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A B S T R A C T   

Background: Three-dimensional (3D) in vitro models have been developed into more in vivo resembling struc-
tures. In particular, there is a need for human-based models for neuronal tissue engineering (TE). To produce 
such a model with organized microenvironment for cells in central nervous system (CNS), a 3D layered scaffold 
composed of hydrogel and cell guiding fibers has been proposed. 
New method: Here, we describe a novel method for producing a layered 3D scaffold consisting of electrospun poly 
(L,D-lactide) fibers embedded into collagen 1 hydrogel to achieve better resemblance of cells’ natural micro-
environment for human pluripotent stem cell (hPSC)-derived neurons. The scaffold was constructed via a single 
layer-by-layer process using an electrospinning technique with a unique collector design. 
Results: The method enabled the production of layered 3D cell-containing scaffold in a single process. HPSC- 
derived neurons were found in all layers of the scaffold and exhibited a typical neuronal phenotype. The 
guiding fiber layers supported the directed cell growth and extension of the neurites inside the scaffold without 
additional functionalization. 
Comparison with existing methods: Previous methods have required several process steps to construct 3D layer-by- 
layer scaffolds. 
Conclusions: We introduced a method to produce layered 3D scaffolds to mimic the cell guiding cues in CNS by 
alternating the soft hydrogel matrix and fibrous guidance cues. The produced scaffold successfully enabled the 
long-term culture of hPSC-derived neuronal cells. This layered 3D scaffold is a useful model for in vitro and in 
vivo neuronal TE applications.   

1. Introduction 

Tissue engineering (TE) and in vitro models have provided new in-
sights into tissue functions and the development of novel treatments for 
diseases and trauma. TE aims for applications which resemble tissue in 
vivo as precisely as possible in certain perspective by combining biology, 
cell technology, biomaterial sciences, and engineering. In the TE ap-
plications it is important to include the components of the cells’ natural 
microenvironment: extracellular matrix (ECM), surrounding cells and 
biochemical molecules for example growth factors. This enables 
mimicking cells’ interaction with their microenvironment and their 
response to the physical and biochemical cues it offers (Hopkins et al., 
2015; Huang et al., 2017). In vivo, cells have also organized, tissue 

specific microenvironment which provides them cues, guidance cues 
among others, for different cellular functions. Guidance cues in vivo can 
be mechanical contact guidance of ECM components, other cells or tis-
sue structures (e.g. vascular structures) or guidance via concentration 
gradient of soluble factors (Berzat and Hall, 2010; Chen, 2019). Espe-
cially in the central nervous system (CNS), consisting of the brain and 
spinal cord, the cell’s microenvironment is complex and highly orga-
nized and thus difficult to mimic in vitro. In the adult brain guidance 
cues are present as interconnectivity of different brain regions via 
aligned neural tracks such as white matter tracks (Tang-Schomer et al., 
2014; Wedeen et al., 2012), and in the spinal cord as directed growth of 
axons (Hopkins et al., 2015). In addition, during the development of 
CNS, ECM components play significant role in guiding neural cell 
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migration, differentiation and axonal growth (Bandtlow and Zimmer-
mann, 2000). 

Currently, 3D in vitro models are of high interest in disease model-
ling and drug screening (Benam et al., 2015). They can fill the gap be-
tween conventional 2D cell cultures and in vivo models, and they can 
offer insights into human-specific functions without translation from 
animal to human physiology (Hopkins et al., 2015). To study human cell 
interactions with other cells or with their surroundings in the CNS, 
human-based tissue or cellular material is needed; however, natural 
human neural tissue is difficult to obtain (Choi et al., 2017). To mimic 
tissue-like microenvironment of the neuronal cells, the proper compo-
nents must be included to the model. As the CNS tissue is extremely soft, 
hydrogels offer potential material for in vitro neuronal models (Karvi-
nen et al., 2018; Koivisto et al., 2017; Ylä-Outinen et al., 2019). 
Nevertheless, they typically lack guiding cues that are present in the 
tissue microenvironment and therefore for example composite materials 
including fibrous component are used or biochemical molecules for 
chemotaxis are added (Hopkins et al., 2015). However, it has to be bear 
in mind that current 3D in vitro models are still simplified, cell-based 
models for studying some certain cellular functions not all the func-
tions occurring in neural tissue in vivo (Hopkins et al., 2015). Thus, 
there is a need to develop more reliable human cell-based 3D in vitro 
tools in that sense. 

