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Cortical neural networks can be differentiated from human induced pluripotent stem 

cells (hiPSCs) and studied toward a comprehensive understanding of brain functions. 

Herein, we present a method to guide the self-organization of differentiating neural 

cells with an arrayed monolayer of nanofiber membrane and an automatic culture 

system. The nanofiber membrane was obtained by electrospinning and chemical 

crosslinking of gelatin nanofibers on a patterned honeycomb frame. Neural precursor 

cells (NPCs) derived from hiPSCs were seeded on the membrane to form self-

organized and inter-connected neural clusters in each of the membrane areas. 

Compared to other types of culture substrates, the arrayed nanofiber membrane is 

advantageous in terms of the biocompatibility of stiffness and permeability to neurons. 

Thus, the resulted clusters on nanofiber-membrane showed dense neural connectivity, 

low glia-neuron ratio, regular distribution, and enhanced neural activities. Our results 

also demonstrated that the automatic culture system was enabling not only for 

manpower saving but also for avoiding undesired disturbing on the neural networks 

under development. Synchronous neural activity and increased synaptic number, area, 

and population fully revealed the benefits of the automated differentiation method. 

Combining the nanofiber membrane and automated method is a practical approach and 

enables further cortical neural function studies. 

mailto:yong.chen@ens.psl.eu
mailto:juan.wang@ens.psl.eu


2 

 

1. Introduction 

Human-induced pluripotent stem cells (hiPSCs) can be self-renewed and 

differentiated into cortical neural cells, offering unprecedented opportunities for in 

vitro modeling of brain functions [1-6]. Of interest is the generation of cortical neural 

networks with synchronized activities which are essential for neural information 

processing and human cognition [7,8]. While synchronization is generally observed in 

the electrical activity between various brain regions, it can also be recorded with a 

group of interconnected neural cells [9-16]. In this regard, the emergence of 

synchronized activities should be considered as a criterion of a mature neural network 

and it is important to develop more systematic investigations along this line. During 

the last years, various protocols have been proposed including organoid-type 

differentiation [2,3], directed differentiation [4,5], and lineage-specific differentiation 

[6,17,18] but few of them allowed to generate cortical neural networks with 

synchronized activities.  

Typically, hiPSCs are firstly derived to neural progenitor cells with a commitment 

then subjected to a long-term differentiation by either suspension or adherent cell 

culture. Brain organoids are generally obtained by suspension culture and used for 

studies of early human brain development and brain diseases [3,4,19-21]. The 

drawback of this approach is that the produced organoids are generally small, 

immature, and not well-defined due to lack of vasculature and lack of precise control 

of the cell organization [22,23]. Cortical neural networks can be achieved by directed 

or lineage-specific hiPSC differentiation on a substrate. The advantage of directed 

differentiation relies on the generation of the network with multicellular types 

including neurons and astrocytes [4,5], while lineage-specific differentiation requires 

an additional step of cell mixing and coculture of derives neurons and astrocytes to 

form a functional neural network. Overall, the directed differentiation is relatively 

simple which can also benefit advantages of material engineering, neural signal 

recording, microfluidic integration, and high throughput screening. 

To improve the performance of differentiated neural networks, a variety of culture 

conditions have been studied by considering the effect of stiffness, surface 

morphology, and coatings of the substrate [24-26]. For example, hydrogels [27,28] and 

micro-pillars [29-31] were used as low stiffness substrates for neural differentiation of 

hiPSCs. Random and aligned nanofibers [32-34], patterned substrates [35-37], 

microfluidic channels [38-42], and three-dimensional (3D) structures [43-47] were 
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explored for the control of neurite outgrowth and the formation of neural networks. 

These approaches are intuitive but they were mostly limited to the proof-of-concept 

and the formation of randomly organized neural networks. We have recently proposed 

a new type of culture device consisting of a monolayer of crosslinked gelatin 

nanofibers on a patterned honeycomb frame (culture patch) [48,49]. Such a culture 

device is advantageous over conventional culture devices since the culture support is 

now made of a natural biopolymer and it is inherently low stiffness and high 

permeability. Primary hippocamp cells could be cultured, showing in-vivo like 

astrocyte morphology and enhanced neural activities compared to that on a glass slide 

[50]. By depositing the monolayer of nanofibers on both sides of the frame, a new type 

of bilayer scaffolds could be obtained for three-dimensional (3D) cell culture [51]. 

Most recently, we demonstrated the formation of regular 3D neural clusters in a bilayer 

scaffold for the observation of neuronal synchronization and a brain-blood barrier like 

organization [52]. It is however not clear whether the neuronal synchronization can be 

can be achieved with a two-dimensionally patterned substrate. This article describes 

such a study by comparing three types of substrates and two types of differentiation 

methods. We first compare the performance of hiPSC differentiation on glass, 

nanofiber-covered glass, and nanofiber membrane to demonstrate the advantages of the 

nanofiber membrane. Then, we compare the performance of manual and automated 

differentiation to demonstrate the necessity of avoiding the culture system instability 

during the long period of hiPSC differentiation processing. Our method is simple and 

shows potential of generating regular and synchronized cortical neural clusters for 

future studies. 

 

2. Materials and method 

Reagents were purchased from Sigma-Aldrich unless otherwise specified. 

 

2.1 Fabrication of the substrates 

Arrayed nanofiber membranes were fabricated by using the protocol previously 

reported [38,39]. Briefly, a master pattern of microframe was prepared by using a two-

level photolithography with SU8 negative resist (Micro Resist Technology) spun 

coated on a silicon wafer, giving rise to a honeycomb structure of 200 µm thick, 200 

µm bandwidth and 500 µm compartment size (vertex-vertex distance) with a support 

ring of 7 mm inner and 13 mm outer diameter. After being exposed to the vapor of 



4 

 

chlorotrimethylsilane (TMCS), a solution of PDMS prepolymer and crosslinker (RTV 

615, Neyco) mixture at a ratio of 10:1 (w/w) was poured on the SU8 mold, degassed, 

and polymerized at 80 °C for 2 h. The resulted PDMS block was then placed on a glass 

slide with the structured-side down and kept under vacuum for 10 min immediately 

before injecting a low viscous and UV sensitive resist, OrmoStamp (Micro Resist 

Technology). Once fulfilled, UV exposure was applied at 21.6 mW∙cm-2 light intensity 

for 2 min. After being peered off, the OrmoStamp honeycomb structure together with a 

ring is coated with 10 nm-thick gold and then used as a collector for electrospinning 

deposition of gelatin nanofibers. 

