co-

culture of human iPSCs-derived sensory nociceptors with primary rat SCs. SCs are obtained 

in high yield from rat sciatic nerves, purified and formed into aligned cell bands, to replicate 

their native morphology37 and induce axonal anisotropy. iPSCs are differentiated into 

nociceptors and formed into a cell cluster (neurosphere), morphologically similar to a DRG, 

which permits precise control over the cell number and cell positioning on the platform38. This 

approach constitutes a better alternative to animal-sourced DRGs (e.g. from rats); despite 

showing interaction with human endothelial cells in vitro17,36, DRG use in NV models carries 

several drawbacks. DRG isolation is a high cost, laborious procedure that needs recurrent 

animal sacrifice. Moreover, DRGs are not a pure neuron population, containing other cells 

types such as SCs and macrophages39,40, which limit the formation of a clear model of cell-cell 

communication. For this reason, in vitro models of the PN41 and peripheral NV unit18 have 

employed stem cell-derived neurons to provide a continuous and reproducible cell source with 

distinct phenotypes (e.g. sensory42 or motor neurons43).   

To assemble our 3D nerve model, a neurosphere is combined with the SC-seeded 

scaffold and the construct embedded in fibrin hydrogel (fig. 1A). The hydrogel intertwines with 

scaffold fibers and forms a stable and easy-to-handle culture platform when polymerized. 

Fibrin was selected due to its low-cost and accessibility, as well as being permissive for neuron 

growth and remodeling. Moreover, fibrin fibers are naturally formed during nerve regeneration, 

to allow axonal regrowth44.  After 7 days of co-culture, the neurite outgrowth is vast, 3D and 

well oriented (fig. 1B). After 21 days of culture, the neuronal development continues, and by 

this point there is an evident formation of aligned and myelinated segments (fig. 1C) with 

compacted myelin rings (fig. 1D), denoting a mature and biomimetic nerve construct.  

To produce a 3D vascular model we based our method on previous reports that 

combined ECs at high density and a support cell type, within a hydrogel26 (fig. 2A). The high 

EC density aids in vessel formation by replicating the initial stages of vasculogenesis, where 

blood islands form and then fuse to give rise to the primary vascular plexus45,46. As an EC 

population, we opted for primary HMVECs, which have been previously shown to generate 

morphologically mature vessels26. These cells are obtained from skin microvessels, which form 

interactions with nerves in their native environment47,48, thus making this model more clinically 

relevant than HUVECs16 that originate from a non-innervated source (the umbilical cord). In 

addition, HMVECs can be directly harvested from patients, via simple skin biopsies, which also 

allows the fabrication of patient-specific models for personalized medicine49. Alternatively, 

stem-cell derived ECs are a possible option, but the current protocols necessitate further 

optimization to yield phenotypically mature vessels at the same level as primary ECs50. To 
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provide trophic support and physically stabilize the vessels at a later stage of development, 

support cell types such as mesenchymal stem cells32, pericytes51 and fibroblasts26 have been 

widely used.  We opted for fibroblasts (dermal origin, HDFs), because these cells are present 

within native skin and nerves, thus representing a suitable partner for HMVECs and neurons. 

Fibroblasts secrete a myriad of soluble angiogenic factors such as VEGF and FGF52 and 

several reports have shown that they are suitable partners for ECs to generate mature 

vasculature26,24,53,54. As a material to support both cells, we opted again for fibrin, since it has 

been shown to be a suitable matrix for vessel formation in vitro55 and in vivo56, and it is the 

same material used within our nerve model, thus ensuring a facile integration of both models 

into a single NV unit. Fibrin supports the attachment and proliferation of both HMVECs and 

HDFs, which can remodel the matrix to form open vascular channels, while depositing ECM. 

In our study, we confirmed that the presence of HDFs essential for the generation of stable 

and interconnected vascular channels (fig. 2B) and found that a 1:5 ratio of HDFs to HMVECs 

within fibrin was a sustainable culture condition. When inspecting the vessel phenotype, we 

found markers characteristic of BVs, such as vessel wall sealing (VE-cadherin), vessel wall 

maturation (vWF) and ECM deposition (laminin and collagen IV) (fig. 2C). In addition to this, 

the formed networks were vast and displayed open lumens with a diameter in the range of  

native capillaries  (fig. 2D), evidencing proper vessel development31,57.    

After establishing the vascular model with HDFs, we were interested in evaluating the 

impact of SCs on vessel formation. Reports about SC-ECs interactions are scarce, but 

previous work9 has shown that SCs improve human EC migration. Mukouyama et al.8 have 

also shown that SCs within PNs are responsible for vasculature patterning in skin. To assess 

SC influence on BV formation, we replicated the vascular model optimized for HDFs (fig. 2A), 

using SCs that were pre-checked for fibroblast contamination (fig. S2). To our surprise, co-

cultures with SCs not only had a clear influence on endothelial cells but resulted in well-formed, 

stable and interconnected vessels, morphologically similar to HDFs co-cultures (fig. 3A). HDFs 

co-cultures produced slightly wider vessels, occupying a larger area and with larger lumens, 

while SCs co-cultures formed longer and more branched vascular networks (fig. 3B), also 

expressing several phenotypical maturation markers (fig. 3E). The networks formed by 

HMVECs in partnership with SCs were extensive, interlinked and with open channels, slightly 

smaller than HDFs co-cultures (fig. 3F).  

To date, there are no reports regarding the vasculogenic potential of SCs in 3D cultures 

with ECs. We clearly show, for the first time, that SCs act as proper mural cells by directly 

associating with the vessels to provide a physical support (fig. 3C). More interestingly, these 

SCs in intimate contact with the vessel wall, and only these, express αSMA (fig. 3D), a mural 

cell marker (expressed by pericytes and smooth muscle cells) responsible to regulate 

contractility in capillaries58. This finding highlights that SCs, notorious for their plasticity,59,60 
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may also act as pericytes, physically and chemically supporting vascular channels. 

Furthermore, the construction of our NV platform could be further simplified by only 

necessitating three different cell types rather than four, minimizing the required culture steps 

and materials to simultaneously obtain mature neurons and BVs. Yet, the exact molecular 

players and signaling pathways responsible for the phenotypic change remain to be elucidated. 

In sum, we concluded here that SCs can induce vessel formation and stabilization and 

therefore can replace HDFs within the NV platform.  

To further investigate the influence of SCs on HMVECs, we tested the angiogenic 

potential of SCs-conditioned medium using a matrigel assay, the gold standard for evaluating 

the pro-angiogenic influence of compounds61,62 (fig. 4A). SCs-conditioned medium resulted in 

longer tubules and formed a tubule network that was denser and more branched compared to 

control cultures (normal vessel medium) (fig. 4B and fig. 4C). With this experiment we could 

infer that the SCs secretome contains promoters of angiogenesis. Conversely, Huang et al.63 

described that human SCs-conditioned medium inhibits angiogenesis, which is probably 

mediated by TIMP-2, a member of the TIMP family (tissue inhibitors of metalloproteinases) 

with known in vivo and in vitro anti-angiogenic properties64,65. When analyzing the composition 

of SCs-conditioned medium in comparison to HDF-conditioned and control medium, indeed 

we found in both conditioned media a large presence of TIMP-1, another potent angiogenic 

inhibitor66,67. We also found the presence of VEGF-A, a major pro-angiogenic factor, in both 

conditioned media (fig. 4D). This confirms that a balanced production of pro- and anti-

angiogenic proteins is necessary for the orchestration of vascular networks, and that the 

presence of secreted inhibitors in this case does not negate the angiogenic potential of neither 

HDFs nor SCs. Discrepancies between our results and previous reports can be attributed to 

differences in experimental conditions, which may have altered the secretome, such as the cell 

source and culture parameters (e.g. FBS concentration). Additionally, we observed that SCs-

conditioned medium possessed a richer composition than the one obtained with HDFs, 

particularly higher quantities of neuromodulatory and immunomodulatory cytokines. This 

finding highlights the versatility of SCs in performing supportive roles to both neurons and ECs. 

