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ABSTRACT  

The development of in vitro neural networks depends to a large extent on the scaffold 

properties, including the scaffold stiffness, porosity, and dimensionality. Herein, we developed a 

method to generate interconnected neural clusters in a multiscale scaffold consisting of a 

honeycomb microframe covered on both sides with a monolayer of crosslinked gelatin 

nanofibers. Cortical neural precursor cells (NPCs) were firstly produced from human induced 

pluripotent stem cells (hiPSCs) and then loaded into the scaffold for a long period of 

differentiation toward cortical neural cells. As result, neurons and astrocytes self-organized in the 

scaffold to form clusters in each of the honeycomb compartments with remarkable inter-cluster 

connections. These cells highly expressed neuron- and astrocyte-specific proteins, including 

NF200, Tau, Synapsin I and GFAP, and showed spatially correlated neural activities. Two types 

of neural clusters, i.e., spheroid-like and hourglass-like clusters, were found, indicating the 

complexity of neural-scaffold interaction and the variability of three-dimensional neural 

organization. Furthermore, we incorporated a reconstituted basement membrane into the scaffold 

and performed coculture of the neural network with brain microvascular endothelial cells. As a 

proof of concept, an improved neurovascular unit model was tested showing large astrocytic end-

feet on the backside of the endothelium. 

1. INTRODUCTION 

The neocortex of the human brain has been developed for high-order cognitive and mental 

activities, which involves a huge number of neurons and glial cells 1-2. These cells are organized 

orderly and powered by glucose and oxygen from brain blood vessels 3. Although the neocortex 

is highly complex, its building block, neurovascular unit (NVU), is conceptionally simpler, 
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which is composed of a limited number of neurons and glial cells, pericytes, microvascular 

endothelial cells, as well as brain extracellular matrix proteins 4. In a NVU, neurons and glial 

cells form three-dimensional (3D) neural networks and other cells line on a basement membrane 

(BM) to form a blood-brain barrier (BBB) which is selectively permeable to small molecules but 

highly protective to drugs 5. Of note, the integrity of the NVU is vital to the hemostasis and 

activity of the brain, since many neurodegenerative diseases, including Alzheimer’s and 

Parkinson diseases, are due to damage or disorder of the NVU 6 or BBB 7. In this regard, in vitro 

modeling of the 3D neural network, the BBB, and the NVU is all-important for fundamental 

research and brain therapy 8-11. 

Previously, a large number of in vitro studies has been devoted to the neural networks and 

BBBs 12-16 but only a few of them focused on NVU modeling 17-19. Moreover, many of the 

previous studies relied on animal cells or immortalized cell lines, which are inappropriate for 

modeling neither neocortical neural networks (CNN) nor BBB, because of significant differences 

in species or lack of multicellular types 20. Human-induced pluripotent stem cells (hiPSCs) are 

now widely used since they are originated from human cells, self-renewable, and differentiated 

to different adult cells 21. Excitedly, hiPSCs can also be used to generate brain organoids 22-23, 

which are advantageous for brain developmental studies and simple drug assays but limited to 

suspension culture. Blood vessel organoids can also be derived from hiPSCs 24. Although the 

brain organoids can be cultured for a long time and two organoids can be fused 25, they are 

generally small, immature, and lack of immune-cell mediated competence. Nevertheless, 

organoids are inherently multicellular systems containing several types of correlated cells and 

can be disassociated into single cells before replating on a flat or patterned substrate 26. Since 

there hiPSCs derived cells are subjected to a new environment, a period of adaptation, network 
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organization, and neural network maturation is needed. Lineage-specific differentiation of 

hiPSCs allows producing different types of neural cells independently, including neurons and 

astrocytes 27. Similarly, the coculture of these cells is possible but the development and 

optimization of a designed neural system seems to be time-consuming and laborious 27,28. 

Finally, directed differentiation of hiPSCs allows creating at once neural networks with 

multicellular components, which simpler and more robust in terms of electrophysiologically 

mature network formation 29. Depending on the early commitment and the differentiation 

protocol, different types of networks, including CNNs, should be achievable. We, therefore, 

adopted this latter strategy by firstly generating cortical committed neural precursor cells (NPCs) 

and then differentiating them with a patterned bilayer nanofiber scaffold toward 3D-CNNs and 

NVUs, with or without incorporation of an artificial BM. 

We are particularly interested in neural networks made up of self-organized and inter-

connected neural clusters, which can be used to investigate multiscale and hierarchic neural 

systems 30,31. Previously, most of the proposed 3D scaffolds for neural culture consisted of 

randomly distributed pores 32,33 or gel structures 34,35, which are inflexible for a controlled 

network organization. To overcome this drawback, ordered colloidal substrates, patterned or 3D 

scaffolds were developed to facilitate the growth and analysis of hiPSC-derived neurons 13,36,37.  

In addition, a large variety of microfluidic devices have been proposed to control the outgrowth 

of neurons or to model neurogenerative disorders 38,39, but few of them focused on CNN or NVU 

modeling. We wish to evaluate the feasibility of in-vitro NVU modeling by cocultivation of 3D 

neural networks with endothelial cells. In this regard, a scaffold containing artificial BM is 

desirable. Transwell-like devices are widely used in BBB studies, where endothelial cells are 

placed on the upside and neural cells in the downside of a semipermeable plastic membrane 40. 
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This device configuration is simple and convenient for culture and monitoring but is over-

simplified since there are significant differences between a plastic membrane and a natural BM 

in terms of stiffness, porosity, and bioreactivity 41. Herein, we present a method to firstly create 

3D CNNs from hiPSC in compartmented bilayer scaffold consisting of two monolayers of 

crosslinked gelatin nanofibers and a lithography-defined honeycomb microframe. Then, we 

transform one of the nanofiber monolayers to artificial BM to coculture the CNNs with 

endothelial cells. Phase-contract images and immunofluorescence images are shown to elucidate 

the formation of self-organized 3D neural clusters in the scaffold as well as the feasibility of in 

vitro modeling of BBB and NVU. Ca2+ transient images are analyzed to illustrate the intralayer 

and interlayer correlation of neural activities. 

2. EXPERIMENTAL SECTION 

Reagents were purchased from Sigma-Aldrich unless otherwise specified. 