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 mL∙h-1 by 

a syringe pump (Harvard Apparatus) from an anode syringe needle to the glass 

substrate placed on a cathode collector at a distance of 10 cm from the needle under a 

bias voltage of 11 kV. Gelatin nanofibers were electrospun for 5 min. After removing 

the residual solvent in a desiccator, nanofibers were crosslinked in 0.2 M N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride and 0.2 M N-

hydroxysuccinimide in ethanol at room temperature for 4 h. Finally, samples were 

rinsed with ethanol three times, dried under the vacuum, and stored in a cool and dry 

place. The same electrospinning and chemical crosslinking parameters were used for 

the fabrication of nanofiber-covered glass substrates. Glass substrates were prepared 

using standard glass clean procedure, i.e., ultrasonic clean with acetone, hot 

trichloromethyl clean, DI water clean, and drying in an oven. 

 

2.2 Permeability and stiffness assays 

The permeability of membrane, 𝜅, is reversely proportional to the flow resistance 

of the membrane, Rm. According to Darcy’s law [53], 𝜅 =  𝜇𝐿/𝑅𝑚𝐴, where µ is the 

dynamic viscosity of the fluid, L is the thickness, and A is the area of the membrane. 

By measuring the flowrate as a function of pressure, Rm can be determined [54]. This 

was done by inserting a membrane inside a microfluidic device (MesoBioTech, 

France) and measuring the flowrate of DI water crossing the membrane as a function 

of pressure, from which the flow resistance of the system with membrane Rs can be 

calculated. Similarly, the flow resistance of the system with a bare frame Rf can be 
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obtained. Since Rm = Rs - Rf,  𝜅, can be deduced for given µ, L, and A of the 

membrane. 

The effective Young’s modulus of the nanofiber membrane was determined by 

measuring the deflection of the membrane area in a similar way of [55] by slightly 

modified. Briefly, a solution of concentration agarose was dropped on the nanofiber 

membrane and dried for hydrophobic surface coating. The membrane was then inserted 

into a microfluidic device. DI water was injected into the chambers separated by the 

membrane with a controlled pressure. The pressure induced membrane deflection was 

carefully observed with an optical microscopy (Zeiss Axio-Observer Z1, Germany) by 

measuring the focal plans of the maximum (in the center of each membrane area) and 

minimum (frame area) deflection, the difference in Z was recorded as a function of 

applied pressure and then fitted by using an analytic formula as described in [55].  

 

2.3 Cell adhesion assay 

Substrates of arrayed nanofiber-membrane, nanofiber-covered glass, and glass 

slide of the same diameters were attached on a 60 mm diameter Petri dish at a distance 

of 1 cm from the center. After sterilization by 70 % ethanol and UV exposure, 2 mL 

diluted Geltrex solution (1:100, Thermofisher Scientific) were injected for coating at 

37 ºC for 1 h. Next, 3.5×104 NIH-3T3 cells (93061524) were seeded onto each 

substrate and incubated in MEM medium supplemented with 10 % FBS and 1% 

Penstrep (Thermofisher Scientific) for 4 h. In order to count cell number more easily, 

cell nuclei were labeled by Hoechst (5 µg∙mL-1, Thermofisher Scientific) in 37 ºC, 5 % 

CO2 incubator for 30 min. Then, the Petri dish was partially filled with culture medium 

and centrifuged at 2000 rpm for 30 s by a spin coater. The remained cells were 

analyzed with an inverted microscopy (Axio Observer Z1, Zeiss) and the cell number 

was counted semi-automatically by Fuji/image J software (2.1.0, USA) [56]. 

 

2.4 Deflection and stiffness of nanofiber membrane 

Similar to the previous work of [55], an arrayed nanofiber membrane was 

integrated into a microfluidic device and DI water was injected into the basal part of 

the chamber separated by the membrane. Before integration, the surface of the 

nanofibers of the membrane were coated with 2 wt% agarose to prevent leakage. The 

displacements of the center and the edge part of the membrane were then measured as 
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a function of pressure applied to basal apart of the chamber, by using the inverted 

optical microscopy (Axio Observer Z1, Zeiss). The deflection with a given pressure 

was obtained by calculating the difference of the displacement between the center and 

the edge parts. By data fitting based on a flat theory [55], the effective Young’s 

modulus of the nanofiber membrane could be deduced. 

 

2.5 Generation of neural precursor cells 

The stepwise differentiation of hiPSCs to cortical neural networks could be 

divided into two stages. Firstly, NPCs which were capable to be differentiated into 

neurons and glial cells were derived from hiPSCs. Then, NPCs were differentiated into 

multicellular systems on three types of substrates. Typically, the hiPSC-derived NPCs 

can be self-renewed and cryopreserved for later uses, while the differentiation of NPCs 

needs a longer period of culture. The detailed process and parameters of the NPCs 

were shown in Fig. 2A. hiPSCs (A18945, Episomal line, Life Technologies, France) 

were cultured with Essential 8 Flex Medium (E8F, Thermo Fisher Scientific) on a 

tissue culture dish, which was treated with 5 µg∙mL-1 vitronectin (VN, Thermo Fisher 

Scientific) in PBS for 1 h in 37 °C, 5 % CO2 incubator prior to use. The hiPSCs were 

subsequently differentiated into NPCs by following the protocol described with a slight 

modification [5]. Firstly, dissociated hiPSCs were seeded on a non-attachment round-

bottom 96 well plate (Corning) at a cell density of 5000-10,000 per well, and allowed 

to form embryoid bodies (EBs) in E8F 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, France), 2 µg∙mL-1 heparin (Stemcell, 