Finally, we also tested if SCs-conditioned medium was sufficient to drive vessel formation in 

3D cultures in fibrin, or if SCs presence was required. As illustrated in fig. 3E, the presence of 

SCs is essential to attain a proper vessel morphology, probably due to increased and local 

secretion of cytokines, as well as physical interaction with HMVECs, to shape and stabilize 

vessels in this 3D environment.  

 As a next step, we wanted to see if our patterning of aligned SCs into Bands of Bunger 

structures would induce orientation of the BVs within 3D cultures (fig. 5A). In vivo reports show 

that BVs align with nerves, mimicking their pattern, in a VEGF-mediated process and that SCs 

are, together with neurons, the producers of this VEGF source8,68. As previously shown, rat 
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VEGF is able to stimulate HMVECs (fig. S1) and SCs are able to induce randomly oriented 

vessels within fibrin hydrogels (fig. 3). HMVECs were attracted to the anisotropic SCs 

substrate, migrating down the gel and concentrating in the scaffold region to form vessels that 

followed the SCs/fiber overall direction (fig. 5D). SCs anisotropic pattern, in particular, seems 

to be the main cause of this vessel alignment, maintaining their orientation while surrounding 

the vessels (fig. 5E). SCs also further proliferated and navigated through the gel, but the 

aligned cell layer could be maintained and was sufficient to enable vessel co-orientation 

(supplementary movie 3). Additionally, the formed vessels were morphologically mature, 

displaying open channels throughout their entire volume. In contrast, in the absence of SCs 

there was no vessel formation or preferred HMVEC orientation, ruling out that the embedded 

scaffold alone is sufficient to induce anisotropy (fig. 5D and fig. 5F). We could conclude that 

SCs have the ability to pattern BVs and that our Bands of Büngner structures can induce 

aligned vasculature. Compared to randomly dispersed SCs/HMVECs fibrin cultures, the 

vasculogenic potential is almost identical, since the EC density is the same and there are only 

minor differences regarding SCs seeding density (90 x 103 cells in random cultures and 100 x 

103 cells/scaffold). However, morphological differences are vast, with the pre-patterned SCs 

scaffold promoting longer (~ 550.9 μm) and more aligned vessels, but with lower 

interconnectivity.  

Having optimized the angiogenic interactions between SCs and ECs within our 3D 

culture environment, we expanded to build a complete NV platform that contains iPSCs-

derived sensory neurons, HMVECs as the EC population and SCs as both glial and mural 

cells. To systematically integrate these different elements, we needed to understand the 

individual contribution of these cells to neural development and to determine which medium 

composition would be appropriate for simultaneous neural and vessel network formation. To 

test this, we followed the protocol described in fig. 6A, where we sequentially added the 

different cellular components and cultured the whole platform in either pure neural medium 

(NM) or a mix of neural and vessel medium at 1:1 (50/50). As expected, NM led to a higher 

neurite length for all scaffold conditions compared to 50/50 medium (fig. 6C and 6D). However, 

in terms of neurite area, both media had a similar effect. Visual inspection suggests that the 

50/50 medium may have promoted neuron proliferation (fig. 6D), as the samples contained a 

larger neuron population but with smaller fibers compared to NM, which approximates the 

overall neurite area. 

This increased neuron proliferation can be explained by the growth factors present exclusively 

in the 50/50 medium, which have been shown to induce neural stem cell proliferation. This 

includes epidermal growth factor69, fibroblast growth factor70, hydrocortisone71, insulin-growth 

factor72,73 and VEGF74. Additionally, SCs also produce endogenous VEGF (as also 

demonstrated earlier) and this in combination with the exogenous source, may synergistically 
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induce neuron proliferation and/or migration75. Surprisingly, the addition of an EC population 

in our platform did not significantly enhance neurite length and area. This could be a result of 

EC attraction to the neurosphere, which may have hindered neurite outgrowth in favor of EC-

neuron interactions. Conversely, in the setup reported by Grasman et al.16 in 2D co-cultures of 

DRGs and HUVECs, and by Osaki et al.18 in 3D co-cultures of ESC-MNs and iPSCs-ECs, the 

presence of ECs enhanced neurite outgrowth. We hypothesize that differences in the timing 

of EC addition, neurosphere size and dimensionality of the construct (2D vs 3D and platform 

dimensions) may all contribute to these disparities. 

Within NV platforms, we detected that NM alone was not sufficient to drive 

vasculogenesis. Instead, HMVECs formed a monolayer over the neurosphere. On the other 

hand, mixed medium led to the formation of a linked and extensive vessel network, again with 

a strong spatial correlation to the neuron cluster (fig. 7A). This finding highlights the necessity 

to provide a specific and balanced chemical milieu to be able to simultaneously generate neural 

and vascular networks. Regarding HMVEC agglomeration within the neurosphere, we 

hypothesize that this is the result of a gradient of angiogenic GFs, produced by the neurons, 

as a consequence of hypoxia. In the region of the cluster and especially in its core oxygen, 

concentration is presumably lower due to cell crowding. It is well described that hypoxic 

conditions activate hypoxia inducible factor-1 (HIF-1) and lead to VEGF upregulation6,76. Thus, 

we believe that a higher VEGF concentration in the cluster region caused HMVEC attraction. 

This hypothesis also explains why HMVEC-only platforms could form vessels at a similar 

extent than those containing HMVECs and SCs, with exception for the vessel length (fig. 7B 

and 7C). We assume that neuron-derived VEGF production was probably enough to promote 

vessel formation, rendering SCs redundant for this process. 

In this NV platform, the vessel morphology was clearly more immature than those 

formed in the 3D vascular model (fig. 3). In most vascular tissue engineering approaches, and 

ours in particular, vessel formation happens via a vasculogenesis-like process that entails EC 

agglomeration followed by primitive vessel network formation, remodeling and maturation77. 

The success of this intricate process is largely dependent on the culture conditions, such as 

medium composition, cell density, cell types and available growth space. While we could 

provide the optimal conditions in the vascular model, the NV platform was sub-optimal for 

vessel formation due to the necessity to accommodate also neuronal growth. As an example, 

in the NV platform, early NV interactions can hinder EC agglomeration and limit the 

vasculogenic process. With this in mind, we developed a different biofabrication sequence (fig. 

8A), where the neural and vascular component were formed separately under optimal 

conditions to allow proper tissue development and maturation. Then, at a later stage, both 

components were integrated into a single NV unit, mimicking more accurately the 
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developmental process in which the capillary plexus is first formed from coalescent BVs and 

then peripheral axon innervation occurs to drive consequent NV alignment78.  