2.1 Fabrication of the scaffold 

Our scaffold was made of crosslinked gelatin nanofibers on both sides of a 150 µm-thick 

plastic frame with pre-defined hexagonal through holes. The scaffold is supported with a plastic 

ring of 9 mm inner diameter and 13 mm outer diameter and 150 µm thickness, providing a 

scaffold work area of 9 mm diameter in size. The side-to-side distance of hexagonal holes is 200 

µm and the frame width is 50 µm, giving rise to 800 compartments in a scaffold. The frame 

structure was firstly produced by photolithography and then replicated in PDMS by casting and 

finally in a photoresist by vacuum-assisted UV-molding. Briefly, the frame pattern was defined 

in a chromium photomask (Microresist) by a micro-pattern generator (µPG 101, Heidelberg 

Instruments). The pattern was then replicated into a 150 µm thick resist layer (SU-8 3050, 
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MicroChem) spin-coated on a silicon wafer (Neyco). Afterward, the ring pattern was added by 

spin-coating another 150 µm-thick SU8 resist layer on the patterned layer. The SU-8 resist layers 

were prebaked prior to UV exposure and post-exposure bake. After the second exposure, the 

layers were developed in SU-8 developer (MicroChem) and rinsed with isopropanol. After being 

exposed to a vapor of chlorotrimethylsilane, the SU8 resist pattern was used as a template for 

PDMS casting. PDMS polymer and crosslinker (RTV 615, Momentive Performance Materials) 

were mixed at a ratio of 10:1 (w/w), poured on the SU-8 mold, degassed, and allowed to 

reticulate at 75 °C for 4 h. After being peeled off, inlet and outlet holes were punched through 

the PDMS block. The PDMS block was then placed on a glass slide with the structured-side 

down and kept under vacuum for 10 min immediately before injection of the OrmoStamp(Micro 

Resist Technology), a low viscosity UV sensitive prepolymer, into the cavity between the PDMS 

structure and the glass slide. Once OrmoStamp fulfilled the cavity, the assembly was exposed to 

UV light for 2 min at 21.6 mWcm-2 and then removed from the glass slide. Finally, the scaffold 

made in OrmoStamp was peeled off from the mold. 

For electrospinning deposition of nanofibers, a 10 nm-thick gold layer was deposited on 

both sides of the frame structure with a sputter (K6785X, Emitech). Gelatin nanofibers were 

electrospun on the frame as described previously 42-44. Gelatin from porcine skin was dissolved at 

15 wt % in a solvent mixture containing distilled water, ethyl acetate, and acetic acid at a volume 

ratio of 10:14:21 and used in 2 days. The gelatin solution was ejected at a flow velocity of 0.2 

mLh-1 by using a syringe pump (Harvard Apparatus) with a syringe needle at a distance of 10 

cm under a bias voltage of 11 kV. Gelatin nanofibers were electrospun for 2 min on both sides of 

the frame and cut off at their edges. 

2.2 Incorporation of ABM into the scaffold 
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The electrospinning time was increased to 5 min to deposit more nanofibers on the bottom 

side of the frame. After removing the residual solvent in a desiccator, the gelatin nanofibers were 

crosslinked by incubation in 0.2 M N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide 

hydrochloride and 0.2 M N-hydroxysuccinimide in ethanol for 4 h at room temperature. The 

scaffold was rinsed in ethanol three times, dried under vacuum, and stored in a cool and dry 

place. Afterward, one of the nanofiber layers was used as backbone for the formation of ABM. 

The scaffold was firstly sterilized in a 70 % ethanol solution and under UV light. Then, a 50 µL 

solution of laminin (20 µgmL-1, Sigma-Aldrich) and type IV collagen (1 mgmL-1, Sigma-

Aldrich) in DI water was dropped on. After dehydration in an incubator at 37°C for more than 4 

h, the deposited ECM proteins were self-assembled in the porous areas of the nanofibers to form 

an ultrathin membrane. 

2.3 hiPSCs differentiation into NPCs 

hiPSCs (episomal line, Life Technologies) were cultured in Essential 8 Flex Medium 

(E8FM, Thermo Fisher Scientific) at 37 °C and 5 % CO2 on a tissue culture dish, which was 

treated with 5 µg∙mL-1 vitronectin (VTN-N, Thermo Fisher Scientific) in PBS for 1 h at 37 °C 

prior to use. The hiPSCs were subsequently differentiated into NPCs by following the protocol 

described with a slight modification 29. First, dissociated hiPSCs were seeded on an ultra-low-

attachment round-bottom 96 well plates (Corning) at a cell density of 5000-10,000 per well, and 

allowed to form embryoid bodies (EBs) in E8FM for 2 days. The culture medium was then 

switched to neural induction medium (NIM) composed of DMEM/F12 medium, 1 % N2 

supplement (Thermo Fisher Scientific), 2 µg∙mL-1 heparin (Stemcell), and 1 % penicillin-

streptomycin (Pen-strep, Thermo Fisher Scientific), in which cells were cultured for 4 days. On 

day 7, EBs were transferred on a tissue culture plate, which was incubated with 20 µg∙mL-1 
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laminin in PBS for 1 h at 37 °C beforehand, and cultured in NIM until day 14 to generate pre-

NPCs. Pre-NPCs were then cultured in neural precursor medium (NPM) composed of 

DMEM/F12 medium, 1 % N2 supplement, 2 % B27 minus vitamin A supplement (Thermo 

Fisher Scientific), 1 µg∙mL-1 laminin, 20 ng∙mL-1 basic fibroblast growth factor (Stemcell), and 

1 % Pen-strep from day 15 onward. The medium was renewed every 2 days and cells were 

subcultured on a dish treated beforehand with 1 % Geltrex (LDEV-free, reduced growth factor, 

Thermo Fisher Scientific) in DMEM/F12 medium for 1 h at 37 °C when confluent. After 5 

passages, cells were considered as NPCs. 

2.4 NPC differentiation and neural cluster formation 

Prior to cell seeding, both sides of a bilayer scaffold were treated by air plasma (Harrick 

Plasma) for 1 min each, and the scaffold was sterilized by UV irradiation in 70 % ethanol for 30 

min. After being rinsed with PBS and dried at room temperature, the bilayer scaffold was 

incubated with 100 µg∙mL-1 poly-L-ornithine at 4 °C overnight and rinsed 3 times with PBS. A 

droplet of 1 % Geltrex in DMEM/F12 medium was deposited on the scaffold and incubated for 1 

h at 37 °C in a humidified incubator. Next, NPCs were detached using Accutase (Thermo Fisher 

Scientific), seeded on the flat “bottom” side of bilayer scaffold at a density of 3.0 × 105 cells per 

scaffold, incubated for 2 h at 37 °C and 5 % CO2 for cell adhesion, and kept cultured in 1 mL 

NPM. The next day, 3.0 × 105 NPCs were seeded in the same manner on the “top” side of the 

scaffold flipped beforehand, and cells were further differentiated in neural differentiation 

medium (NDM) composed of Neurobasal medium (Thermo Fisher Scientific) supplemented with 

1 % N2 supplement, 2 % B27 minus vitamin A supplement, 20 ng∙mL-1 brain-derived 

neurotrophic factor (Stemcell), 20 ng∙mL-1 glial cell-derived neurotrophic factor (Stemcell), 1 % 

Pen-strep, 1 % non-essential amino acid solution (Thermofisher), 1 µM dibutyryl cyclic 
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adenosine monophosphate and 2 µg∙mL-1 laminin. NDM was fully renewed every two days for 4 

weeks and half the volume was renewed onwards. 