It has been shown that neurons respond to environments which 
topography resembles their natural microenvironment, even without 
the presence of additional biological cues (Johnson et al., 2018; Karvi-
nen et al., 2018; Richardson et al., 2011; Ylä-Outinen et al., 2010). 
Several studies have used electrospun fibers on the micro- or nanometer 
scale to mimic the fibrous properties of the cellular microenvironment in 
neuronal in vitro applications. (Cao et al., 2009; Hyysalo et al., 2017; 
Schaub et al., 2016; Wang et al., 2010). At present, the 3D bioprinting is 
a rising technique in the field of TE due to its superior possibilities to 
form hierarchical structures. However, its current resolution is in a 
range of 50− 400 μm (Qiu et al., 2020) and therefore does not yet 
correspond to the scale of cells, their processes or ECM components. 
Electrospinning is a versatile and simple technique that is used to pro-
duce fibrous scaffolds with a high surface area to volume ratio, 
controllable pore size and different fiber orientations and hierarchical 
structures (Papadimitriou et al., 2020). By varying the collector type, 
fibers of different orientations, e.g., random mesh or highly parallel 
aligned fibers, have been produced (Park et al., 2007). Both random and 
parallel aligned fibers have been used as topographical surfaces for 
neurite outgrowth and for neural differentiation of human pluripotent 
stem cells (hPSCs) (Cembran et al., 2020; Hyysalo et al., 2017; Johnson 
et al., 2018; KarbalaeiMahdi et al., 2017; Wieringa et al., 2019; 
Ylä-Outinen et al., 2010). The parallel aligned electrospun fibers can 
elongate and direct neurite outgrowth in 3D as they offer contact 
guidance for the neurons (Schaub et al., 2016). The electrospun fibers 
can be used as 3D scaffolds; however, the packing density of the fiber 
mesh may be too high for cells to spread throughout the scaffold (Bos-
worth et al., 2013; Jun et al., 2018), which can be overcome by 
embedding the fibers into a low-density hydrogel (McMurtrey, 2014). 

Hence, it has been hypothesized that composite scaffolds of hydrogel 
and electrospun fibers combine both advantages: the softness of the 
hydrogel and the structural support and guidance cues of the fibrous 
scaffold. Several different 3D cell culture models integrating electrospun 
fibers with hydrogels have been reported (Bosworth et al., 2013). These 
models have been constructed, for instance, by restraining parallel 
aligned fiber layers between two polydimethylsiloxane rings and form-
ing chambers for hydrogel-containing neuroblastoma cells (McMurtrey, 
2014). The cells were spatially distributed throughout the structure; 
however, only one fiber layer was included in this scaffold (McMurtrey, 
2014). The simplest method to realize multilayered scaffolds has been 
achieved by stacking portable random or parallel aligned fiber sheets 
and hydrogels with a layer-by-layer method. This type of scaffold has 
been shown to result in controlled orientation of rodent-derived glial 

cells (Weightman et al., 2014a), human corneal fibroblasts, and bovine 
nucleus pulposus cells (Yang et al., 2011). In these studies, fibers were 
attached to separate, square-shaped acetate frames, and cells were 
pre-seeded on the layers before gelation of the hydrogel, restricting cell 
growth to the fiber layer in the resulting multilayered scaffold. Thus, 
previous methods used separately electrospun fiber meshes and con-
struction of the 3D scaffold afterwards. In addition, human-derived 
neuronal cells have not been used with layered scaffolds, although 
their use is essential for establishing reliable in vitro human models. 

In this study, we describe a novel method for constructing a layered 
3D scaffold to achieve an improved artificial microenvironment for 
hPSC-derived neurons. We are mimicking especially the effect of the 
microenvironment to cells behavior. The neurons responses to the sur-
rounding factors, e.g. guidance cues are evaluated and referred here as 
tissue mimicry. The novelty of the method is based on the development 
of a rotating dual electrode collector and collecting the fibers to the 
substrate, which is positioned horizontally between the electrodes. The 
system enabled electrospinning of highly aligned poly(L,D-lactide) 
(PLA) fibers directly on top of freshly prepared collagen type 1 hydro-
gel embedded with hPSC neurons in a layered manner. With this design, 
the embedded cells did not directly face the voltage between the needle 
and collector (Grigoryev and Levon, 2018). Here, we constructed a 3D 
scaffold consisting of three parallel aligned fiber layers within a 3D 
hydrogel matrix. The scaffolds with HPSC-derived neurons were 
cultured for two weeks. The effect of the fibers on the guided growth of 
neurons was evaluated by analyzing the orientation of the single neu-
rons near the fiber layer. The results showed that the fiber layers 
increased the directed cell growth and the extension of the neurites 
without additional functionalization. Hence, we successfully developed 
a layered 3D scaffold consisting of electrospun fiber layers embedded in 
hydrogel for neuronal in vitro applications. 