In this integrated NV platform, the developed BVs were thinner, longer and forming a 

less branched pattern than the BVs from the vascular component (fig. 8B). This signifies that 

after NV platform integration and switch from vessel to mixed medium, the vasculature 

continued to remodel and acquired a configuration typical of a stable/mature network57 clearly 

distinct from the primitive plexus of day 11 cultures. Compared to the vasculature in our 

previous NV platform (fig 7), this new assembly method resulted in a more biomimetic and 

mature vascular tissue, even despite the shorter culture period. This evidences that the initial 

stages of vasculogenesis are largely dependent on optimal culture conditions. However, after 

a period of primitive plexus formation, the vascular network can further develop in combination 

with neurons and in a medium that suits both tissues.  

 In this NV model, we could observe different NV interactions, depending on the region 

of the platform. Once again, a large concentration of HMVECs were found over the 

neurosphere, further evidencing that the neuron cluster promotes EC attraction and probably 

proliferation, even from an already established vascular network. These attracted HMVECs 

formed a monolayer when in direct contact with the neurosphere, or a primitive plexus when 

above the neurosphere but not in direct contact with it (fig. 8C). We hypothesize that due to 

lack of space and early association/interaction with neurons, the HMEVCs in direct contact 

with the neurosphere failed to form new vessels. On the other hand, those HMVECs above the 

neurosphere had the conditions to agglomerate and form a vascular plexus of primitive 

morphology. This finding suggests that the pre-established vascular network is dynamic and 

can engage in angiogenic processes57, expanding and colonizing the platform, particularly in 

the regions with higher oxygen/nutrient demand. In the periphery of the cluster, most BVs had 

a mature morphology, probably resultant from remodeling of the pre-established vascular 

network. In their vicinity, we could find long neurite projections farther away from the cluster, 

which followed the same direction as the BVs to navigate side-by-side (fig. 8D). Besides NV 

alignment, we also found instances of juxtaposed neurons and BVs, indicating possible 

innervation. This finding suggests that the BV network is also exerting its influence on the 

neural tissue, recruiting neurites and forming a mutual arborized pattern in the process. The 

tissue landscape that we could naturally achieve here is reminiscent of native NV units found 

within organs, such as the ear skin48 or gut mesentery79. While these intricate NV patterns can 

be observed and studied with high detail and fidelity using animal tissue specimens and 

advanced sample preparation procedures, the model here proposed aims to provide the same 

level of biological complexity, but in an in vitro setting. However, to fabricate this model, there 

is no need for recurrent animal sacrifice, and observations can be made in a simple, direct and 

affordable manner. Because the cellular environment is defined precisely, NV interactions 
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concerning developmental and adult stages can be dissected, and the specific biological 

players investigated. Moreover, the control over the chemical milieu permits the simulation of 

pathological conditions (e.g. hyperglycemia, hypoxia, dyslipidemia) that produce NV 

disruptions, as well as to experiment therapeutic drug candidates. Finally, this platform can 

serve as delivery method of neural and vascular supply to a target tissue in order to engineer 

complex organ models.  

 In sum, we propose here a method to fabricate mature, dynamic and mutually 

interactive NV tissue. Particularly for the vascular component, we have also shown the ability 

of SCs to function as mural cells, to form, direct and support mature vasculature. We believe 

that the platform here described offers an advanced, versatile and useful tool for development 

and research of NV tissue.  
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Figure S1.  Both human and rat VEGF-165 can bind to the VEGF receptor-2 of HMVECs and 

induce its phosphorylation, as shown by phospho-VEGR2 immunostaining (in red). All samples 

were cultured in basal medium plus 5% FBS with either human VEGF (5ng/ml, middle image), 

rat VEGF (5ng/ml, right image) or no added VEGF (left image) for 24 h. F-actin is shown in 

green and DAPI in blue. Scale bar is 100 μm.  
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Figure S2. Characterization of the primary SCs isolated and purified from a rat sciatic nerve. 

All cells express S100 (green) and there were no signs of fibroblast contamination (CD90, red). 

DAPI is shown in blue and the scale bar is 100 μm.  

 

 

Figure S3. Brightfield micrograph showing tube formation from HMVECs, seeded onto 

matrigel-coated wells and cultured with normal vessel medium (left image) or SCs conditioned 

vessel medium (right image) for 48 h. Scale bar is 2000 μm.   
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Figure S4. A) Images of the cytokine array membrane after incubation with normal vessel 

medium (left image), SCs conditioned vessel medium (middle image) or HDFs conditioned 

vessel medium (right image). B) Manufacturer table of the detectable cytokines within the 

membrane. POS means positive control and NEG means negative control. BLANK refers to 

empty spots in the membrane.  

 

 

Figure S5. Characterization and comparison of formed vessel networks at 11 days 

(vasculature only platform) or 21 days of culture (neurovascular platform). 11 day cultures refer 

to the vessels in the vasculature only platform (prior to transfer to the neural platform), and are 

composed of solely HMVECs and SCs at 5:1, cultured in vessel medium. 21 days cultures 

refer to the vessels formed in the neurovascular platform. This is composed of 11 day vessel 

cultures that are transferred to a neural platform and cultured for additional 10 days in mixed 
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medium (neural/vessel medium at 1:1), to form the neurovascular model. A) Vessel diameter, 

obtained from measuring the diameter of individual vessels. B) Vessel length, determined as 

the total length of an individual vessel until the next bifurcation. C) Vessel area was determined 

as the ratio of CD31+ area per total image area. D) Vessel density, determined as the ratio of 

number of vessels contained in an image per image area. E) Branching density, determined 

as the ratio of vessel branching points contained in an image per image area. All graphs 

represent the mean ± SD. For the image analysis, we took at least five images per sample (n 

= 4). Statistics were performed using an unpaired t-test, where ****p < 0.0001, **p < 0.01 and 

ns denotes p > 0.05. 
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Chapter 8  

 

General Discussion 

 

The work here described fits within the field of tissue engineering/organ modelling for 

in vitro research purposes. Particularly, the overarching goal of this project was to develop an 

in vitro model of peripheral neurovascular tissue. The main motivation for this was the need to 

develop support tissue for organ models, which currently lack the required complexity to act 

as true replicas. To approach this problem, we simplified the task by dividing the neurovascular 

unit into a nerve and a vascular component. These components were developed individually 

and then finally combined once both models were fully established, showing proper tissue 

replication. Due to the biological and technological challenges and the lack of prior knowledge 

within the field, we have given more emphasis to the development of the nerve component. Its 

fabrication method is described in chapter 3, and a further improved version followed in chapter 

4. Capitalizing on the acquired knowledge and established model, we used the platform to 

conduct drug tests and biochemical assays for a specific application (chapter 5). In chapter 6, 

we adapted some of the techniques developed in previous chapters and established a new 

platform for innervation of a skin construct. Finally, in chapter 7 we added vascularization to a 

previously established nerve platform, thus reaching the goal of creating a neurovascular 

model.  

  In this chapter, we start by discussing animal models as the pillar for fundamental 

research, addressing their benefits and disadvantages. Following this, we discuss how the shift 

to in vitro models enhanced research capabilities. We highlight the opportunities offered by the 

use of in vitro models, as well as the challenges faced in the field. Finally, we discuss the 

recent technological developments and contextualize/summarize our findings.   