2.5 Creation of neurovascular unit 

The bilayer scaffold incorporated with an ABM was used for the creation of the NVU. To 

promote cell adhesion, the scaffold was also coated by poly-L-ornithine and Geltrex. The cell 

processing protocol is displayed in Figure 7B. Firstly, 3.0 × 105 NPCs were seeded on the top 

side of the gelatin nanofibers in NPM and differentiated into neural networks in NDM for 8 

weeks. The NDM medium was replaced by that for neural clusters formation. Subsequently, 4.0 

× 105 brain microvascular endothelial cells (hCMEC/D3 cells) were seeded at the bottom side of 

the ABM in endothelial cells growth medium (EGM), while the on-scaffold neural networks 

were still immersed in NDM. The bilayer scaffold was mounted into a device with PDMS 

contact layers and upper and lower chambers for incubation with different types of culture 

medium. After 2 h incubation at 37 °C and 5 % CO2 for cell adhesion, the bilayer scaffold was 

transferred into a mixed medium (NDM: EGM= 1:1) for further coculture. The mixed medium 

was changed every two days. 

2.6 SEM observation 

A 5 nm-thick gold layer was sputtered on the bilayer scaffold prior to observations by SEM 

(Hitachi TM3030) operated at 10 kV. The scaffold was cut by a blade to obtain a cross-sectional 

view. 

2.7 Immunofluorescence staining 
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Cells were fixed by incubation in 4 % (w/v) paraformaldehyde in PBS for 15 min, prior to 

permeabilization in 0.5 % (w/v) Triton X-100 in PBS for 10 min and incubation in a blocking 

solution (3 % bovine serum albumin, 0.1 % Tween 20, and 0.1 % sodium azide (w/v) in PBS) for 

30 min at room temperature. The samples were further incubated with primary antibodies at 4 °C 

overnight, followed by the incubation with secondary antibodies in the blocking solution for 2 h 

and subsequent nuclear staining in PBS containing 1 µg∙mL-1 DAPI for 15 min at room 

temperature. Besides, the F-actin staining was made by incubating cells in ActinRed 555 

ReadyProbes (Thermo Fisher Scientific, 1：20) for 30 min at room temperature before cell 

nuclear staining. The following primary antibodies were used for immunostaining: anti-Nestin 

(N5413, Sigma-Aldrich, 1:100 dilution), anti-βIII tubulin (T8578, Sigma-Aldrich, 1:500), anti-

GFAP (MA5-12023, Thermo Fisher Scientific, 1:100), anti-Neurofilament 200 (N4142, Sigma-

Aldrich, 1:80), anti-Tau (T9450, Sigma-Aldrich, 1:100), anti-Synapsin I (ab64581, abcam, 

1:200). Alexa fluor 488 anti-mouse (A-21200, 1:500), Alexa fluor 488 anti-rabbit (A32790, 

1:500), Alexa fluor 633 anti-mouse (A-21050, 1:500), and Alexa fluor 633 anti-rabbit (A-21070, 

1:500) antibodies (Thermo Fisher Scientific) were used as secondary antibodies. Fluorescently 

labeled cells were imaged by confocal microscopy (LSM 900, Zeiss).  

2.8 Calcium imaging and analysis 

Cells were rinsed with a recording buffer (145 mM NaCl, 3 mM KCl, 1.5 mM CaCl2, 1 mM 

MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.4) and loaded with 2 μM Fluo-4 AM and 

20 % pluronic acid (both from Thermo Fisher Scientific) in the recording buffer at 37 °C in a 

5 % CO2 incubator for 25 min. After incubation, the samples were rinsed with the recording 

buffer twice and transferred to the stage of an inverted fluorescence microscope (Axio Observer 
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Z1, Zeiss) equipped with an Electron Multiplier CCD Camera C11440 (Hamamatsu Photonics). 

The experiment was performed at room temperature and each frame was acquired every 500 ms 

for 5-10 minutes. Regions of interest (ROIs) covering single cell bodies or cell clusters were 

selected in a semi-automated manner in z-stack images and the fluorescence intensity in each 

ROI in each frame was measured by Image J, which allowed us to identify the location of cell 

bodies or cell clusters and to analyze Ca2+ transient dynamics of the cell population in 3D space. 

The normalized fluorescence signal was calculated as follows: F/F = (If(t) − If(t0)) / If(t0), 

where If(t0) is the average fluorescence intensity at the beginning of the recording and If (t) is 

the time course of the average fluorescence intensity in an ROI. Further, an interactive 

Fluorescence Single Neuron and Network Analysis Package (FluoroSNNAP) was used to gain 

deeper insights into the Ca2+ transients 45. The package allowed semi-automated identification of 

ROIs and calculation of F/F = (If(t) – If-base) / If-base in each ROI, where If-base is the mean of the 

lower 50 % of previous 10-s values. A network analysis module from the Package was used to 

investigate the synchrony and functional connectivity of the samples. 

2.9 Static analysis 

Data are shown as the standard error of the mean from at least three independent samples. P 

values were calculated by unpaired Student’s t-test by the software GraphPad. The number of 

replicates and statistical tests used for each experiment are mentioned in the respective figure 

legends. Significance was set to *P < 0.05, **P < 0.01, ***P < 0.01. 

 

3. RESULTS 
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3.1. Fabrication of patterned bilayer nanofiber scaffolds  

The fabrication of the bilayer scaffolds was based on lithography and electrospinning 

techniques 44. By varying the electrospinning time, the number of nanofibers deposited could be 

controlled. Ultimately, a monolayer of nanofibers could be obtained with desirable porosity 42. 