France), and 1 % Pen-strep, in which cells were cultured for 4 days. On day 7, 6-10 

EBs were transferred on each well of 12-well plate, which was incubated with 20 

µg∙mL-1 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 neuronal precursor medium 

(NPM) composed of DMEM/F12 medium, 1 % N2 supplement, 2 % B27 minus 

vitamin A supplement (Thermo Fisher Scientific, France), 1 µg∙mL-1 laminin, 20 

ng∙mL-1 bFGF, and 1 % Pen-Strep from day 15 onward. The medium was renewed 

every 2 days and cells were sub-cultured on a dish treated with 1% Geltrex (LDEV-

free, reduced growth factor, Thermo Fisher Scientific) in DMEM/F12 medium for 1 h 
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at 37 °C when confluent. Afterward, the cells were collected for passages as derived 

below. 

Cells were brought into suspension using TrypLE (Thermo Fisher Scientific) or 

Accutase (Thermo Fisher Scientific), incubated for 5 min at 37 °C with 5% CO2, and 

then resuspended in a volume of fresh DMEM/F12 Medium at least equivalent to the 

volume of TrypLE or Accutase. After centrifuging at 1000 rpm for 5 min, cells were 

resuspended in NPM and seeded with the desired number onto the Geltrex coated 

culture dish. After 5 passages, cells were considered as NPCs. To cryopreserve NPCs, 

a commercial procedure for cell lines cryopreservation was applied. Here, cells after 

day 15 of confluence were placed in a cryoprotective ampoule at a concentration of 1-

4×106 per ml and a freezing medium composed of 10 % DMSO in NPM was used. 

Similarly, after being thawed, the NPCs need 2 passages before differentiation. 

 

2.6 Differentiation of neural networks on substrates 

Prior to cell seeding, substrates were treated by air plasma (Harrick Plasma) for 1 min and 

sterilized by UV irradiation in 70 % ethanol for 30 min. After being rinsed with PBS three times and 

dried at room temperature, the substrates all were incubated with 50 µL 100 µg∙mL-1 poly-L-ornithine 

at 4 °C overnight or at room temperature for 2 h and rinsed 3 times with PBS. Next, a droplet of 1% 

Geltrex (50 µL) in DMEM/F12 medium was deposited on each substrate and then incubated for 1 h 

in a humidified incubator at 37 °C. Subsequently, NPCs were detached using Accutase, seeded on 

the coated sides of three types of substrates at a density of 3×105 per substrate, incubated for 2 h at 

37 °C and 5% CO2 incubator for cell adhesion, and kept culturing in 1 mL NPM. Finally, NPCs were 

cultured 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 % MEM non-essential amino acids solution (Thermo Fisher Scientific), 1 µM dibutyryl 

cyclic adenosine monophosphate, 2 µg∙mL-1 laminin and 1 % Pen-strep. NDM was renewed every 

two days for 4 weeks and then 50 % renewed every two days for the rest of the time. 

 

2.7 Development of automated differentiation system  

The system is composed of a storage unit, a pump unit, and a cell culture unit, all 

controlled with a PC or an Arduino board (Fig. 4B-C). The storage unit was placed in a 

4°C fridge to maintain the bioactivity of soluble factors. The associated 

electromagnetic valve was switched on only when the medium was pumped out. The 

culture unit consists of six independent pipelines for injection and extraction of culture 
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medium. In this work, 60 mm diameter culture dishes and adapted cover-plates were 

used (C1-C6). The injection and extraction of the medium were controlled with two 

rotational switches (R1, R2). The fluidic connections between rotational switches, 

culture dishes, peristaltic pumps, medium supply and waste were done with silicone 

tubes and Luer connectors (MesoBioTech, France), as schematically shown in Fig. 4B. 

To complete the medium replacement in a dish, peristatic pump P2 firstly moves out 

the used medium from the dish to the waste and then peristatic pump P1 moves the 

fresh medium from the storage bottle to the dish. The two rotational switches are 

synchronized for a dish and the medium change can thus be performed step by step for 

all six dishes. If the neural networks in one dish become matured, the dish can be 

replaced by a new one so that the system can work continuously (Fig. 4C). More 

detailed description on the dish cover plate and other components can be found in [57]. 

Before use, the automated system should be sterilized. Firstly, the bottles for medium storage 

and collection were sterilized with an autoclave and the surface of the automated system was wiped 

by 70 % ethanol and sterilized in the bio-batch under the UV light for 30 min. All the tubes, Luer 

connectors, and lids were fully dipping in 70 % ethanol. Secondly, the automated system was 

assembled and washed again by flowing 70 % ethanol, sterilized PBS with 1 % PS and DMEM/F12 

medium plus 1 % PS into all pipelines and containers of the system. This washing step could be done 

automatically with the control unit with a dedicated program sequence. This washing cycle of 70 % 

ethanol was repeated twice and the ethanol solution was collected in a sterilized bottle. The 

commercial falcon tubes were used here as temporary containers. Finally, the pipelines and 

containers for washing were replaced by a new set of sterilized ones. 

 

2.8 Automated differentiation of NPCs to cortical neural networks  

The protocol of manual and automated differentiation is shown in Fig. 4A. The 

preparation of nanofiber-membrane and the seeding process of NPCs are the same as 

described in 2.5 and 2.6. 2 h after cell seeding, NPCs on-substates were transferred into 

12 well plate or a patch fixing mold in a 60 mm petri dish for further differentiation by 

the manual and automatic method, respectively. Six culture devices with NPCs were 

differentiated towards cortical neural network together in one 60 mm petri dish. Once 

these processes were finished, the automatic program started to run. 1 mL and 6 mL 

NDM were added into each 12 well plate and the petri dish, respectively. Sufficient 

NDM was prepared in previous and filled into the medium storage bottle for automated 

differentiation (Fig. 4B). Later, NDM was fully renewed every two days for 30 days 

and half of the volume was renewed onwards. For automated system, the medium 
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replacing step is accurate to the hour, while is accurate to the day by the manual 

medium change method. 