 

Animal models 

Fundamental research has heavily relied on the use of animals to better understand 

the biology and physiology governing developmental and adult stage processes, whether in a 

normal or pathological context. Animal research has also been performed to evaluate the 

efficiency and safety of regenerative medicine therapies based on chemical compounds, cells, 

biomaterials, or a combination of these within an implantable tissue engineered construct. The 

greatest advantage of animal models is that even in those of small-scale, there is a high level 

of biological complexity and cross-talk, which allows researchers to perform tests in a more 

holistic manner rather than in isolated parts1. For instance, in a single experiment one can 

investigate the efficiency of a drug delivery method, the efficacy of that drug, and the potential 
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side effects. The system interconnectivity, however, can also constitute a hurdle, if the 

objective is to dissect and isolate components and assess specific interactions or mechanisms 

unequivocally. Translating animal research findings has also been a subject of debate, with 

external validity aspects being thoroughly discussed2. First and foremost, the differences 

between species, regarding genome but also physiological parameters, are commonly 

regarded as the culprit for the failure in result translation to humans. In addition to this, a 

mismatch of experimental conditions with the real-life setting, such as subject health, diet, and 

age can also account for inaccurate pathology modelling. To use animals within research 

involves the breeding and sacrificing of a large number of subjects, in order to explore all the 

research variables and attain statistical validity. This has two costs — monetary and ethical — 

and both of them contribute to an increased burden, be it financial, ethical or even time-related. 

To prevent misuse of animals, guidelines for animal protection and welfare are in place, which 

can be summarized as the 3Rs: replacement, reduction and refinement1. The first rule, 

replacement, states that animals must not be used whenever other, non-animal-based, 

experimental approaches are available, with similar relevance and reliability1. This has 

propelled the development and use of in vitro models for preclinical research, which will be 

addressed in the following section.  

 

In vitro models: the early days 

Early in vitro research goes back to 1950s when scientists began understanding and 

possessed the means to conduct preliminary investigations in a dish prior to animal testing. 

The primary concern was to evaluate the toxicity of a chemical compound or biomaterial, which 

can be manifested as general cytotoxicity, genotoxicity, mutagenesis and carcinogenesis3. 

While in vitro models have not fully replaced the animal models, the potential to conduct a pre-

evaluation regarding the efficacy and safety of a therapy has greatly improved in vivo research 

success and reduced the overall research costs. Another major focus of in vitro research has 

been in understanding the fundamentals of human diseases in order to develop new and better 

methods of diagnosis, prevention and intervention4. However, a conundrum arises, because 

humans cannot be used as test beds in early research, while animals are intrinsically distinct 

from humans. This variation between humans and other animal species limits the ability to use 

animal models to mimic human diseases, and especially those that do not find an exact 

correlation in the animal kingdom. For this reason, in vitro humanized models have emerged, 

providing a more representative and clinically relevant tool. However, to build a human disease 

model that provides accurate and reliable data is no minor feat. Human pathologies are a 

complex phenomenon, often involving multiple organs systems such as the immune, vascular 

or neural systems, and greatly depend on various personal parameters. Despite this, it is 

possible to deconstruct the problem and start to gradually recapitulate the final complexity of 
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the body in a dish, which will contribute to greater understanding and ultimately finding a 

solution. For this, investigators started by building simple tissue models and progressively add 

more features that are critical for the disease etiology and progression4. The building blocks 

for these models are obviously the cells, and thus, it is critical to obtain a source that is relevant, 

sustainable and reproducible. Primary cells provide the direct functional units of a tissue, but 

due to their limited proliferation and difficulty or even impossibility (e.g. brain) to be harvested, 

their potential is limited. Alternatively, cell lines have been widely used and have become a 

valuable tool, by providing a cost effective, well-defined and simple to use option with almost 

unlimited supply5. However, the differences compared to their primary counterparts can be 

vast, and thus the conclusions withdrawn from studies employing cell lines must be handled 

with care. As helpful as they may be, the strength of cell lines lies in preliminary testing, yet 

control experiments with more representative cells should be subsequently performed to 

validate the findings5. In this regard, the emergence of stem cell technologies, and particularly 

induced pluripotent stem cells (iPSCs), constitutes a great development for modern research. 

iPSCs can be generated from fibroblasts after treatment with a specific cocktail of growth 

factors, which circumvents ethical issues associated with other pluripotent cells of embryonic 

origin. Cells can be harvested directly from a patient, induced to a pluripotent state and re-

differentiated to a desired lineage. After overcoming technical hurdles related to 

reprogramming protocols, iPSCs lines could be routinely generated and because the cells can 

self-renew unlimited times, it is now easy to maintain a large stock available6,7. In the past 

years several research groups have worked towards developing and refining differentiation 

protocols of iPSCs into virtually any cell type. Additionally, gene mutations have also been 

introduced to iPSCs to produce disease models8. To make better organ representations, these 

protocols have been adapted for three-dimensional (3D) culture, and organoids of various kind, 

such as brain, intestine, liver or kidney, have been formed. Organoid formation mimics human 

development as cells self-organize towards an organ replica, which in some cases can be 

histologically indistinguishable from actual human organs7. However, organoid models still 

possess many limitations. These include a generalized lack of organ complexity, such as 

vasculature and innervation presence; lack of inter-organ communication; absence of 

physiological conditions, such as shear stress, and difficulty in tissue accessibility, important 

for tasks such as tissue perfusion7. Because of this, scientists began to adopt engineering 

principles to improve their replica strategies, creating a new generation of organ models.   
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Towards advanced in vitro models 

 In the past decades the field of tissue engineering (TE) has emerged from the 

combination of engineering techniques and natural sciences, such as biology and chemistry. 

In TE, the aim is to build a tissue substitute for regenerative medicine (RM) or a tissue analogue 

for research purposes, such as drug screening and disease modelling. This can be achieved 

via the combination of a biomaterial-based scaffold with cells and biomolecules, followed by in 

vitro maturation9. The scaffold can act on many levels by providing structural support, 

mechanical integrity, topographical guidance and chemical content. It can be composed of 

solid polymers but also hydrogels, of natural or synthetic origin, with fined-tuned properties 

designed for the tissue in question. While some scaffolds are intended as temporary support, 

others, such as supramolecular hydrogels, aim at mimicking the extracellular matrix (ECM) 

interactions by introducing dynamic bonds within the construct10. Cells from the parenchyma, 

stroma or supportive networks (e.g. vasculature, neuronal and lymphatic networks) can be 

introduced in the scaffold and further matured to native-like tissues via the supplementation of 

specific biomolecules. However, to harmoniously combine several tissues within a functional 

and biomimetic cohesive unit is an intricate challenge that increases proportionally with 

increasing organ complexity. This hurdle has limited the development of integrated and 

functional multi-tissue platforms, and at the same time has propelled the development and 

application of biofabrication technologies, such as bioprinting. By providing the ability to 

precisely and automatically have spatial (and temporal) control over cells and biomaterials, 

these technologies offer promising advances towards functional organ replicas11. In chapter 

2, we discuss in length the opportunities that biofabrication technologies can present to 

progress the complexity within organ models/substitutes, with particular emphasis in 

vasculature patterning12. Besides bioprinting, there are several other technologies available, 

such as fused deposition modelling and electrospinning, which have been extremely useful in 

providing a tissue framework. In particular, electrospinning offers a very simple and cost-

effective technique to generate ECM-like fibers with controlled architecture11. This technique 

was used extensively in this thesis work to provide a scaffold that houses and directs the 

morphology of Schwann cells (SCs) and neurons (chapters 3, 4, 5 and 7). 