As shown in Figures 1A, B, and S1A, a monolayer of crosslinked gelatin nanofibers was 

deposited on both sides of the honeycomb microframe. By analyzing the scanning electron 

microscopy images, an average nanofiber diameter of ~500 nm, a porosity of ~ 20% and a 

monolayer thickness of ~ 200 nm were determined. For such an ultrathin pore membrane, the 

diffusion flux is much higher than other types of membranes such as track-etched plastic 

membrane commonly used for cell culture or coculture, since it is reversely proportional to the 

thickness of the membrane. Statistically, 93% of the pores were smaller than 20 μm2 and 55 % of 

the pores were smaller than 5 μm2 (Figure S1B). By using a similar technique as described xx, an 

effective in-plan Young’s modulus in the order of 10 kPa was estimated. Gelatin is produced by 

partial hydrolysis of collagen so that it is inherently biocompatible. Our recent studies showed 

that electrospun gelatin nanofibers could be used as substrate for hiPSC propagation over many 

generations without any surface coating, proving the importance of nanofibrous surface 

morphology xx. More recent studies showed that neural cells and in particular astrocytes on a 

surface coated monolayer of crosslinked gelatin nanofibers were more in-vivo like xx.   Due to its 

multiscale architecture, the monolayer nanofiber scaffold is also mechanically stable and can be 

easy handled for cell culture and device integration. Therefore, the bilayer nanofiber scaffold has 

unique advantages to combine ultrathin, high porosity, low stiffness, and high biocompatibility. 

Since the monolayer was also compartmented and the size, thickness and geometry of the 

compartment as well as the size and thickness of the nanofiber layer can be control, the bilayer 
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scaffold enables cell filtration into the free space between the two nanofiber layers and it is 

therefore suited for guided 3D self-organization.  

The as-fabricated scaffolds are ready to use for the 3D culture of NPCs. Furthermore, they 

can be transformed into more specific scaffolds by incorporating ABM that is requested for both 

BBB and NVU modeling. This has been done by dropping a solution of type IV collagen and 

laminin, the two major natural BM proteins, on one of the nanofiber monolayers, in a similar 

way of the fabrication with one monolayer of gelatin nanofibers 46. During dehydration, the two 

types of BM proteins self-assembled in the nanofiber pores to form an ABM with the monolayer 

of crosslinked nanofibers as the backbone (Figure 1C and Figure 7A, right).  

With or without ABM, the bilayer scaffold is membrane like. By measuring the flowrate of a 

solution across the membrane as a function of applied pressure, a hydrodynamic resistance in the 

order of 1 mBar.min/mL was deduced. Such a hydrodynamic resistance is porosity and thickness 

dependent and at least ten times smaller than that of track-etched membranes of 10 µm thickness. 

In other words, the Darcy permeability of both types of membrane is much larger that of track-

etched membranes, which is also in favor of culture or coculture under microfluidic conditions.  

3.2 Generation of three-dimensional and inter-connected neural clusters  

Neural precursor cells (NPCs) were derived from hiPSCs which can be expanded and 

cryopreserved by using the protocol described by Gunhanlar, et al. 29 after slight modifications. 

As summarized in Figure 1D, hiPSCs were firstly cultured in a normal culture dish. After cell 

aggregation, hiPSC colonies were detached (Figure 1E, Day 0) and embryoid bodies (EBs) were 

formed in ultra-low attachment wells (Figure S2A, Day 2). After being cultured in a neural 

induction medium (NIM) for 3 days (Figure 1E, Day 5), EBs were transferred on a laminin-



 14 

coated tissue culture plate on day 6 and cells started to spread on the substrate to form a 

homogeneous cell layer from day 6 to day 15 (Figure S2A, Day 7 and 14). The cells were then 

passaged at least 5 times to get NPCs in a neural precursor medium (NPM). As expected, the 

resulted NPCs showed characteristic expressions of neuronal progenitor marker Nestin, and 

neuron-specific cytoskeleton marker -III tubulin (TUJ 1). As can be seen in Figure S2B, Nestin 

(red) was expressed in all the cells but TUJ 1 (green) was co-expressed in a part of the cell 

population, indicating that those cells were destined for neurons. Meanwhile, neural rosettes 

which are the signature of the neuronal progenitors were found. 

Afterward, the dissociated NPCs were seeded on both sides of the scaffold (Figure 1E, Day 

43) and cultured in a neural differentiation medium (NDM) (see “Method” for details). As the 

cells differentiated, many of them moved to the center and aggregated in each honeycomb 

compartment (Figure 1E, Day 100 and Figure S2C). Confocal microscopy images of F-actin and 

DAPI stained cells revealed that during the first week in the scaffold, the cells protruded not only 

on the nanofiber layers but also into the free space between the two nanofiber layers (Figure 

S2D, S2E). At this stage, although a majority of the cell bodies remained on the nanofiber layers, 

the number of cellular protrusions inside the scaffold increased with time (Figure 1F, Day 47). 

After differentiation in the scaffold for 8 weeks, more cells were self-organized in the center of 

each honeycomb compartment, forming spheroid-like cell clusters (neurospheroids) with radial 

extensions toward the edge of the compartment (Figure 1F, Day 100). These neural clusters 

could be stable over a long-period of incubation time (Figure 1E, Day 156). 

The cell body distribution in the bilayer scaffold is shown in Figure 1G, which was obtained 

by 3D reconstitution of confocal z-stack images with DAPI staining. To better characterize the 

cell body distribution, we first divided radically the honeycomb compartment into 3 regions 
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(Figure S3A) to calculate the number of nuclei in each of the regions. The central region A 

(radius R  50 µm, pale yellow), the middle region B (R = 50 ~ 75 µm, yellow) and the outer 

region C (R > 75 µm, brown) contained 49.8 ± 10.3 %, 29.6 ± 6.9 %, and 20.6 ± 7.9 % of nuclei, 

respectively (Figure 1G). This means that most of the cells were distributed in the center region 

of the honeycomb compartment. We then divided vertically the compartment also into 3 regions 

(Figure S3B) and calculated the average value of the radical distribution of the nuclei r = 67.4 ± 

11.2, 35.1 ± 19.6, and 51.4 ± 16.8 µm in H1 (H = 0 ~ 50 µm), H2 (H = 50 ~ 100 µm), and H3 (H 

= 100 ~ 150 µm), respectively. This means that the cells in the central region are mostly located 

in the middle layer (H2) of the compartment (Figure 1H). 
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Figure 1. Development of interconnected neural clusters. A) Large-scale (left) and small-scale 

(right) SEM images of a scaffold made of crosslinked gelatin nanofibers onto a honeycomb 

microframe. B) Tilted-view SEM image of the scaffold showing two spaced nanofiber monolayers. 