 

2.9 Scanning electron microscopy (SEM) observation 

Firstly, a 5 nm-thick gold layer was sputtered on the nanofiber layers which covered onto glass 

and honeycomb frame. Next, samples were observed by SEM (Hitachi TM3030) operated at 10 kV. 

 

2.10 Immunofluorescence staining 

Cells were fixed by incubating them in 4 % (w/v) paraformaldehyde for 15 min, 

followed by 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, prior to incubation with 

secondary antibodies in the blocking solution for 2 h and subsequent cell nuclei 

staining in PBS containing 1 µg∙mL-1 DAPI for 15 min at room temperature. The 

following primary antibodies were used for immunostaining: anti-Nestin (N5413, 

Sigma-Aldrich, 1:100), anti-βIII tubulin III (T8578, Sigma-Aldrich, 1:500), anti-GFAP 

(MA5-12023, Thermo Fisher Scientific, 1:100), anti-GFAP (180063, Invitrogen, 1: 

100), anti-Neurofilament 200 (N4142, Sigma-Aldrich, 1:80) anti-MAP2 (13-1500, 

Thermo Fisher Scientific, 1:250), 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 555 anti-mouse (A21147, 1:500), Alexa fluor 633 anti-mouse (A-21050, 

1:500), Alexa fluor 488 anti-rabbit (A32790, 1:500), Alexa fluor 555 anti-rabbit 

(A31572, 1:500) and Alexa fluor 633 anti-rabbit (A21070, 1:500) antibodies (all from 

Thermo Fisher Scientific) were used as secondary antibodies. Fluorescently labeled 

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

 

2.11 Image acquisition and analysis 

For fluorescence analysis of neural clusters, cell nuclei staining images obtained 

by confocal microscopy were processed by background subtraction and standardized 

thresholding (default) with Fiji/ImageJ software (USA) [56]. Then, the intensity of 

ROIs was calculated with the plugin module ‘Mean Grey Value’. The ROIs and the 

size of neural clusters (Fig. 2G, 2H), were obtained by ImageJ Particles Analysis. In 

Fig. 3C, the fluorescence on the frame area were excluded and same areas of two 
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independent experiments were selected for further calculation. Glia-neuron ratio of 

each neural networks was calculated based on the number of GFAP+/NF200- and 

NF200+/GFAP- labeled cells in each fluorescent image. In addition, the area size and 

number of synapsin I spots per 0.045 mm2 were analyzed by the Particle Analysis 

function of Fuji/image J software (2.1.0, USA) [56] and threshold selection was 

performed using a Renyi entropy-based method (Fig. 4F).  

 

2.12 Calcium imaging 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 incubated in the recording buffer with 2 

μM Fluo-4 AM and 20 % pluronic acid (both from Thermo Fisher Scientific) 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 Z1, Zeiss) equipped 

with an Electron Multiplier CCD Camera C11440 (Hamamatsu Photonics). Further, each frame was 

acquired every 500 ms for 10 min and analyzed using a MATLAB program named FluoroSNNAP 

(Fluorescence Single Neuron and Network Analysis Package) by MATLAB software (USA) [58] or 

semi-automatic manner. The package allowed semi-automated identification of ROIs and calculation. 

The fractional optical signal was calculated as follow: ∆F/F = (If(t) − If(t0)) / If(t0), where If(t0) is the 

average fluorescence intensity of the lower 50% of previous 10-s values and If (t) is the time course 

of the fluorescence intensity in an ROI. Raster plot displaying the calcium activities was used to 

investigate the synchrony in the neural networks. More than three samples of each substrate were 

recorded and verified. 

To investigate the activity of neural networks on the suspended nanofibers with 

and without glucose, calcium transients of cells were first recorded under the no-

glucose condition by removing the glucose from the recording buffer. Later, a fresh 

recording buffer containing 10 mM glucose replaced the previous no-glucose buffer, 

and the same areas of signal transmissions were continued to record. 

 
2.13 Statistics 

Data are shown as the mean ± SEM from at least three samples. For the analysis, 

n refers to the number of samples. The conclusion of significant differences among 

three types of substrates are based on the analysis of one-way ANOVAs. The 

quantified analysis between two groups (nanofiber membrane vs nanofiber glass; 

manual vs automatic method) was analyzed with Student's-t-test. GraphPad Prism 

software (GraphPad 9.0, USA) was used for statistical analyses. The number of 
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replicates and statistical tests used for each experiment are mentioned in the respective 

Fig. legends. Significance was set to *P< 0.05, ** P< 0.01 and *** P< 0.001. 

 

 

3. Results 

3.1 Substrate of arrayed monolayer nanofiber membrane  

By using electrospinning and chemical crosslinking techniques, a monolayer of 

crosslinked gelatin nanofibers was deposited on a patterned honeycomb microframe 

(Fig. 1A-C). Similarly, a nanofiber covered glass was obtained, showing comparable 

morphologies with an averaged nanofiber diameter of 520 ± 270 nm (n=6) and a 

porosity of 15.8± 2.2 %. Statistically, 90.6%, 6.8% and 2.6% of pores have small (0-10 

µm2), middle (10-20 µm2) and large pore areas (20-80 µm2), respectively (Fig. 1D). 

The porosity of the nanofiber membrane was reduced by ~3.5 % after immersion in 

PBS for 10 min and remained unchanged. Fig. 1E shows the flowrate as a function of 

pressure of a bare frame and a nanofiber membrane from which a flow resistance of 

1.50 ± 0.05 mbar∙min∙mL-1 and 0.62 ± 0.03 mbar∙min∙mL-1 were deduced. With the 

geometry parameters of the frame, an effective membrane thickness of 367 nm, and a 

viscosity of DI water of 8.9×10-4 N∙s∙m-², a permeability 537 nm² could be deduced. 