 While biofabrication approaches have progressed immensely to produce excellent 

tissue representations, some challenges still remain within organ models, particularly in the 

control of physical and chemical parameters, which include physiological settings such as 

oxygen tension or pH gradients, but also drug concentration gradients. Moreover, current 

tissue analysis methods are invasive, disruptive and cumbersome, whereas automated non-

invasive capability is highly desired for reproducible and long-term monitoring13. To this end, 

microfluidic technologies that allow a precise environmental control and in-line detection have 

been combined with TE models to produce organ-on-a-chip devices, which can even be further 
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linked to create multi-organ platforms13,14. These are distinct from early microfluidic platforms 

with planar non-representative cell cultures, which do not provide a valid method for drug 

testing. Instead, by combining tissue analogues with high-end technological platforms, in vitro 

models will be greatly enhanced to the benefit of preclinical research.  

 

Wiring up the system: our efforts 

 Within the human body, most tissues are densely innervated by various types of fibers 

that confer them functionality. That is the case of skeletal muscles, which require motor fiber 

innervation for volitional control, or the case of skin that needs sensory fibers for its 

sensitization ability. The peripheral nerve (PN) system is also highly prone to damage, which 

can occur from trauma or due to a systemic disorder. Therefore, in vitro models of the PN and 

tissue innervation models are highly desired to provide drug testing and disease modelling 

platforms. The PN system however is a complicated tissue to model, due to its multicellular 

composition and its intricate hierarchical architecture denoted by anisotropic bundles of fibers. 

The difficulties derive from the lack of access to viable human primary cell sources and the 

technological challenges that are necessary to overcome to fabricate such structures using 

adequate biomaterials. For this reason, early models were commonly composed of animal 

tissue explants, most notably dorsal root ganglions (DRGs) from rat or chicken origin, in flat or 

isotropic 3D substrates. Despite their success in generating mature nerve-like tissue, DRGs 

contain a mixed cell population with SCs and other cell types and their use demands recurrent 

animal sacrifice15. For this reason, cell lines such as PC12 cells, which provide a cheap and 

abundant source of neurons with defined phenotypes, started to be adopted in neuronal 

models.  

In chapter 3, we show the creation of a 3D biomimetic PN model constructed from 

PC12 cells (with a neuronal priming treatment) and primary rat SCs. We compared the 

morphology of this model with the one composed by DRGs instead and show that our cell line 

model generates tissue with similar architecture and maturation levels. To show applications 

of this model, we demonstrated the ability to influence neurite outgrowth via protein inhibition, 

we performed toxicity tests with a known neurotoxin (suramin), and we modelled diabetes-

induced hyperglycemia while screening the therapeutic effects of an aldose reductase inhibitor 

(epalrestat) that showed benefits in mitigating myelin damage. The developed platform 

contained some unique features, such as scaffold and hydrogel combination to generate three-

dimensional anisotropic neural tissues mimicking both the physical and hydrated properties of 

the native ECM. The achieved level of biomimicry and neural maturation with a low-cost and 

easy-to-culture cell line makes it a very attractive and useful in vitro model to conduct 

preliminary investigations. However, because PC12 cells are a limited representation of actual 

neurons, we worked towards obtaining a replacement that could take this PN model a step 
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further. After optimization, we established an iPSCs-derived nociceptor protocol that yields a 

large number of even-sized spheroids composed of functional nociceptors (chapter 4). We 

show that these neurons are electrically active and able to detect and react to noxious stimuli 

(capsaicin and resininferatoxin). Furthermore, we used these neurospheres to establish a 3D 

model similar to that built from PC12 cells, demonstrating a large improvement in terms of 

neuronal length, area, alignment and stability compared to conventional glass substrates. With 

this humanized model, we evidenced again the possibility to model hyperglycemia-induced 

myelin damage and to conduct therapeutic drug screenings. Finally, we used this 3D model as 

an innervation platform by incorporating pancreatic pseudoislets or endometrial organoids and 

co-culturing them with the neurons until they become innervated. The developed platform 

constitutes an improvement in terms of tissue functionality, tissue architecture and range of 

applications compared to existing literature approaches16,17,18 and thus we expect to have 

provided a useful contribution towards better in vitro models. However, this model is not absent 

of limitations. The first challenge is to achieve a fully human tissue model, by substituting the 

current rat-origin SCs with human stem cell-derived SCs, which would need protocol 

establishment and evaluation. Secondly, the current seeding method could benefit from an 

automated process in order to reproducibly generate similar tissue architectures. Alternatively, 

we could develop an encasing structure that compartmentalizes cell populations. Regarding 

neural electrical activity, the current protocol demands that cells are cultured for at least 40 

days in order to be sufficiently polarized, which is a longer period than other reported works19. 

Furthermore, the electrophysiology measurements are difficult to conduct in the 3D model. The 

simplest solution would be to employ imaging methods such as calcium imaging, but even this 

would require extensive testing and validation when translating from 2D to 3D measurements. 

Finally, the innervation models shown here are still too preliminary and no evidence is shown 

regarding multi-tissue interactions. These examinations were beyond our primary scope but in 

the future, further investigation would be necessary to validate the applicability of these 

innervation models.  

In chapter 5 we selected some elements established in the previous chapters, to 

conduct investigations with a class of drugs, termed phosphodiesterase-4 inhibitors. 

Particularly, we investigated the influence of two compounds, roflumilast and BPN17440, on 

SCs myelinating phenotype, whether in a regeneration or hyperglycemia setting. We found 

that both compounds can enhance the SCs myelinating phenotype in terms of gene and protein 

expression. Additionally, SCs are still able to engage in iPSCs-derived neuron myelination 

(although without clear differences to control cultures). In our disease model, we detected an 

apparent benefit of roflumilast supplementation to prevent SC dedifferentiation in high glucose 

conditions, and improve redifferentiation after high glucose exposure. However, we would 

need to conduct further testing to unequivocally determine a benefit of PDE4 inhibitor 
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supplementation to prevent glucose damage. Despite the preliminary findings, the work 

displayed in this chapter demonstrates the potential of the developed in vitro tools in serving 

as a research platform to screen drugs and model pathologies with great ease and reduced 

costs.  

 In chapter 6, we developed a fully human innervated skin model by combining our 

iPSCs nociceptor tool with an established skin construct. We were able to show 3D remote 

innervation of the skin that can be conveniently assessed without sample sectioning. 

Additionally, we show an application/functionality of this platform by placing a capsaicin patch 

on the skin section and measuring consequential neuronal damage, thus evidencing both skin 

function as absorptive barrier and nociceptors function as noxious-stimuli detectors. Still, the 

lack of cross-section imaging means we were unable to demonstrate nerve fiber penetration 

in the dermal region, which is needed to strengthen this model validity. Despite this, the work 

described here contains a valuable and useful contribution for the skin research field, by 

providing new testing tools.   