C) Schematic diagram of the scaffold. D) Steps of hiPSC differentiation toward neuron precursor 

cells and cortical neural networks. E) Brightfield microscopy images of the cell organization 

during the whole period of neural network derivation. F) 3D-reconstructed images of confocal 

microscopy of F-actin (red) and nuclei (blue) of the cells at day 47 (left) and day 100 (right). G) 

Orthogonal views of the images of the cell nuclei inside a honeycomb compartment at day 100. H) 

Distribution of the nuclei in the central (pale yellow), middle (yellow), and outermost (brown) 

regions inside a honeycomb compartment (n=3, P < 0.05 student-t-test). I) Averaged radial 

distance of the cell nuclei (r) from the center in the bottom (H1, H ≤ 50 µm, blue), middle (H2, 

50 < H ≤ 100 µm, green) and top (H3, 100 < H ≤ 150 µm, orange) regions in a honeycomb 

compartment (n=3, P < 0.01 student-t-test). 
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Neurons and astrocytes are the main cellular components of CNNs, in which astrocytes 

guide neural growth and support neuronal functions 47,48. To evaluate the distribution of these 

cells, the neural networks formed in the bilayer scaffold after 8 weeks of differentiation (day 

100) were stained by glial fibrillary acidic protein (GFAP) to detect astrocytes, neurofilament 

200 (NF200) to detect neurons, in addition to the DAPI staining of the nuclei. Figure 2 shows Z 

projection (Figure 2A) and 3D views (Figure 2B, 2C) of confocal microscopy images of a typical 

area of the sample, revealing a self-organized network of neurons and astrocytes. Clearly, neural 

clusters were all localized in the center of honeycomb compartments and interconnected with 

dense and radial neurites and astrocytes. Moreover, the outgrowth of the neurites and astrocytes 

formed a bowl-like structure in each of the compartments. As marked by white arrows in the 

zoom image (Figure 2D), even single astrocytes are able to bridge two neighboring clusters 

(Figure 2E), indicating strong inter-cluster connections of the network. A more detailed 

observation suggested that some of the astrocytes were bundled and that most of the radial 

astrocytes were stretched (Figure 2D). In contrast, the astrocytes located on the frame area were 

guided by the surface of the frame but not stretched due to adhesion of the cells to the substate. 

In addition, a ring of astrocytic filaments could be observed in the center area of the honeycomb 

compartment, indicating a strong effect of self-organization. Accordingly, neurites followed 

closely the behavior of the astrocytes, showing also radial extension, geometric guiding, and 

rings (Figure 2A). Remarkably, the density of the neurites was significantly higher than that of 

the intermediate filaments in astrocytes, suggesting that the monolayer nanofiber scaffold is 

more favorable to the outgrowth of the neurites than that of the astrocytes. Generally speaking, 

the cell-material interactions affect differentiation of the cells and maturation of the neural 

networks 49. In the present case, the outgrowth of neurites and astrocytes relied on monolayer of 
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nanofibers which may result in less but more effective anchoring points in comparison with that 

on a flat surface. Furthermore, the suspended monolayer of nanofiber scaffold has a low effective 

stiffness but a high porosity (see below), which are both in favor of neural differentiation and 

neural network formation. As shown in Figure S3, in the early stage of neural differentiation, 

cells begun to aggerate in the nanofiber area and the outgrowth of neurites and astrocytic 

filaments were both affected by the morphology of nanofibers, except large size and stretched 

neural cells. With increase of the incubation time, more and more cells aggregated in the 

nanofiber areas and finally formed neural clusters. Finally, the cell-material interaction is less 

important and the effect of self-organization became dominant. 
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Figure 2. Confocal microscopy images of cortical neural networks. A) Cells were stained by 

DAPI (nuclei, blue), GFAP (astrocytes, green), and NF200 (neurons, red). Z-stack images were 

projected on an x-y plane. Scale bar, 100 µm. B) 3D reconstruction of the corresponding z-stack 

images with a height 150 µm. C) 3D reconstruction of DAPI and GFAP labeled z-stack images of 

heights between 100 µm and 150 µm. D) Zoom-in of image A, indicating single astrocytes to 

bridge two neighboring clusters. The stars and arrow chains indicate the position of the neural 

clusters and the astrocytes, respectively. E) Artistic picture of the astrocyte connections cross two 

neighboring honeycomb compartments. 

 

The distribution of neurons and astrocytes in a honeycomb compartment can be more 

clearly seen with 3D reconstruction and regional projection images (Figure 3). Overall, neurons 

and astrocytes were found on both sides and interlayer spaces of the scaffold. The spatial 

distribution and population of neurons and astrocytes on the scaffold are correlated (Figure 3B 

and Figure S4). While the interlayer neurons (NF200-stained) were mostly localized in the center 

region of the compartment, astrocytes (GFAP-stained) were more likely scattered around the 

neural cluster (Figure 3A). The regional z-projections of the confocal microscopy images are 

displayed in Figure 3B. Clearly, well-defined and radial neurites and astrocytes were formed in 

the upper part (H = 50 ~ 150 µm) but dense and entangled neurites and astrocytes were found in 

the lower part (H = 0 ~ 50 µm). Zoom into the cluster, we also observed astrocyte shuttling 

inside the cluster (Figure 3C), and a dense contact of axons and astrocytes (Figure 3D), which 

should have distinct roles in the initialization of synapse formation and regulation of neural 

activities. 
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Figure 3. Confocal microscopy images of neurons and astrocytes in honeycomb 

compartments. Cells were fixed on day 100 and stained by DAPI (blue, nuclei), GFAP (green, 

astrocytic intermediate filament), and NF 200 (red, neurofilament). A) 3D-reconstruction views of 

a neural cluster formed inside the honeycomb compartment. B) Regional projection of the 

corresponding z-stack images. For clarity, the outside of the compartment has been blacked out. 

C) Zoom in of a cluster, showing astrocyte shuttle inside the cluster, D) Regional projection, 

showing dense contact of axons and astrocytes. E) Projection of another z-stack image, showing 

an hourglass-like cluster. F) Formation of astrocytic rings at different height inside the honeycomb 

compartment. 