2. Materials and methods 

2.1. Electrospinning PLA fibers 

The electrospinning method was based on a previously published 
method (Grigoryev and Levon, 2018), which was optimized here by 
switching the collector system from a vertical to horizontal plane. 
Additionally, the unique collector is an in-house developed, rotating 
collector with two parallel electrodes (Grigoryev and Levon, 2018), 
patent US10589451B2). It enables the production of highly aligned, thin 
fibers and transfers them to the substrate, deposited to the void between 
the electrodes. The polymer, PLA 96/4 molar ratio copolymer (Purasorb 
PLD 9620, Corbion Purac, Netherlands) at a concentration of 9.0 % 
(m/v) was dissolved into a 7:3 mixture of dichloromethane (Merck 
Millipore, USA) and dimethylformamide (Sigma Aldrich, USA) by stir-
ring overnight at room temperature (RT). To produce PLA fibers with 
fluorescent labels, 0.1 % (v/v) FluoSphere fluorescent nanoparticles (ø 
= 0.2 μm, excitation/emission wavelength far red 660/680, Invitrogen, 
USA) were added to the polymer solution prior to electrospinning. 
Parallel aligned fibers were produced by the electrospinning process 
using a commercial SKE E-Fiber Electrospinning device (Leonardinos, 
Italy). The polymer solution was injected through a 22 Ga sharp tip 
needle with a flow rate of 0.4 ml/h using a syringe pump. A voltage of 15 
kV was applied with a high voltage DC power supply with the needle 
acting as the positive electrode. Fibers were collected with 
custom-made, grounded, fork-shaped, rotating dual electrode collector 
made of stainless steel. The distance between parallel electrodes was 50 
mm. The dual electrode collector was rotated at 1548 rpm (maximum 
speed of the system used). The collector mechanically transferred fibers 
to the sample holder, which consisted of a grounded metal plate and 
microscope slide with two 22 × 22 mm cover slips. The distance be-
tween the needle and the collector was 120 mm. Parameters were 
adjusted to obtain highly aligned, uniform fibers. The whole electro-
spinning system was encased in a fume hood to protect the user from the 
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evaporating solvent. The system setup is shown in Supplementary Fig. 1 
and Supplementary video 1. 

2.2. Scanning electron microscope 

PLA fibers were characterized with field-emission scanning electron 
microscopy (FE-SEM). First, the fibers were coated with carbon sput-
tering and imaged with Zeiss UltraPlus FE-SEM in high vacuum at 3 kV. 
For characterization, four samples were imaged, and 100 fibers were 
measured (ImageJ software). 

2.3. Preparation of collagen hydrogel 

Collagen type 1 (Col1, rat tail, Gibco, ThermoFisher Scientific, USA) 
solution was used as a hydrogel scaffold in this study. Col1 hydrogel was 
prepared using the manufacturer’s protocol. In brief, the Col1 stock 
solution (3 mg/mL) was neutralized with 1 M sodium hydroxide, diluted 
with 1 × phosphate buffered saline (PBS) to a final concentration of 0.5 
mg/ml and kept on ice prior to gelation. Gelation of Col1 solution is 
temperature-responsive and occurs at 37 ◦C after neutralization of an 
acidic stock solution. The same Col1 solution was used for coating 2D 
control PLA fibers, for which a thin coating procedure was adapted from 
the manufacturer. In brief, Col1 stock solution (3 mg/mL) was diluted 
with 20 mM acetic acid to achieve a final Col1 concentration of 5 μg/ 
cm2. The solution was incubated on the fibers for one hour at RT. Then, 
the solution was removed, and the samples were washed three times 
with cell culture medium and used immediately. 