The wetting property of the nanofiber membrane was also determined by measuring 

the contact angle of DI water, PBS, and culture medium, which are 65°, 51° and 70° 

respectively [59,60]. Finally, the cell adhesion on different types of substrates is 

compared by measuring the remained cell numbers after spinning treatment(Fig. S1A), 

indicating a much higher adhesion strength of the cells on nanofiber type substrates 

than that on a glass substrate (Fig. 1F). 

The stiffness of the nanofiber membrane was determined in a similar way as 

described in [54]. As can be seen in Fig. 1G, the deduced effective Young’s modulus 

of the nanofiber membrane Es = 2.0 MPa is smaller than of a 50 µm and 100 µm thick 

PDMS membranes [55].  Moreover, the effective in-plan and out-of-plane Young’s 

modulus can be estimated by considering a hexagonal mesh of lattice parameter of l 

and thickness of t with a material Young’s modulus of Es. which is given by 

4√3

3
𝐸𝑠(𝑡/𝑙)3 and 

2√3

3
𝐸𝑠(𝑡/𝑙), respectively [61]. Assuming a ratio of t/l = 0.05, we 

obtained an effective in-plane Young’s modulus ~ 0.57 kPa, which is close to the 

Young’s modulus of neural tissues [62]. Obviously, the Young’s modulus of nanofiber 
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covered glass is close to that of the glass and in the order of GPa. Since the nanofiber 

membrane is arrayed in the proposed device, the stiffness contrast between the 

membrane and the frame areas is extremely high. Furthermore, the stiffness of the 

nanofiber membrane might not be homogenous. Based on the plate theory [63], the 

radial and tangential strains of a membrane with 100 µm center deflection were plotted 

(Fig. S1B). Clearly, the radial strain is maximum at r ~ 0.6R and the tangential strain is 

minimum at r ~ 0.8R, where r is the distance from the center and R is the radius of 

membrane. 

 

3.2 Guided self-organization of neural networks 

NPCs were derived from hiPSCs by using a commonly used protocol [5] (Fig. 

2A). The derived NPCs could be passaged for expansion, cryopreserved, and 

differentiated into different types of neural cells. As shown in Fig. S2A, hiPSCs 

colonies (D0) were detached to form embryoid bodies (EBs) in ultra-low attachment 

wells on day 2. After being cultured in the neural induction medium (NIM) for 3 days, 

larger EBs with smooth edges (day 5) were generated and gave rise to spread cell sheet 

after transferring them on a laminin-coated tissue culture plate from day 6 to day 15. 

On day 40, homogenous NPCs were obtained. The proliferation of NPCs was shown in 

Fig. S2B after 5 passages. At this stage, cells were stained with a neuronal progenitor 

marker, Nestin (red), and neuron-specific cytoskeleton marker, -III tubulin (TUJ 1, 

green), showing that all cells expressed Nestin, whereas only a part of the cells co-

expressed TUJ 1 (Fig. S2C and S2D). As a development signature of the NPCs, neural 

rosettes could be observed (Figure S2C and S2D). Meanwhile, NPCs of different 

nuclei sizes in the center and around of the neural rosettes were found, indicating the 

diversity of the NPC types (Figure S2D, zoomed image). 

Clearly, the distribution of the differentiated NPCs changes with culture time until 

day 56 and depends on the type of substrates. After differentiation for 56 days, cell 

clusters were found in all honeycomb compartments of the patch, due to the stiffness 

and permeability modulation of the substrate (Fig. 2B-C). On the nanofiber covered-

glass, cells were likely uniformly distributed due to the cell retention effects of 

nanofibers (Fig. 2C, middle). On the glass substrate, small and large clusters with 

stretched radial neurites appeared (Fig.2C, right). More importantly, we found that the 

neural clusters poorly adhered on the glass substrate and can be easily detached in the 
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end during the culture medium exchange, whereas they robustly remained on the 

nanofiber-covered glass and the patch. Thus, this strong interaction between cells and 

nanofiber-type substrates makes the possibility for the long-term neural culture in 

vitro. 

A more detailed observation suggested that the nanofibers promoted cell adhesion 

(Fig. S3; days 1 and 3). From day 3 to day 12, neural clusters underwent both 

neurogenesis and gliogenesis. On the arrayed monolayer nanofibers, neural cells firstly 

aggregated in both areas of the membrane and the frame and then migrated into the 

membrane area, leaving a limited number of cells but a large number of neurites on the 

frame (Fig. S3, day 12). The cell distribution of the NPCs on days 3 and 56 after 

seeding was reported in Figure 2D-E, which clearly shows that the cells tended to 

aggregate in the center of the honeycomb compartment and formed a quasi-3D cluster 

of ~ 30 µm height and ~ 549 ± 101 cells on day 56. 

Fig. 2F and S4A show the immunofluorescence images of the neural clusters on 

the three types of substrates after differentiation for 56 or 70 days. Cell nuclei were 

labeled by DAPI (blue), dendrites were labeled by microtubule-associated protein 2 

(MAP2, green), and the identified clusters were indicated by red lines (see method). 