 

Statistically, the centralized clusters were observed in 97% of the honeycomb 

compartments. In the remaining compartments, surprisingly, we found an hourglass-like 

organization of neural cells instead of spheroid-like clusters, as shown by the regional projection 

of confocal microscopy images (Figure 3E, 3F). In the upper region (H = 80 ~ 150 µm) and out 

of the center area, astrocytic extensions and neurites were both distributed radially and the 

neurites were much more than astrocytic extensions. It seems that both astrocytic extension and 

neurites went to the deeper region. In the middle region (H = 50 ~ 80 µm), astrocytic ring 

structures were found and closely followed by the neurites, suggesting a new type of neural 

organization which may give rise to an enhanced maturation and an upregulated synaptic 

formation. In the lower region (H = 0 ~ 50 µm), more astrocytic extensions and neurites were 

found in the frame area but they seem also went to the ring inside the compartment. Such an 

organization is due probably to the smaller cell number in some of the honeycomb 

compartments. Although they are statistically few, the same organization can be repeatedly 

observed, indicating complexity of cell-material interaction as well as variability of three-

dimensional neural organization. Of note, the astrocytes around spheroid- and hourglass-like 

clusters were distinctly expanded to the outer space (Figure 3D, 3F), which should be self-

organized to maintain the metabolic activities of the clusters. 
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3.3 Maturation of the neural cluster networks 

3.3.1. Distribution of axons and synapses 

The formation of synapses along axons is a prerequisite for the formation of a neural 

network. We thus applied immunocytochemistry to observe the distribution of Synapsin I and 

Tau proteins, which are respectively associated with synaptic vesicles and axons. Figure 4A 

shows the 3D reconstruction of the confocal microscopy z-stack images of nuclei (blue), 

Synapsin I (Syn I, green), and Tau (red) inside and around a honeycomb compartment. Clearly, 

both Synapsin I and Tau were expressed at a high density all over the hiPSC differentiated neural 

networks. 

The cumulative fluorescence intensities of Synapsin I and Tau on the top and bottom 

surfaces as well as the interlayer space of the bilayer scaffold are reported in Figure 4B. Here, 

the frame area surrounding the compartment has been taken into account. As can be seen, the cell 

number on the top surface is relatively small but both the cumulative fluorescence intensities of 

Tau and Synapsin I proteins were comparable to that of the bottom surface, suggesting that both 

nanofiber surfaces were covered with a high density of axons and synapses but the cell bodies 

were more likely located in the interlayer space. Note that the expressions of Tau and Synapsin I 

proteins were also significant in the interlayer space, suggesting a matured 3D neural 

organization. Figure 4C shows regional projections of the confocal microscopy images, 

indicating that the distributions of the synapses and the axons were highly correlated (Figure 4D) 

and that both were highly expressed in the center area of the compartment (Figure 4E-F). 

Moreover, the presence of Synapsin I along the axons which expanded from the cluster to the 
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neighboring compartment is a signature of the formation of interconnected cluster network 

(Figure 4E right). 
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Figure 4. Confocal microscopy images of a neural cluster. Cells were fixed on day 100 and 

stained by DAPI (blue, nuclei), Synapsin I (Syn I, green), and Tau (red). A) 3D-reconstruction 

views of a cluster. B) Cumulative fluorescence intensities of DAPI, Synapsin I, and Tau projected 

in the top surface, compartment, and bottom surface (n = 3, error bars represent standard error of 

the mean). C, D) Regional projection of the corresponding z-stack images, showing a spatial 

correlation of the synapses and the axons. E) Zoom-in of the images C. F) Regional distribution 

of synapses deduced from projection of confocal z-stack images in the range between 100 µm and 

150 µm, indicating the high-level expression in the center area of the compartment (n=3, P < 0.01 

student-t-test). Black area, r ≤ 50 µm. 

 

3.3.2. Intralayer correlation of the neural activities  

To demonstrate the intralayer correlation of the neural activities of the 3D neural networks, 

we focused on the Ca2+ waves recorded on the top of the scaffold (Figure 5A). The ROIs are also 

marked where ROI 1 covers the whole region of a neural cluster, ROI 2-5 covers the somas of 

individual bridging cells, and ROI 6 corresponds to the neighboring inter-compartment region. 

The time traces of F/F are presented in Figure 5B, where the correlation between different ROIs 

is clearly observed as highlighted with red and blue bands, demonstrating that the electrical 

coupling of the neural network over the whole observed area. Figure 5C shows the series of 

epifluorescence images within one of those highlighted events in Figure 5B, with false colors 

coding the fluorescence intensity. The fluorescence intensity increased during 1 s (Figure 5D) on 

the neurites connected to the neural cluster (white arrowheads) and on the neurites surrounding 

the neural cluster across the radially projected neurites (black arrowheads), as well as on the 

neural cluster, showing the electrical signal propagation in all directions over the microframe. 

At the bottom of the scaffold, the cell growth and the neural network formation were guided 

by the gelatin nanofibers. Among them, 22 regions marked by yellow dots were selected (Figure 

5E) for detailed analysis by using Fluorescence Single Neuron and Network Analysis Package 

(FluoroSNNAP) 45. The connectivity between neuron pairs is indicated with the red lines. The 
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fluorescence intensity peak events of the cells were then plotted as a function of time (Figure 5F) 

to illustrate the coactivity of the network. Here, the green dots are data from the neurons of the 

same compartment, while the pink dots are from the neighboring compartment. Then, a 

synchronization matrix for pair-wise phase-synchronization indices could be depicted as a 

heatmap (Figure 5G), revealing that the electrical activities of these cells are highly synchronized 

with a global synchronization index of 0.83. 
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Figure 5. Calcium images showing intralayer correlation of the neural activities. A) 

Epifluorescence microscopy image of the top side after loading Ca2+ indicator, Fluo-4 AM. ROIs 

for fluorescence intensity measurements are indicated. ROI 1 covers the whole area of the neural 

cluster. ROI 6 covers the area of the neighboring neural cluster B) Time traces of F/F in ROIs 

shown in A. Synchronized peaks are highlighted with red bands (total synchronization) and blue 

bands (partial synchronization). Correlated spikes accorded at ROI 1-6. C) The fluorescence 

intensity increased during 1 s on the neurites connected to the neural cluster and the neurites 

surrounding the neural cluster, indicated by white and black arrowheads, respectively, as well as 

on the neural cluster. D) Zoom-in of image C showing correlated neural activities in two sides of 

a honeycomb compartment. E) Epifluorescence microscopy image of the neural cluster with a 

focal plane at the bottom. Twenty-two cell bodies identified by FluoroSNNAP program are 

indicated with yellow dots. Functional connectivity detected by the program between neuron 

pairs is indicated with red lines. F) Raster plot of fluorescence intensity peaks in 22 ROIs shown 

in E, arranged depending on their contribution to the network activity (green dots: this 

compartment, pink dots: the surrounding compartments). G) Synchronization matrix with a color 

map for pair-wise phase synchronization indices, generated by FluoroSNNAP program. 