2.4. Assembly of layered 3D scaffold and control scaffolds 

The layered 3D scaffold with multiple fiber and hydrogel layers was 
constructed in a layer-by-layer manner using a unique, rotating, dual 
electrode collector. First, parallel aligned PLA fibers were electrospun on 
the sample holder as described above. The even and uniform fiber 
density was achieved with 5 min of electrospinning. The fibers were pre- 
wetted for five minutes with cell culture medium which was pipetted as 
a drop on the fibers and spread with self-made spherical stamp. Then, 50 
μl of Col1 hydrogel solution was cast on the pre-wetted fibers and 
gelation occurred in a heated, humified chamber at 37 ◦C within 20 min. 
A new layer of fibers was electrospun on top of hydrogel, which was 
followed by another layer of hydrogel with similar gelation, and a final 
layer of fibers. The complete structure contained three fiber layers and 
two Col1 hydrogel layers (see Supplementary Fig. 2). Overall, the 
preparation of the layered 3D scaffold took approximately two hours 
including electrospinning and hydrogel gelation steps. The fiber layers 
were each thin and sparse and were practically embedded into the 
hydrogel. Therefore, hydrogel, as well as cells, surrounded the fibers. A 
schematic image of the structure is presented in Fig. 1A. To clarify the 
terminology, the fiber layer indicates an aligned oriented fiber layer in 
the hydrogel (thickness average 15.0 μm ± 5.0 μm) and a hydrogel layer 
without fibers in between fiber layers (Fig. 1A). In this study, two con-
trol groups were used. First, Col1-coated electrospun fibers were used as 
a 2D control (2D fiber, Fig. 1B). Moreover, the Col1 hydrogel scaffold 
without fibers acted as a 3D control (3D hydrogel, Fig. 1C). 

Fig. 1. Layered 3D scaffold and experimental groups. Schematic image of A) layered 3D scaffold (layered 3D) and neuronal cells growing inside the scaffold, B) 2D 
control fibers (2D fiber) and neuronal cells growing on top of the fibers, and C) 3D control hydrogel (3D hydrogel) and neuronal cells growing inside the hydrogel. 
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2.5. Cells and differentiation 

Human induced pluripotent stem cell (hiPSC) line (10212.EURCCs, 
derived in-house, Kiamehr et al., 2019) was used to produce neuronal 
cells. The HiPSC line was cultured in feeder-free conditions prior to 
differentiation into neurons using a previously published protocol 
(Hyvärinen et al., 2019). Neuronal differentiation was performed in 
laminin-coated wells (15 μg/μL, Laminin LN521, BioLamina, Sweden). 
Neural precursor cells were cultured in neural maintenance medium 
composed of 1:1 DMEM/F12 with Glutamax and Neurobasal, 0.5 % N2, 
1.0 % B27 with retinoic acid, 0.5 mM GlutaMAX, 0.5 % NEEA, 50 μM 
2-mercaptoethanol, 0.1 % penicillin/streptomycin (all purchased from 
Thermo Fisher Scientific) and 2.5 μg/ml insulin (Sigma Aldrich). Neural 
differentiation was induced (days 1–12) with 100 nM LDN193189 and 
10 μM SB431542 (both purchased from Sigma Aldrich). For the neural 
proliferation stage (days 13–25), the medium was supplemented with 20 
ng/ml fibroblast growth factor-2 (FGF2, ThermoFischer Scientific), and 
for the neural maturation stage (days 26–130), the neural maturation 
medium (NMM) was supplemented with 20 ng/ml brain-derived neu-
rotrophic factor (BDNF, R&D Systems, USA), 10 ng/ml glial-derived 
neurotrophic factor (GDNF, R&D Systems), 500 μM 
dibuturyl-cyclicAMP (db-cAMP, Sigma-Aldrich) and 200 μM ascorbic 
acid (AA, Sigma-Aldrich). At day 32, cells were plated for experiments. 
Most of the cells produced with this protocol are neurons with a minor 
portion of astrocytes (Hyvärinen et al., 2019). All cultures were main-
tained at 37 ◦C in a 5% CO2 atmosphere and 95 % humidity. 

All experiments were performed with the approval of the Regional 
Ethics Committee of Pirkanmaa Hospital District for the use of hiPSCs in 
these studies (R14023). The HiPSC line was under frequent quality 
control assessment of gene and protein expression analysis and karyo-
type and mycoplasma assays. 