Interestingly, cell nuclei were mostly located in the center of the membrane areas of 

honeycomb compartments on the arrayed nanofiber membrane. Remarkably, only a 

few nuclei were found in the frame areas and the clusters were inter-connected by 

stretched dendrite bundles. The organization of the cluster and stretched radial neurites 

on the glass slide can now be more clearly seen. Meanwhile, we found that cells were 

organized into small clusters quite homogenously and inter-connected on the 

nanofiber-covered glass substrate. More detailed analyses allowed us to determine the 

nuclei (DAPI) and dendrite (MAP2) density of clusters, cluster size, and the inter-

cluster distance on different types of substrates, as shown in Fig. 2G-I. From these 

plots, we can see that both nuclei and dendrites in the cluster areas on the two 

nanofiber types of substrates are comparable. The density of nuclei and dendrites 

inside the neural clusters on the patch is significantly higher than that on nanofiber-

glass. Besides, the size of the neural clusters on the nanofiber membrane (~ 24000 

µm2) is significantly larger than that on nanofiber covered glass (~ 4300 um2) but 

smaller than that on glass (Figure 2C, 2F and S4A). As expected, the inter-cluster 

distance of the clusters on the nanofiber-glass and glass slide varied but it was well-

defined on the arrayed nanofiber membrane. 
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3.3 Distribution and expression of neurons and glial cells  

Neurons and glial cells were analyzed by cell staining with neurofilament 200 

(red), GFAP (green) and DAPI (blue) after differentiation for 56 days. In Fig. 3A, 

interconnected-clusters with remarkable axons outgrowth (white arrows) perpendicular 

to the edge of the hexagonal structure are shown. Multipolar neurons with different 

soma morphology including pyramidal-like neurons could be observed (Fig. 3B, cyan 

arrows). The differences in distribution and expression of neurons and glial cells on 

two types of substrates can be seen in Fig. 3C. Remarkably, a low percentage of 

astrocytes were found on the nanofiber-membrane than that on nanofiber-covered glass 

(Fig. 3C, 3E, top) but the expression-level of the neurons on two types of substrates are 

comparable (Fig. 3E bottom). The glia-neuron ratio of neural networks at day 56 on 

nanofiber membrane, nanofiber-covered glass and glass are ~0.29, ~0.5 and ~0.71, 

respectively. These differences could result from the varied culture materials, stiffness 

and permeability of the substrates. Different phenotypes of astrocyte-like glial cells 

could also be observed (Fig. 3D).  

The cells were also labeled by MAP2 (green), GFAP (red), and DAPI (blue) for 

analyzing matured neurons and astrocytes (Fig. 3F). Now, the entanglement of glial 

cells inside the clusters can be more clearly seen. These neuron-astrocyte interactions 

are crucial for signaling and neural metabolism. As described before, cells 

spontaneously aggregated on the glass slide to form small and large clusters with long 

and stretched neurites. Here, we found that these neurites were organized to form 

bundles and that dense bundles of GFAP+ astrocytes superimposed on some the 

neurons. These GFAP+ bundles could provide a strong support for the extension of 

other neurites. In contrast, few stretch bundles were observed in the neural networks on 

neither nanofiber-covered glass nor nanofiber membrane. 

 

3.4 Glucose-sensing neurons 

To demonstrate the existence of glucose-sensing neurons in our neural network, 

we analyzed the calcium transient without and with 10 mM glucose. Neural networks 

that differentiated on a nanofiber membrane for 189 days were used to study. We 

found that only a few cells became exciting after the glucose addition. The cells which 

are glucose-sensitive increased the frequency of the calcium transient (Fig. 3G). The 

calcium influx also significantly increased by reflecting with the fluorescent density 
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amplification. Interestingly, ROI 1 and 2 in the neural cluster were in synchrony before 

and after the glucose addition. The maturity and functionality of the neural networks 

which developed on the nanofiber membrane were proved. By this experiment, we 

indirectly indicated the practicability of this neural system for chemical stimulation 

research at the same time.  

 

3.5 Enhanced neural activity by guided neural clusters 

Fluo-4 acetoxymethyl ester (Fluo-4 AM) was used as an indicator to monitor Ca2+ 

waves of differentiating neural networks formed on the three types of substrates. Ca2+ 

wave images were recorded. Fig. S5 illustrates typical calcium transient images of the 

neural networks after NPCs differentiation for 56 days and neural signals extracted 

from these images. Red contours indicated region of interest (ROIs). ΔF/F traces of 

representative ROIs were classified in different colors based on the frequency of the 

signals. As can be seen, the neural networks on the nanofiber membrane are more 

active than those on glass or nanofiber-covered glass, due to guided self-differentiation 

of neural clusters (Fig. S5). However, no synchronized neural activity has been 

observed, due probably to the poor or unstable synaptic connections, as discussed 

below. 

 

3.6 Automated differentiation of NPCs toward neural networks 

To improve the performance of neural differentiation of NPCs, an automated 

culture system was developed for long-term operation without manual intervention 

(Fig. 4A-4C). For comparison, manual differentiation was also conducted and both 

were performed with arrayed nanofiber membranes. In Fig. S6A, the phase contrast 

images of NPCs on days 14, 36, 52 and 62 are shown, indicating that in both cases of 

automated and manual differentiation cells migrated to the center area of the 

honeycomb compartment to form large clusters with radial outgrowth of neural cells. 

To evaluate the performance of the process, the cells on day 78 were labeled with 

synapsin I (green) and Tau (red), which respectively show the distribution of synaptic 

vesicle proteins and neural axons. Fig. 4D and S6B show entangled axons along with 

synapsin I in two areas inside the cluster. Remarkably, dense synaptic spots along the 

axons are observed in automatically differentiated network but much less can be seen 

in manually differentiated one. Quantitatively, about 2-fold increase in synaptic spot 

size, 3-fold increase in synaptic spot number and 1.5-fold increase in integrated 
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fluorescence density of synapsin I inside the neural clusters were deduced comparing 

the automatically derived network to the manually derived one (Fig. 4F, 4G). In 

contrast, a comparable expression-level of Tau protein can be noticed found, 

suggesting a comparable number of axons (Fig. 4D, 4G). MAP2 labeled dendrites in 

the derived neural networks are also shown (Fig. 4E), indicating that in both cases the 

nuclei density is high in the center of the honeycomb compartment and the expression 

levels of MAP2 have no significant difference (Fig. 4G). Together, these findings 

indicated an increased number of the presynaptic protein synapsin I which provides 

presynaptic assembly [64], demonstrating unambitiously the advantage of the 

automatic method. 