 

3.3.3 Interlayer correlation of the neural activities 

Ca2+ transient images were recorded to trace Ca2+ ion flux associated with electrical activity 

of neurons using Fluo-4 acetoxymethyl ester (Fluo-4 AM) as an indicator. As shown above, the 

cell density at the bottom of the scaffold is higher than that of the top. The sample was thus 

flipped upside down for more clear observation of the calcium waves at different focal planes 

with an epifluorescence microscope. Figure 6A shows typical epifluorescence microscopy 

images of the neural network at different focal planes, where the ROIs are marked with numbers 

and orange dots. These ROIs are also reported in Figure 6B for a projection view. Note that ROI 

6 corresponds to the area covering the whole area of the neural cluster, whereas ROI 7-12 

represent distinct cell bodies inside ROI 6. The sample was scanned along the z-axis to cover the 

whole scaffold and the ROIs were divided into 5 height levels, (h1, h2, h3, h4, h5 = 0, 21, 54, 93, 

102 µm), at which the cells were best focused (Figure 6C). Here, h1 and h5 correspond to the top 

and bottom of the bilayer scaffold and the image in Figure 6B was taken at h3. On the same focal 
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plane, Ca2+ waves were recorded every 500 ms during 5 min. Normalized fluorescence intensity 

relative to the initial value, F/F, in each ROI was traced and presented according to the height 

of the cell position in Figure 6D. Interestingly, the recorded signals from different ROIs were 

correlated throughout the whole height of the scaffold as highlighted with the red bands or 

partially as highlighted with the gray and blue bands. These results revealed an interlayer 

correlation of the neural activities of the 3D neural networks formed in our bilayer nanofiber 

scaffold. 

 

Figure 6. Calcium images showing interlayer correlation of the neural activities. A）
Epifluorescence microscopy images of the neural cluster at different focal planes. The number of 

ROIs shown in A are marked with orange dots when best focused. B) A summary of the ROIs in 

an epifluorescence microscopy image of the neural cluster observed on the focal plane at 54 µm. 

C) schematic of the 5 focal planes. D) Time traces of normalized fluorescence intensity relative 
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to the initial value, F/F, in ROI 1-19 presented according to the height of the cell position. 

Synchronized peaks are highlighted with red bands (total synchronization, including the neural 

cluster) and gray or blue bands (partial synchronization). 

 

3.3.4. Effects of the seeding cell density  

For comparison, similar experiments have been performed with small seeding cell densities. 

Although the cell aggregation still occurred in each honeycomb compartment, the other effects 

including the neural cluster formation and the correlated neural activities could not be clearly 

observed. Figure S5 shows the results obtained with a seeding density of 2.0 × 105 NPCs per side 

of the bilayer scaffold, which is 1.5 times less than the previous one. Clearly, the differentiating 

NPCs can still lead to the formation of 3D neural networks (Figure S5A and Figure S5B, left) 

and the differentiated neurons and astrocytes are still coupled (Figure S5B, right). Although a 

small group of cells on the frame showed correlated neural activities (ROI 1-5), the signals were 

weak and the small cluster inside the compartment had no correlation of the neural activities with 

surrounding cells (Figure S5C), due to the insufficient number of neurons and connections. 

 

3.4 Co-culture of the neural networks with endothelial cells  

After incorporating the ABM into the bottom layer nanofibers of the scaffold (Figure 7A), 

NPCs were firstly loaded on the top layer of the scaffold and then differentiated for 8 weeks 

toward neural networks (Figure 7B). During this period, the majority of the cells remained on the 

top of the scaffold without being attracted downwards except a limited number of the cells inside 

the honeycomb compartment. Afterward, brain microvascular endothelial cells (hCMEC/D3 
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cells) were added on the backside of the scaffold for the formation of endothelium on ABM. The 

endothelial cells got confluent quickly at day 0 (Figure C, right, day 0). After incubation for 7 

days, the endothelial cells remained but dark shadows appeared in the center area of the 

compartment, indicating that the presence of the endothelium influences the spatial organization 

of the neural network (Figure 7C, right). No such effect was observed with the sample without 

hCMEC/D3 cells (Figure 7C, left). The neural cells were then stained with DAPI (blue), GFAP 

(green), and NF 200 (cyan) for nuclei, astrocytes, and neurons, respectively. In addition, the actin 

cytoskeleton was also stained by fluorescent phalloidin (red). As shown in Figure 7D, 

hCMEC/D3 cells stained in red formed dense cell layer, neurons stained in cyan mostly 

remained on the top of the scaffold, and some astrocytes elongated vertically with remarkable 

end-feet in the contact area with the endothelium (Figure 7D-F). The neural cells on the top and 

the endothelial cells on the bottom of the scaffold are also displayed in Figure 7G and 7H, 

showing the network formation of astrocytes (GFAP, green) and neurons (NF200, cyan) and the 

formation of a confluent hCMEC/D3 cells layer. Altogether, our results provided a proof of 

concept of in vitro NVU modeling. 
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Figure 7. Coculture of neural cells and brain microvascular endothelial cells with an ABM 

incorporated bilayer nanofiber scaffold. A) SEM images of the top layer (left) and the bottom 

layer (right) of the scaffold. B) Cell processing steps. C) Top and bottom layer focused phase-

contrast images of the cells without and with coculture with hCMEC/D3 cells after 

differentiation for 56 days with the scaffold. Cells were fixed after coculture for 7 days and 

stained by DAPI (blue, nuclei), F-actin (red, cytoskeleton), GFAP (green, astrocytes), and NF 

200 (cyan, neurons). D) 3D-reconstruction view of the immunostaining images of an NVU. E) 
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Orthogonal view of a reconstructed image using the same z-stack images. F) 3D views of 

nucleus and astrocytes labeled images. G) Top view of the neural network (cyan, neurons; green, 

astrocytes). Scale bars, 50 µm. H) Bottom view of the cells on an ABM. Scale bars, 50 µm. 