 Finally, in chapter 7, we built the peripheral neurovascular in vitro model by adding 

vascularization to the nerve platform described in chapter 4. In the single vascular model, we 

were able to show, for the first time, a role of SCs as mural cells to promote the formation of 

3D morphologically mature vascular networks with vast area and high interconnectivity. The 

nerve and vascular component were merged into a single cohesive unit and we could 

demonstrate neurovascular interactions such as neuronal attraction of vascularization and 

neurovascular alignment. By generating neuronal and vascular tissue within a platform, we 

created the basic units necessary to support a wide range of target tissues.  This model is a 

significant enhancement in terms of bioarchitecture mimicry and tissue maturation compared 

to existing neurovascular models20,21,22. Thus, we believe that the work described here 

constitutes a stepping-stone towards achieving increased complexity within organ models for 

better and more reliable in vitro research.  

   

Where do we go from here?  

 The future of PN and innervation models lies, as already mentioned, in the combination 

of tissue engineering and microfabrication technologies to achieve PN-on-chip/innervation-on-

chip devices that will greatly streamline the testing phase. By using platforms that permit spatial 

arrangement and model biomimetic tissue development, multiple tissues can be precisely 

positioned and matured in situ, to form reproducible and complex tissue analogues. For this, 

the establishment of representative cell models of a normal or pathological setting, as well as 

representative ECM materials is a necessity. The triggering of neuron electrical activity on 

demand via non-invasive and non-destructive methods, for instance via optogenetic 

control23,24, will permit a regulated interaction between nerves and the target tissue, thus 
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providing an extra and clear insight regarding the innervation role. Besides this, in-line 

detection methods will be required to improve the observational capabilities and to exert a tight 

regulation over physical and chemical parameters that are paramount to determine the weight 

of all variables. The addition of micro/macrofluidic channels within the platform will permit a 

regulated perfusion of the system to imitate physiological conditions in embryonic and adult 

stages and to deliver of biomolecules (e.g. drugs) in precise quantities and to defined regions. 

Finally, the standardization of testing and analysis methods will increase the robustness and 

external reproducibility of the experiments.  
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Chapter 9  

 

Valorization  

 

When it comes to research, conflicting thoughts come to my mind. On one side, I firmly 

believe that research should focus on real world problems and work collaboratively to find 

efficient solutions in an economical and sustainable manner. This entails working from day one 

towards a goal to minimize tangential tasks that often arise when the direction is unclear. On 

the other hand, I also believe that uncompromised fundamental research is needed to expand 

the base knowledge. Oftentimes, in the quest for nothing, a serendipitous outcome results in 

an extraordinary and impactful finding. Thus, it seems to me that a balance between 

translational and innovative research is necessary to achieve an optimal valorization path. The 

research shown here commenced with a mildly defined goal/concept and it took some trial-

and-error and some tangential exploratory work to finally arrive at the present stage. 

In this chapter, the valorization potential of the research described in this thesis is 

discussed, specifically how it fits within societal needs and how it can be commercially 

explored. 

 

The need for organ models 

 The drug development process is a long and expensive path that lasts, on average, 10 

to 12 years and uses hundreds of millions of dollars to generate a single clinically applicable 

product1. Most of the budget is spent during the clinical trial phase, and a large fraction of it is 

wasted since several drug candidates prove to be inefficient or unsafe1,2. To reduce the time 

and costs, it is imperative to improve the predictive power of the pre-clinical phase, which 

means eliminating ineffective drug candidates as soon as possible and detecting compounds 

with potential benefits early on. To this end, 3D in vitro organ models can provide a tremendous 

help and revolutionize the pharmaceutical industry, with organ-on-a-chip technologies 

representing the lion’s share of this emerging field. By combining tissue engineering strategies 

with microfluidic/microfabrication technologies, miniaturized versions of an organ functional 

element can be fabricated and analyzed in a convenient manner. The goal is to provide a better 

testing system than current in vitro culture models, which do not recapitulate several aspects 

of native organs and thus produce unreliable data. Compared to animal models, these devices 

would also provide a superior testing platform, by permitting a direct, real-time and more 

focused analysis with overall reduced costs3. However, to produce a true replica of an organ 
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that presents identical characteristics in terms of gene expression, protein production, and 

physiological activity is an immense task, and validation studies will be required to define what 

are the benchmarks. Furthermore, it will be necessary to evaluate the pharmacokinetic 

behavior within the organ model and compare it with the ADME-TOX (adsorption, delivery, 

metabolism, excretion/toxicity) database1.  

 

 

Figure 1. Organ models in research. A) Rise in publications in the organ-on-a-chip space from 

2000 to 2016. Data extracted from Zhang et al., Organ-on-a-chip devices advance to market 

(2016)1. B) Utility of organs-on-a-chip on drug development phases. Green components 

represent the current or shortly predicted use of devices and blue components represent 

possible and predictable utility. Diagram extracted from Low et al., Organs-on-chips: into the 

next decade (2020)4.  

 

The market of organ models 

Due to the long developmental road ahead, it will still take some years until organ-on-

a-chip platforms become standard within the drug development pipeline. Despite this, several 

companies have already emerged in the scene and are commercializing organ models. In 

some cases, the commercial product is behind the biotechnological state-of-the-art, but the 

creation of these companies allow them to be pioneers and colonize the marketplace1.  The 

type of product depends obviously on the type of tissue/organ in question, but also in the type 

of function analysis that is of interest. Currently, organ models can be categorized in: 

• Interface models – example: lung-on-a-chip, gut-on-a-chip, kidney-on-a-chip 

(from Emulate, Inc)  

• Multi-organ models – example: Human-on-a-chip (TissUse GmbH), Multi-

organ chip (Hesperos, Inc) 
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• Parenchymal tissue models – example: AngioChip (TARA Biosystems, Inc), 

3D cardiac systems (Myriamed GmbH) 

 

To date, most devices only manage to model a single or a small-range of tissue functions, and 

the device in itself is often a simplistic representation, far from representing the biological 

anatomy, of the complex and hierarchical organ microenvironment. Thus, the current market 

is still developing and pursuing the creation of improved in vitro organ models that also 

replicate anatomical functionality.  

 

Neural models: the existing competition 

With peripheral nerve (PN) models in mind, there are a few companies commercializing 

compartmentalized microfluidic devices for neural cultures, such as Xona Microfluidics® 

(selling the XonaChips®) and ANANDA Devices (selling the Neuro-HTS™). Such devices 

permit a simple segregation of soma and axons, which is convenient to analyze axonal damage 

resultant from injury or disease-related imbalances and to screen therapeutic drug candidates. 

However, these platforms are composed of two-dimensional (2D) simplistic nerve tissue 

replicas that are very different from actual PNs. The only existing company that has a realistic 

PN model and whose product is closely related to this research is AxoSim, Inc that sells the 

NerveSim™ platform. This platform is composed of a plastic mold with a key hole-like design 

where a hydrogel (Matrigel) and cells are placed. Prior to implantation in the platform, human 

induced pluripotent stem cells (iPSCs)-derived neurons and human primary Schwann cells are 

formed into a spheroid. The cells are cultured in the platform up to 4 weeks to produce long 

anisotropic and myelinated neurites that can be probed for electrical activity. Beyond this, the 

platform has no other validated applications, as also described in their reference paper5.  