2.6. Neuronal cell seeding to the scaffolds 

At day 32, the maturing neuronal cells were detached with Accutase 
(Life Technologies, USA) for use in experiments. In all 3D samples, cells 
were encapsulated into the Col1 hydrogel at a final concentration of 2.5 
× 106 cells/mL. The layered 3D scaffold samples were cultured in 6-well 
plates (Nunc, Nunclon, ThermoFisher Scientific). After the last electro-
spinning round, the samples (layered 3D scaffold on the coverslip) were 
carefully detached from the glass substrate, glass microscope slide, and 
moved to the well plate, and NMM was added. CellCrown™6-well in-
serts (Scaffdex, Tampere, Finland) were used to keep samples on the 
bottom of the wells. The 2D fiber samples were prepared by removing 
the coverslips covered with fibers from the microscope slide, trans-
ferring them to 6-well plates, coating the fibers with Col1 and plating the 
cells at a density of 40 000 cells/cm2 on top of the coated fibers. Addi-
tionally, CellCrown™6-well inserts were used. In contrast, the 3D 
hydrogel samples were casted on glass bottom 24-well plates (MatTek 
Corporation, Ashland, MA, USA). 

All the cell samples were cultured in NMM supplemented with 0.5 % 
penicillin to prevent contamination. The medium was changed three 
times a week. Cell experiments were conducted for two weeks. All ex-
periments were repeated twice with at least four parallel samples in each 
group. 

2.7. Immunocytochemistry 

For identification of the cells, immunocytochemical staining was 
performed following previously optimized protocols for 3D samples 
(Koivisto et al., 2017) and 2D fibers (Lappalainen et al., 2010) with 
minor modifications. Briefly, 3D cultured cells were fixed with 4 % 
paraformaldehyde for 60 min, and nonspecific staining was blocked by 
incubation with 10 % normal donkey serum, 0.1 % Triton-X 100, and 1% 
bovine serum albumin (BSA, all from Sigma-Aldrich) for 60 min at RT. 

Fig. 2. Preparation of the layered 3D scaffold. 
A) Schematic image of the electrospinning 
setup and layer-by-layer preparation of the 
sample. In practice, there were two samples per 
microscopy slide processed at the same time. B) 
Fluorescence image showing fluorescent label-
ing of the electrospun fibers. The scale bar is 
100 μm. C) Histogram showing fiber diameter 
distribution, n = 100. D) Schematic image 
depicting different layers of the layered 3D 
scaffold. E-G) Fluorescence microscopy images 
illustrate the separate fibers containing layers 
(E and G, average thickness 15.0 μm ± 5.0 μm) 
and the empty hydrogel layer between them 
(F). The scale bar is 100 μm.   
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Primary antibodies against β-tubulin III (β-tub, mouse, 1:1000, 
Sigma-Aldrich) and microtubule-associated protein 2 (MAP2, rabbit, 
1:400, Millipore) were incubated on cell samples for 3 days on a shaker 
at 4 ◦C. The samples were washed with 1% BSA in PBS for two days and 
washing solution was changed in total five times during this time. Then 
samples were incubated with secondary antibodies (conjugated with 
Alexa Fluor 488 or 568, 1:400, Thermo Fisher Scientific) for 24 h on a 
shaker at 4 ◦C. The 2D samples were fixed with 4 % paraformaldehyde 
for 15 min, and nonspecific staining was blocked by incubation with 10 
% normal donkey serum, 0.1 % Triton-X 100, and 1% BSA for 45 min at 
RT. Primary antibodies against β-tub (1:1000) and MAP2 (1:400) were 
incubated with cell samples for 24 h on a shaker at 4 ◦C. The samples 
were washed with 1% BSA in PBS and incubated with secondary anti-
bodies (conjugated with Alexa Fluor 488 or 568, 1:400) for 1 h on a 
shaker at 4 ◦C. 

All the samples were incubated with PBS including 4′,6-diamidino-2- 
phenylindole (DAPI, 1:5000, Sigma-Aldrich) for 3 h at RT and then were 
washed with PBS. The layered 3D scaffold and 2D fiber samples were 
mounted with Prolong Gold with DAPI and 3D hydrogel samples with 
Vectashield (Vector Laboratories, England). 