 

3.7 Synchronized activities of automatically derived neural networks  

The neural activities in synchrony are crucial to the study of neural signal 

transmission, which are also a clear signature of network maturation. Our results 

showed that no synchronous activity appeared after manual differentiation for 56 days. 

A small group of synchronized signals could be detected after a longer period of 

maturation, but they were not significant for more detailed analyses. In contrast, 

automatic differentiation led systematically to synchronized neural activities. Fig. 5 

shows a close comparison of the results obtained after manual and automatic 

differentiation for 78 days and analyzed by FluoroSNNAP [58]. 48 and 31 ROIs were 

respectively identified from Calcium image sequences recorded with the samples 

manually and automatically processed. Clearly, the automatically differentiated neural 

network showed more important and synchronized activities than that of the manual 

one. Global and partial signal synchronization (blue and yellow shades) could be 

identified inside the neural networks generated automatically. Furthermore, the neural 

activities in some of the ROIs are not only synchronized, but also have additional 

calcium transients (ROI 5, 12, 22 and 25). Knowing that the displayed image was 

entirely inside a honeycomb compartment and many radial neurites crossing the frame 

were observed (Fig. S7), the additional peaks of these ROIs might be related to the 

neural activities of the neighboring clusters. Thus, they may play the role of connector 

hubs [65] and contribute to both segregated and global “processing” [66], suggesting 

that it would be possible to develop a higher degree of synchronous neural activities. 

The raster plot graphs in Fig. 5C summarize the calcium events showing more clearly 
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the differences between dispersed and synchronized neural signals of manually and 

automatically differentiated networks. Altogether, a better neural connectivity was 

found in the clusters of automatically differentiated network than that of manual one, 

demonstrating the advantage of automatic medium replacement for long-term neural 

differentiation. 

 

4. Discussion 

Human brain cortex is an extraordinary soft tissue (<1 kPa) [67] with a stiffness much smaller 

than most of other tissue types [61]. Such a soft stiffness is a biophysical effector in neural network 

development and neural function implementation in vitro [68-70]. Here, we developed a 

controllable cluster neural network derived from hiPSCs on nanofibrous membrane. The nanofiber 

membrane composed arrayed honeycomb frame and crosslinked gelatin nanofiber provides a low 

stiffness array. Accordingly, the permeability of the device was also arrayed, giving rise to a planar 

culture substrate with high contrast modulation of both stiffness and permeability. On our arrayed 

nanofiber membrane, the low stiffness coupled with the high permeability results in hiPSCs-derived 

NPCs accumulation, differentiation and generation of arrayed inter-connected clusters. Such an 

extremely substrate induced cell self-organization, clustering orderly, neuron enrichment, cortical 

neural network maturation and maintainment by comparison with two other types of substrates 

(glass and nanofiber covered glass) after monthly differentiation. It fully displays the advantages of 

this ECM-like gelatin nanofiber, including soft stiffness, nanoscale structure and biocompatibility. 

Human brain cortex is composed of large populations of glia and neurons and the glia-neuron 

ratio is varied in the different human cortical regions between 1-3 and shows a fundamental effect 

on brain functions [71]. Glia cells regulate the levels of substances that neurons need in the 

intercellular space, provide a structural framework for neurons and isolate them so they can conduct 

electrical signals more efficiently. Neurons are key cells for understanding how the brain works. 

Interestingly, significant neuron-glia interaction and enhanced signal propagations inside the neural 

clusters were observed on the nanofiber membrane, although the proportion of glial cells was not 

high by comparison with in vivo. To increase the glia-neuron ratio, the component, density or 

diameter of nanofibers can be altered to obtain different mechanical properties or bioactivities 

properties of the nanofiber membrane. As reported [70,72,73], these aspects (the component, 

density or diameter of nanofibers) have great impacts on guiding cell fate during neural 

differentiation. In addition, a vary glia-neuron ratio can also gained by regulating the cell 

differentiation signal by factors such as ciliary neurotrophic factor [74]. What cannot be ignored is 

that the brain has evolved characteristically in the brain structure, changes in gene expression, and 

cell populations and ratios. These characteristics are essential for the performance of higher 

functions, such as sociality, language, and cognition, that express humanity, and are thought to have 

been acquired over evolutionary time. The impact of astrocyte and microglia activity on behavioral 
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outcomes for higher and finer control, for example higher cognitive control, reward-seeking, and 

circadian regulation, may explain a sharply increased glia-neuron ratio in primates. Maybe 

pursuing the final ratio is not the aim, but to build a network of neurons with effective reactivity. 

The emergence and evolution of synchronized clusters are both important for cortical network 

functions. The neuronal synchronization is due to interactions between neurons via synaptic 

coupling and phase locking between a group of neurons, which can be understood theoretically 

[75]. While local synchronization can be studied by Ca2+ transient wave analyses, long-range 

synchronization can be more easily monitored by extracellular potential recording by using 

multielectrode array (MEA) techniques. In both cases, new methods and new tools of controlling 

cluster formation are needed to enable a more systematic investigation of network functions. In this 

regard, the arrayed nanofiber membrane has inherent advantages for the network designing and 

monitoring [49] by comparison randomly neural networks formation in vitro [76-78]. Additionally, 

the arrayed nanofiber membrane is capable for co-culture studies and in vitro modelling by 

coupling with brain endothelial cells and/or immune cells (i.e., microglia cells) on another side of 

the nanofiber membrane. Moreover, the vertical culture space of nanofiber membrane can be 

expanded by gel embedding for guiding spatial polarization of NPCs with longitudinal mechanical 

force to generate in-vivo like cortical architecture. 

Automation of hiPSCs-derived neuron differentiation have been shown in a plenty of 

advantages in terms of long-term culture, consistency and accuracy maintainment and reducing 

labor [79-81]. Automated methods contributed to more effective research into neurodegenerative 

diseases, including Alzheimer's disease and Parkinson's disease [80,81]. Here, we showed that 

automatic differentiation promotes synaptic expression and assembling, enabling synchronous 

neural activities of the network in comparison to the manual differentiation method on the 

nanofiber membrane. More accurate and standard manipulation, less operational distractions and 

temperature variation may contribute to these improved neural networks formation. Our automated 

system performed an outstanding stability and reliability in charge of the challenge of long-term 

differentiation and reducing risks of misoperation and contamination like other platforms. 