 

Applicability of this research 

In this research, we describe the development of in vitro PN and tissue innervation 

platforms. Due to the high worldwide incidence of PN damage caused by traumatic injuries, 

such as motor vehicle accidents or sports injuries, or because of a pathophysiology, such as 

diabetes-related hyperglycemia, it is imperative to have PN in vitro models for preclinical 

research. The innervation of tissues is also critical for their function and homeostasis, and thus 

for an accurate in vitro modelling, it is necessary to include a neural component. Nerve 

presence can also have nefarious consequences such as propagating cancer6 and transmitting 

high levels of pain in patients with endometriosis7. Therefore, this research falls upon a broad 

range of clinical needs that are highly relevant for the medical and pharmaceutical industry. 
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1) Peripheral nerve models 

In chapter 3, we developed our first version of a PN model, based on a 

scaffold/hydrogel hybrid platform and using a cell line (PC12) as neuron population. The 

scaffold/hydrogel system constitutes a novel approach towards forming three-dimensional (3D) 

and anisotropic neural tissue in a simple and affordable manner. Using low technological and 

cheap culture methods, we were able to generate PN tissue with high-level of maturity and 

high-level of versatility regarding its contents (protein composition and cellular presence). We 

demonstrate the use of this model in neurotoxicity, drug screening and disease modelling 

studies, all of which are highly relevant within the neurobiology field. Despite its discrepancies 

from actual human neurons, PC12 cells constitute an important and useful tool because of 

their low-cost/low-maintenance requirements and wide range of applications, such as in 

neurotransmitter release tests. Therefore, we envision the use this method across labs for a 

“do-it-yourself” PN model fabrication, via full protocol replication or customized adaptation. 

Additionally, the major model components such as the scaffold and silicone platform could be 

commercially explored to facilitate the assembly tasks of potential clients.   

In chapter 4, we developed an improved version of the PN platform, by substituting the 

PC12 cell line with human induced pluripotent stem cells (iPSCs)-derived nociceptors. These 

neurons are of human origin and we demonstrated that they behave as actual nociceptors, 

exhibiting electrical activity and reacting to noxious stimuli. These characteristics makes them 

suitable to construct an in vitro pain model that can be used to assess the safety and potential 

painful effects of a certain drug. In literature there are already a few in vitro nociceptor models 

such as the work of Wainger et al.8 and Jones et al.9 However, none of these models achieved 

the level of PN biomimicry and maturation that we attained which makes our model the most 

representative sensory PN model. Additionally, we developed a method that generates 

thousands of nociceptor spheroids, with uniform sizes, and in a short time frame. This confers 

a higher level of reproducibility and robustness to our method in comparison to existing models. 

When co-culturing the nociceptor spheroid with Schwann cells (SCs) in the scaffold/fibrin 

hydrogel system, we were able to generate 3D, long, anisotropic and stable myelinated tissue. 

Compared to the NerveSim™, our platform is larger (in fact the largest ever shown), thus 

showing a better approximation to the actual human dimensions. Rather than using Matrigel, 

our model is built from a less expensive and more defined hydrogel material (fibrin gel). 

Additionally, we show the ability to conduct disease modelling and drug screening 

experiments. In sum, due to the large range of applications and low competition, this platform 

is endowed with high commercial appeal. We contemplate the establishment of the 3D platform 

as a product that can be purchased ready-made, in order for laboratories to conduct their own 

investigations. Alternatively, the model components such as the agarose mold and scaffold 

could be sold individually or in a package, to allow researchers to assemble the platform 
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themselves. Finally, a testing service could be set up to provide, upon client (e.g. 

pharmaceutical companies) request, a detailed assessment of a compound’s action on nerves 

(and nociceptors in particular). We demonstrate an example of the latter in chapter 5, where 

we investigate the action of phosphodiesterase-4 (PDE4) inhibitors on SCs and neurons. 

PDE4 inhibitors are a family of compounds with high research interest within 

neurobiology/neurosciences, due to their various proved benefits. New formulations of these 

drugs were synthesized by a collaborator based in Maastricht and Hasselt University, and were 

tested in our facilities using our system.  

 

2) Innervation models 

As previously mentioned, innervation models are highly desired within biomedical 

research, and besides some literature reports (using motor rather than sensory neurons10,11), 

there are no products in the market yet. In chapter 4, we demonstrate that our platform is also 

suitable to innervate target tissues, showing examples with pancreatic and endometrial tissue 

models. Both of these tissues are associated with neural pathologies, and thus the existence 

of innervation models will provide a very useful and needed research tool to investigate 

pathophysiological mechanisms and screen therapeutic drug candidates. In chapter 7, we 

maintained the same platform components, but altered its assembly process to include 

vasculature and generate a neurovascular model. The simultaneous presence of a vascular 

and neural network constitutes a step forward to achieve higher organ modelling complexity, 

necessary to improve the current state of organ-on-a-chip platforms. Therefore, this model can 

work as supporting unit for target tissues that require both vascular and neural supply.  

Lastly, in chapter 6 we described the formation of a human innervated skin model. 

Advanced skin models are coveted within the biomedical field due to the large incidence of 

skin-related conditions. Additionally, because of the European Commission ban on the use of 

animals for cosmetic testing, there has been an increased interest by cosmetic companies, 

such as L’Oreal, in developing their own skin models. Currently, several companies, such as 

Phenion, LabSkin and Episkin, already commercialize skin equivalents. However, none of 

these products contains the innervation component that is critical for skin function and 

regeneration. Furthermore, the presence of nociceptors within a skin equivalent will provide 

the ability to detect if topically applied products can produce an adverse/unwanted reaction, 

such as irritation or burning sensation. Therefore, we envision that this model has a high 

commercial appeal, particularly for the pharmaceutical and cosmetic industry. 
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Future improvements 

 Despite the mentioned achievements, we recognize that in order to succeed in 

extracting the most valorization of this research, a number of improvements are still required. 

These improvements fall upon a number of parameters that due to the nature of this 

fundamental research do not yet meet the necessary criteria for commercialization. The 

suggested modifications are: 

 

1) Automated and clean fabrication – The current scaffold production and assembly 

method is heavily reliant on manual labor. Automation would reduce the fabrication time 

and improve reproducibility. This could be achieved using an industrial setting 

electrospinning apparatus with precise control of all parameters for scaffold production, 

followed by an automated scaffold-cutting tool. These operations would be undertaken in 

a cleanroom facility to minimize contamination. 

 

2) Inclusion of microfluidic channels – The addition of a perfusion system would greatly 

enhance the platform potential, by permitting a regulated perfusion of the vascular network 

or controlled drug delivery. This could be achieve with the microfabrication of an encasing 

structure made from a non-leachable/non-cytotoxic material (e.g. glass) that would permit 

to template channels (via removable rods, ambient-responsive materials, etc.). The 

platform could then be coupled to a perfusion pump for delivery of medium at a 

physiological shear stress value.  

 

3) Physical/Chemical parameter modelling – Computational models (using for instance the 

COMSOL Multiphysics software) backed up by “real-life” experiments to describe some 

relevant physical and chemical parameters, such as oxygen concentration, which have an 

influence in several biological processes (e.g. angiogenesis). 

 

4) Precise cell positioning – Automated methods for cell seeding to improve the 

reproducibility of the tissue-engineered constructs. This could be achieved using robotic 

spheroid dispensing techniques. Alternatively, formation of cell compartments within 

microfluidic platforms, where cells can be immobilized.  