2.8. Imaging 

Plain fluorescent fibers were imaged with an Olympus IX51 inverted 
microscope and an Olympus DP30BW digital camera (Olympus Corpo-
ration, Japan, Tokyo). All immunocytochemical samples were imaged 
with a Zeiss LSM 780 confocal microscope (Carl Zeiss AG, Oberkochen, 
Germany) using a 25× objective (N.A. = 0.80, Zeiss LD LCI Plan- 
Apochromat, pixel size 0.3 × 0.3 μm, Carl Zeiss). For Z-stacks, slice 
range was set to 0.5 μm. In each group, four parallel samples and three 
separate areas/sample were imaged. 

2.9. Data analysis 

Deconvolution of the confocal microscope images was performed 
with Hyugens Essential software (Scientific Colume Imaging B.V., Hil-
versum, Netherlands). To visualize cell growth, colors corresponding to 
the fluorescent light wavelength were added, and different channels 
were merged with ImageJ software (U.S. National Institutes of Health, 
Bethesda, MD, USA). From these images, maximum intensity projections 
of the desired thickness from 3D stacks were formed. Fine tuning of the 
images for visualization was performed with Adobe Photoshop (Adobe 
Systems Inc., San Jose, CA). 

For the orientation analysis, all analyzed images were tilted so that 
fibers were mainly along the x-axis. Moreover, the information from the 
images was split into two separate image layers: green (MAP2) and red 
(β-tub) channels, which were combined into one image layer (cell image 
layer), and the fiber channel (white) was in another layer (fiber image 
layer, see Supplementary Information 1 and Supplementary Fig. 3). 
Thereafter, regions of interest (ROIs), defined as single cells, were 
selected from cell image layers from the experimental groups: layered 
3D, 3D hydrogel and 2D fiber. The selection was performed blindly with 
respect to the experimental group. All separate and clear individual cells 
were selected as ROIs. From each group, ROIs were selected from at least 
7 images, and at least 50 ROIs were included in each group. Coherency 
and main orientation angle were measured from each ROI using ImageJ 
plugin OrientationJ (Püspöki and Storath, 2016). Additionally, a color 
survey map from OrientationJ was used for data visualization. 

Data are presented as the mean ± standard deviation (SD), and sta-
tistical significance was calculated with the Kruskal-Wallis test with 
Dunn’s multiple comparison ad hoc-test. A p-value < 0.05 was consid-
ered significant. 

Fig. 3. hPSC-derived neurons cultured in 
layered 3D fiber-hydrogel scaffolds. A) Top 
view of the hPSC-derived neurons growing 
throughout the layered 3D scaffold. The scale 
bar is 50 μm. B) Cross section of hPSC-derived 
neurons growing in a layered 3D scaffold 
showing β-tub- and MAP2-positive neurons in 
every layer. The scale bar is 50 μm. C)-E) 
Maximum intensity projections of the z-stack 
(top view) near separate layers: C) and E) 
separate fiber layers and D) a hydrogel layer 
between the fiber layers. Side view of layer C)- 
E) is marked as a line segment in image B). 
Scale bars are 100 μm. In the images, red in-
dicates β-tub, green indicates MAP2 and blue 
indicates DAPI.   
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3. Results 

3.1. Preparation of the layered 3D scaffold 

The novelty of the present technique is the assembly of the scaffold so 
that the structural components, fibers and hydrogel are prepared alter-
nately one after each other in the same process. Hence, the first PLA fiber 
layer was electrospun on the glass substrate, and the first hydrogel layer 
was cast on top of it. Then, the next fiber layer was electrospun directly 
on the freshly prepared hydrogel layer. Altogether, three rounds of 
electrospinning fibers and two hydrogel gelation periods took 

approximately two hours. In practice, there were two samples per mi-
croscopy slide processed at the same time and several microscopy slides 
could be processed sequentially. A unique, fork-shaped, rotating col-
lector collected the fibers and transferred them on the glass substrate to 
form the fiber layer (Fig. 2A). Fluorescent nanoparticles were added to 
the polymer solution prior to electrospinning, which resulted in 
capturing the particles inside the PLA fibers. Fluorescent nanoparticles 
made it easy to visualize the fibers in 3D samples (Fig. 2B). The produced 
electrospun fibers were characterized with FE-SEM. The average fiber 
diameter was 600 nm (±152 nm), and the distribution of the diameters 
is shown as a histogram in Fig. 2C. Fluorescent nanoparticles did not 