However, it is affordable for research and small-scale development by comparison to the large 

automated systems do exist for mass production [79-83]. Because the protocol for generation of 

cortical neural networks here is relatively simple involving only one type in the final differentiation 

and maturation step. And hiPSCs-derived neural precursor cells (NPCs) are easy to obtain and can 

directly differentiate into cortical neural networks since NPCs can be expanded, cryopreserved, and 

used for many times. Thus, this dedicated system including one medium bottom and six culture 

dishes, is particularly designed and suited for automation of long-term processing such as 

differentiation of neural precursor cells (NPCs) toward cortical neural networks. The combination 

of this simple cortical neuron network differentiation protocol and automation techniques is 

effective and promising for further human brain studies. What’s more, this automated system is 

versatile and flexible to reassemble or reprogram to meet the new culture conditions, differentiation 
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protocols or drug screening. An example was showed a different system involved six types of 

culture media but only one culture ware for automated differentiation of hiPSCs toward 

cardiomyocytes [57]. A fluid culture system can be easily set up by system programming for 

dynamic culture and an electrical stimulation unit can be integrated in the culture system. To 

integrate an automated real-time image monitoring unit is also benefits for this long-term 

differentiation process. 

We would like to mention that the present work is a proof-of-concept with only one device 

configuration. By varying the geometric parameters of the honeycomb microframe, the array, shape 

and size of the honeycomb frame on the nanofiber membrane can be easily changed by lithography 

method [51, 52]. The distribution, shape, size of clusters and inter-connections between clusters 

can be altered. This would allow creation of different scales of neural networks for functional 

studies. Furthermore, the differentiated neural networks can also be integrated into microfluidic 

devices for organ-on-a-chip studies. electric, chemical, and other types of stimuli can be applied to 

detect the response and evolution of the networks. Finally, this approach can be extended to neural 

disease modeling, brain-computer interface studies and drug screening. 
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Figure captions  

Fig. 1. Culture device with an arrayed nanofiber membrane. A) Photograph of a device handled 

with a tweezer. B) Schematic illustration of the device consisting of a monolayer of 

crosslinked gelatin nanofibers on a patterned honeycomb microframe. C) SEM image 

of the nanofibers on the microframe. D) Percentages of small, middle, and large pore 

areas of the nanofiber membrane (n=3). E) Flowrate of DI water across a device with 

and without nanofibers. F) Cell number on different substrates before and after 

centrifugal force applied on cells (n=3). G) Young’s modulus of the nanofiber 

membrane and two reference thin films. 

Fig. 2. Formation of cortical neural network from hiPSCs. A) Stepwise 

differentiation protocol. B) Schematic illustration of cluster formation on a nanofiber 

membrane. C) Phase contrast images of NPCs on days 41 and 96. D) Top view and 

cross-sectional view of fluorescence image of the cell (DAPI) on days 43 and 96 on a 

nanofiber-membrane. E) Fluorescence intensity profiles of the image centerline and 

cluster height on days 43 and 96 (n=3). F) Immunofluorescence images of the neural 

network on day 96. Nuclei and dendrites were labeled by DAPI (blue) and MAP2 

(green), respectively. Counters of the clusters were marked with red lines. Scale bars, 

100 µm G) Averaged fluorescence intensity of DAPI and MAP2 of the clusters (n>3). 

H) Statistics of cluster area (n>3). I) Statistics of neighboring inter-cluster distance 

(n=3). P values were calculated by Student’s t-test. *P < 0.05 and *** P < 0.001. 

Fig. 3. Self-organized neural networks on different substrates. Cells were fixed 

after differentiation of NPCs 56 days. Neural axons, dendrites, glial cells, and cell 

nuclei were labeled by Neurofilament 200 (NF200), MAP2, GFAP, and DAPI, 

respectively. A) Large-scale view of interconnected clusters on an arrayed nanofiber-

membrane. White arrows show interconnected axons perpendicular to the edge of the 

hexagonal structure. B-D) Clusters showing multiple neurons and glial cells. White and 

cyan arrows show two types of neurons identified by morphology. E) Bar graph of 

relative integrated density of GFAP and NF200 (n=3). P values were calculated by 

Student’s t-test. **P < 0.01. F) Clusters showing entangled neurons and glial cells. 

Light blue hexagon indicates the edge of the honeycomb compartment. Scale bar, 100 

µm. G) Neural signals of Ca2+ waves from the same neural network on nanofiber 

membrane with and without 10 mM D-glucose in the recording buffer.  
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Fig. 4. Automated differentiation and derived neural networks. A) Schematic 

timeline of manual and automated differentiation. B) Schematic diagram of an 

automated system with six culture dishes. C) Photograph of the automated system. 

From left to right: medium supply and waste, peristatic pump unit, and culture unit 

with six 60 mm diameter culture dishes and cover plates. D) Immunofluorescent 

images of the neural networks on day 78 stained to show synapses (Synapsin I, green), 

axons (Tau, red), and nuclei (DAPI, blue). Scale bars, 20 µm. E) Immunofluorescent 

images of the neural networks stained to show neurites (MAP2, red) and nuclei (DAPI, 

blue). Scale bars, 50 µm. F) Quantification of synaptic spots number and size (n = 3). 

G) Relative integrated density of Syn I, Tau, and MAP2 (n = 3). 

Fig. 5. Neural activities of the clusters generated by manual and automated 

differentiation from NPCs for 78 days. A) Ca2+ images with ROIs. B) Neural signals 

(ΔF/F) of the ROIs extracted from the Ca2+ images as a function of time. Global and 

partial signal correlations were marked by blue and yellow shades, respectively. C) 

Raster plots of the neural signals of the ROIs. 
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