 

4. DISCUSSION 

Engineered microsystems can be used for spheroids and organoids studies 50 as well as 

organ-on-a-chip investigations 51. Here, we developed a sophisticated but yet reliable system for 

3D guided self-organization of CNN and, after incorporating an artificial basement membrane, 

coculture of CNN and endothelial cells. This has been based on a hierarchic design and 

multitechnological processing, involving lithography and pattern transfer, electrospinning, 

chemical crosslinking, and self-assembling. The advantage of the lithography techniques relies 

on its flexibility in mask and mold design so that the geometry parameters of honeycomb 

microframe (size, wall width and thickness) can be changed, meaning that it is possible to design 

CNNs with different cluster size and different inter-cluster distance. Electrospinning is a simple 

and widely technique to produce nanofibers. It can work with different types of materials or 

materials composites and result generally in a fibrous morphology of culture substrate often used 

for adherent cell culture, tissue engineering, and more recently for stem cell culture and 

differentiation 42,43,52-55. The advantage of this technique also relies on its flexibility to control the 

diameter and porosity of the nanofibers. It is believed that the morphology of nanofibers is 

benefitable to the formation of neural tissues 56,57. More recently, we demonstrated that both 

cardiomyocytes and motor neurons could be differentiated from hiPSCs on compartmented 

monolayer of crosslinked nanofibers 42,43. Primary neural cells could also be cultured on such a 

device, showing in-vitro like astrocytic morphology and enhanced neural activities compared to 

that on a glass slide 52. Finally, self-assembling of biomolecules is widely used for surface 
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functionalization of culture substrates and tissue scaffolds, as the last step of multitechnological 

fabrication of hierarchic structures 58. In our case, it allows spontaneous formation of ultrathin 

layers in the nanofiber pores by dehydrating a protein solution mixture (collagen IV and 

laminin). This could be possible due to large surface tension of the layer and self-assembling of 

superimposed molecular networks of collagen IV and laminin.  

A unique advantage of the bilayer nanofiber scaffold is the low effective Young’s modulus 

of the monolayer of gelatin nanofibers. Let us consider a network formed with hexagonal cells of 

wall width and thickness d and segment length l, and Young’s modulus of Es. Within the zero-

order approximation, the effective in-plane Young module is equal to
4

√3
𝐸𝑠(

𝑡

𝑙
)3, while the 

effective out-of-plane Young module is equal to 
2

√3
𝐸𝑠(

𝑡

𝑙
).59 If t = 0.5 µm, l = 5 µm, and Es = 1.35 

MPa, we obtained an effective in-plane Young’s modulus ~ 13.14 kPa, and an effective out-of-

plane Young’s modulus ~ 156 kPa. Here, the gelatin nanofibers were submerged in a culture 

medium so that a Young’s modulus of wetted gelatin was used. Experimentally, this has been 

verified by two types of assays. The first one was similar to that described in 46. The monolayer 

of nanofibers was integrated into a microfluidic device with a thin PDMS cover layer, the 

pressure induced deflection of the membrane in a honeycomb frame was determined. Similarly, 

the deflection of the same PDMS layer was determined. After some algebra, an effective 

Young’s modulus was deduced. The second method relied on AFM measurement which gave an 

effective Young’s modulus in the same order as above discussed. On the other hand, the 

monolayer of crosslinked nanofibers was bonded on a microframe so that the stress in the 

honeycomb center should be smaller than that near the edge since the total stress is the sum of 

the average tensile stress and the bending stress which is maximal at the edge 60. In other words, 
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the stiffness of the nanofiber membrane is inhomogeneous and it is the smallest in the center of 

the honeycomb frame. Such a stiffness gradient promotes cell migration to the center of the 

membrane whereas the accumulation of the cells and in particular the infiltration of cells into the 

interlayer space leads to not only a strong cell-nanofibers interaction but also a strong effect of 

self-organization 61,62, as observed in Figure 2. More systematic studies will be carried to 

elucidate the influence of the nanofiber stiffness on the cell culture behaviors.  

We would like to mention that the goal of this work is to provide proof of concept of guided 

self-organization of cortical neural networks by using micro-engineered scaffolds. This goal has 

been achieved through the use of hiPSCs and bilayer nanofiber scaffold, offering a reliable way 

to investigate systematically the neural network functions by varying, for example, the size of the 

clusters and the distance between two clusters. In Figure 3C, 4A, and 4C, we can see that the cell 

aggregation in a cluster is not tightly packed and that the neural cells inside a cluster have a 

center-to-center distance of ~ 10 µm. Roughly speaking, with a cylindric cluster of 75 µm 

diameter and 50 µm height, a cell number of ~ 250 can be estimated. The question arises whether 

the cluster size and the inter-clusters distance can be optimized. This can be studied by 

modifying the geometry of the honeycomb microframe and the cell seeding density. In this 

regard, it would be interesting to correlate the scaffold design with theories in order to 

understand more clearly how a neural cluster work and how they communicate each other in a 

large context of signal processing. Finally, as the majority of the cells were located on the bottom 

layer of the scaffold due to gravitation, it would be interesting to reduce this effect to achieve a 

more symmetric cell distribution.  

We would also like to mention that in the case of bilayer scaffold with ABM, neural cells 

also infiltrated in the interlayer space of the scaffold, but the resulted neural clusters were 
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different from that with a scaffold without ABM, due probably to insufficient infiltration 

knowing that here NPCs cells were loaded only from upside of the scaffold. Due probably to the 

presence of a limited number of neural cells in this space, the deformation of the nanofibers was 

not observed neither. This could be improved by increasing the pore size of the nanofibers and 

increasing the cell seeding density, for example. Nevertheless, the formation of large astrocytic 

endfeet observed in the work is significant since it is a clear signature of spontaneous formation 

of the brain-blood barrier which is required for sustaining neural activities. Factors released from 

endothelial cells might induce the extension of astrocytic endfeet. We have also to mention that a 

cell line of microvascular endothelial cells was used which might be replaced with hiPSC 

derived cells using the source of cell source. Similarly, microglial cells derived from the same 

hiPSCs could be added. Different types of assays can be envisaged but mostly importantly both 

generated CNN- and NVU-like systems have to be subjected to more detailed characterization by 

using such as multielectrode array (MEA) system for electrophysiological stimulation and data 

analysis. Furthermore, the scaffold with functional CNN or NVU like structures can be 

integrated into microfluidic devices for systematic investigations under both physiological and 

pathological conditions, with and without chemical and physical stimuli 63,64. Last but not least, 

the differentiation processes have to be automatized in order to achieve a sustainable progress, 

although this has been done for proof-of-concept demonstration 65. 

 

5. CONCLUSION 

We developed a method for in vitro modeling of cortical neural networks with a scaffold 

made of honeycomb microframe covered with a monolayer of crosslinked gelatin nanofibers, 
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with and without incorporating a reconstituted basement membrane. Inter-connected 3D neural 

clusters were generated due to guided self-organization of differentiating NPCs. We observed 

high-level expressions of the neuron and astrocyte-specific proteins as well as high-density 

synaptic vesicles along axons. The calcium transient images showed spatially correlated neural 

activities, revealing the importance of 3D organization of the network. Finally, we cocultured the 

neural network with endothelial cells and observed vertical astrocytes with large endfeet in the 

contact area backside the endothelium. Altogether, this proof of concept provides a view on the 

potential for use of nanofiber-scaffolds in studies of cortical neural networks. 
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