 

5) In-line sensing devices – Development of sensors that could be incorporated within the 

platform to acquire parameter information (pH, oxygen level, neuron activity, etc. in real-

time and non-destructively. 
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Summary 

 

The development of organ models with increased tissue complexity is needed to improve the 

validity of in vitro preclinical research. For this, the generation of neuronal and vascular 

networks within organ models is of utmost importance to provide tissues with electrical and 

oxygen/nutrient support, required for their long-term survival and functionality. The work 

described in this thesis fits within this purpose, as our overarching goal was to develop a 

humanized neurovascular platform for in vitro applications. In chapter 1, we provide an 

overview of the neurovascular (NV) system, exposing their parallels and interactions during 

developmental, adult and regenerative stages, as well as NV disruptions in a pathological 

context. We highlight the NV coupling as an integral part of the human body and consequently 

as a requirement for proper organ modelling. In chapter 2, we review and discuss the potential 

of biofabrication approaches to increase complexity within engineered tissues. Particularly, we 

focus on vasculature and existing techniques to pattern it, such as material-induced, structure-

induced and direct cell patterning strategies. We propose that a combination of these strategies 

will be required to achieve multi-scale networks that mimic native hierarchical structures. In 

chapter 3, we demonstrate the creation of a 3D biomimetic in vitro peripheral nerve (PN) model 

built from PC12 cells and primary rat Schwann cells (SCs), and compare the tissue morphology 

to a similar model built from animal tissue explants (rat dorsal root ganglia). Using the PC12-

based platform, we showed a range of applications such as toxicity screening, axonal growth 

modelling, diabetes modelling and drug screening. In chapter 4, we improve the PN platform 

by substituting PC12 cells with induced pluripotent stem cells (iPSCs)-derived nociceptors, 

which we characterize in terms of functionality. We perform a side-by-side comparison of our 

3D platform with conventional glass coverslips, making the case that our system is largely 

superior to standard culture methods. Again, we use our PN platform to model a diabetic-like 

state and conduct therapeutic drug tests. Finally, we demonstrate the potential to include target 

tissues for the creation of innervation models. In chapter 5, we apply our 3D platform and SC 

model as a drug testing platform. We focus on the effect of phosphodiesterase-4 (PDE4) 

inhibitors on the SC myelinating phenotype, when SCs are in a nerve-regenerating setting or 

when exposed to a diabetic-like environment. In chapter 6, we develop a fully human skin 

innervation platform through the combination of our iPSCs-nociceptor neurospheres with an 

established skin model. Using this platform, we show the ability to conduct drug tests. In 

chapter 7, we display the fabrication of a NV platform through the combination of a 3D vascular 

and 3D neural model. In this NV model, we exhibit the establishment of several NV interactions. 

In chapter 8, a historical and critical perspective of preclinical research with regards to animal 

and in vitro models is given. The research themes are fitted within this context and a future 
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outlook about general in vitro models and particularly innervation models is provided. Finally, 

in chapter 9, we explore the utility and commercial appeal of this research.  

 

 

Samenvatting 

 

De ontwikkeling van orgaanmodellen met verhoogde weefselcomplexiteit is nodig om de 

validiteit van in vitro preklinisch onderzoek te verbeteren. Hiervoor is het genereren van 

neuronale en vasculaire netwerken binnen orgaanmodellen van het grootste belang om 

weefsels te voorzien van elektrische stimulatie en zuurstof/voedingsondersteuning, vereist 

voor overleving en functionaliteit op de lange termijn. Het werk beschreven in dit proefschrift 

past binnen deze context, aangezien ons overkoepelende doel was om een gehumaniseerd 

neurovasculair platform te ontwikkelen voor in vitro toepassingen. In hoofdstuk 1 geven we 

een overzicht van het neurovasculaire (NV) systeem, waarbij we overeenkomsten en 

interacties illustreren gedurende de verschillende stadia van ontwikkeling, volwassenheid en 

regeneratie, , evenals NV-verstoringen in een pathologische context. We lichten de NV-

koppeling uit als een integraal onderdeel van het menselijk lichaam en daardoor als een 

vereiste voor een goede orgaanmodellering. In hoofdstuk 2 bespreken we en vatten we de 

potentievan biofabricage-benaderingen samen om de complexiteit van gemanipuleerde 

weefsels te vergroten. In het bijzonder richten we ons op het vaatstelsel en bestaande 

technieken om patronen te maken, zoals materiaal-geïnduceerde, structuur-geïnduceerde en 

directe celpatroonstrategieën. We stellen voor dat een combinatie van deze strategieën nodig 

zal zijn om  netwerken met verschillende niveaus te creëren die natuurlijke hiërarchische 

structuren nabootsen. In hoofdstuk 3 demonstreren we de creatie van een 3D biomimetisch 

in vitro perifeer zenuwmodel (PZ) opgebouwd uit PC12-cellen en primaire Schwann-cellen van 

ratten (SC's). Daarin vergelijken we de weefselmorfologie met een soortgelijk model dat is 

opgebouwd uit explants van dierlijk weefsel (dorsale wortel ganglia van ratten).. Met behulp 

van het PC12-gebaseerde platform lieten we een reeks toepassingen zien, zoals toxiciteit 

screening, axonale groeimodellering, diabetes modellering en medicijnscreening. In 

hoofdstuk 4 verbeteren we het PZ-platform door PC12-cellen te vervangen door nociceptoren  

gedifferentieerd vanuit geïnduceerde pluripotente stamcellen (iPSCs), die we karakteriseren 

op basis van van functionaliteit. We vergelijken ons 3D-platformmet conventioneledekglaasjes, 

waardoor we aantonen dat ons systeem grotendeels superieur is ten opzichte van standaard 

kweekmethoden.We gebruiken ons PZ-platform nogmaals om een diabetische toestand te 

modelleren en therapeutische medicatie te testen. Ten slotte demonstreren we de potentie om 

doelweefsels op te nemen om innervatie-modellen te creëren. In hoofdstuk 5 passen we ons 

3D-platform en SC-model toe als platform om medicatie te testen. We concentreren ons op 
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het effect van fosfodiësterase-4 (PDE4) -remmers op het SC-myeliniserende fenotype, 

wanneer SCs zich in een zenuw-regenererende omgeving bevinden of wanneer ze worden 

blootgesteld aan een diabetische omgeving. In hoofdstuk 6 ontwikkelen we een volledig 

menselijk huidinnervatie platform door onze iPSC-nociceptor-neurosferen te combineren met 

een beproefd huidmodel. Met behulp van dit platform laten we zien dat we medicatie kunnen 

testen. In hoofdstuk 7 laten we de fabricage van een NV-platform zien door de combinatie 

van een 3D vasculair en 3D neuraal model. In dit NV-model tonen we de totstandkoming van 

verschillende NV-interacties aan. In hoofdstuk 8 wordt een historisch en kritisch perspectief 

gegeven op preklinisch onderzoek met betrekking tot dier- en in vitro modellen. De 

onderzoeksthema's passen in deze context en er wordt een toekomstperspectief gegeven over 

algemene in vitro modellen en, in het bijzonder, innervatie modellen. Ten slotte onderzoeken 

we in hoofdstuk 9 het nut en de commerciële aantrekkingskracht van dit onderzoek 
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