Fig. 4. Neuronal cell orientation. A) Reconstructed z-stacked 3D images of hPSC-derived neurons growing within or near the fiber layer in a layered 3D scaffold. B) 
hPSC-derived neurons growing on 2D fibers. C) hPSC-derived neurons growing in 3D hydrogel (control sample). Scale bars 25 μm. 
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affect the surface topography of the fibers, as shown by FE-SEM images 
(Supplementary Fig. 4). Layer-by-layer construction of the 3D scaffold 
with PLA fibers and Col1 hydrogel layers was successfully performed. 
The layered 3D scaffold and its different layers are introduced sche-
matically in Fig. 2D. The scaffold has five layers in total: three separate 
fibers containing layers (e.g. Fig. 2E and 2 G) and two hydrogel layers (e. 
g. Fig. 2F). 

3.2. Growth of neuronal cells inside the layered 3D scaffold 

Layered 3D scaffolds containing human neurons were cultured for 
two weeks (Fig. 3A). In the layered 3D scaffold, cells spread throughout 
the sample (Fig. 3B). Typically, the scaffold height varied between 60 
and 90 μm. As the process is not completely controllable, some variation 
was seen both in the whole scaffold and layer thicknesses. A cross- 
section of the scaffold (Fig. 3C) clearly shows three separate layers 

containing fibers. Overall, the fibers were embedded in the hydrogel, 
and accompanying neurons expressed β-tub and MAP2 (see Supple-
mentary video 2). Different layers were observed separately as 
maximum intensity projections of the confocal microscopy images 
(Fig. 3D–F). Again, two separate fibers containing layers are presented 
here as well as the hydrogel layer between them. Cell growth was good 
in the scaffolds, and cells had typical neuronal morphology and protein 
expression. 

3.3. Cell orientation and analysis 

Cell orientation was evaluated in the three experimental groups: 
layered 3D, 2D fiber and 3D hydrogel samples. Representative images of 
single cells from each sample group are shown in Fig. 4. In general, 
neuronal processes, the neurites, seem to elongate further from the soma 
when they contacted the fiber and started to grow along it. 

Fig. 5. Cell orientation analysis. A) Coherency measured from ROIs in each group. The coherency value is set from 0.1. to 1.0, where 1.0 is the maximal coherency, n 
= 53-210 per group. B) Proportion of measured cells (ROIs) in each group divided into segments: very low coherency (0.0-0.2), low coherency (0.2-0.4), high 
coherency (0.4-0.6) and very high coherency (< 0.6), n = 53-183 per group. C) Representative image of the OrientationJ analysis in which the cell is pseudocolored 
using orientation information. The main orientation angle of the ROI is marked as a white arrow. D) The main orientation angle of each ROI. Data were plotted as the 
average absolute value of the main orientation angle, n = 53-183 per group. E) The main orientation angle of each ROI with respect to coherency segments. Data 
were plotted as the average absolute value of the main orientation angle divided into very low, low, high or very high coherency, similar to B). The scale bar is 50 μm. 
All the data are represented as the mean ± SD, and p < 0.05 was considered significant. * represents p < 0.05, and *** represents p < 0.001. 
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Consequently, cell orientation relative to fiber orientation was observed 
in both samples containing fibers: layered 3D scaffolds (Fig. 4A) and 2D 
fibers (Fig. 4B). Of these, the cells growing on the 2D fibers followed the 
fibers more precisely compared to cells grown in layered 3D scaffolds. In 
contrast, cells in 3D hydrogel samples did not grow in any specific di-
rection (Fig. 4C, see also Supplementary Fig. 5). 

For cell coherency and orientation analysis, ROIs were selected 
around the individual, clear cells (as well as the corresponding area from 
the fiber image layer, see Supplementary Information 1). The coherency 
of each ROI was analyzed. In general, the results of the analysis were 
very logical. The electrospun fiber sample (fibers only) showed the 
highest coherency (mean 0.692, Fig. 5A), while the ROIs (cells) in 3D 
hydrogel samples showed the least coherency (mean 0.249). Impor-
tantly, cells in the fiber layer in layered 3D samples were significantly 
more coherent (0.405, p < 0.001) than cells in 3D hydrogel samples, and 
they were significantly less coherent than cells in 2D fiber samples 
(0.554, p < 0.001). Based on the coherency data, analyzed ROIs were 
divided into four segments within each experimental group (low co-
herency, 0− 0.2; medium coherency, 0.2− 0.4; high coherency, 0.4− 0.6; 
and very high coherency, < 0.6). Only experimental groups containing 
cells were included in the analysis. The results showed that the per-
centage of ROIs included in the high coherency segment was higher in 
the 3D layered group (19.7 %) than in the 3D hydrogel group (2.5 %), 
and it was lower than in the 2D fiber group (39.6 %, Fig. 5B). Following 
the same trend, the percentage of the ROIs included in the lowest co-
herency segment was lower in the layered 3D group (14.0 %) than the 
3D hydrogel group (44.3 %), and it was higher than that of the 2D fiber 
group (0 %, Fig. 5B). 

Next, the main orientation angles of the ROIs were analyzed. In 
Fig. 5C, one ROI is shown as a pseudocolored image based on orientation 
angle elements, and the main orientation angle is marked with a white 
arrow. In general, the main orientation angle was significantly lower 
(closer to 0, more aligned along the fibers) in the layered 3D group than 
in the 3D hydrogel group, but it was higher than in the 2D fiber group 
(Fig. 5D). This showed a similar trend as the coherency data. Specif-
ically, the main orientation angle was compared according to the co-
herency segments shown in Fig. 5B (Fig. 5E). Interestingly, the main 
orientation angle between different coherency segments differed 
significantly only in layered 3D samples. There, lower coherency seg-
ments (0− 0.2 and 0.2− 0.4) have significantly higher main orientation 
angles than the high coherency segments (coherency > 0.4), as shown in 
Fig. 5E. 

4. Discussion 

In the present study, the objective was to develop a layered 3D 
scaffold consisting of hPSC-derived neuronal cells to achieve more CNS 
microenvironment mimicking in vitro model. Furthermore, this scaffold 
is also applicable for in vivo TE, e.g., for spinal cord injury (Schaub et al., 
2016). The construction method combined highly aligned electrospun 
PLA fibers and cells containing collagen 1 hydrogel in a single process 
that produced a layer-by-layer 3D scaffold. hPSC-derived neurons were 
successfully cultured in the scaffold for two weeks. Cell orientation in 
layered 3D scaffolds was evaluated and compared to 2D fiber scaffolds 
and 3D hydrogel scaffolds without fibers. The neurons growing near 
fiber layers showed increased directional orientation. Thus, we 
demonstrated a versatile method for the preparation of layered 3D 
scaffolds for neuronal cells. Moreover, cell orientation along the 
embedded fibers indicated a successful preparation of a 3D scaffold that 
offers guiding cues for neuronal cells. 

The tissue in vivo contains guidance cues such as elongated radial 
glial cells, which control cell growth and alignment (Hopkins et al., 
2015; Kaur et al., 2020). To mimic these fibrous cues, electrospun fibers 
are widely used, as their size range can be adjusted to correspond to a 
range that cells respond to (Haider et al., 2018; Schaub et al., 2016). Our 
electrospinning technique resulted in highly aligned fibers with an 

average diameter of 600 nm. This is in the range of PLA fiber diameters 
shown to promote neuronal viability, directionality and neurite 
outgrowth (He et al., 2010; Yang et al., 2005). Conventional electro-
spinning results in a random, nonwoven fiber mat. Parallel aligned fi-
bers, on the other hand, are obtained with special types of collectors in 
which the alignment is controlled by using mechanical, electrical or 
magnetic forces (Xue et al., 2019). Here, the unique, fork-shaped, 
rotating dual-electrode collector exploits two of these forces: electrical 
manipulation between two parallel electrodes separated by an air gap 
and mechanical pulling of the fibers by rotation (Grigoryev and Levon, 
2018). The polymer jet ejected from the needle is attracted to that 
electrode, which has the shortest distance to the needle at each time 
point. When rotating, the collector mechanically transfers the fibers one 
at the time to the substrate, which in this case is the glass substrate that 
is horizontally located in the void between the electrodes. With this 
approach, it is possible to cast a collagen solution on the substrate, and 
after a short gelation time, the fibers can be spun on top of or partially 
inside the forming hydrogel. Importantly, this collector made it possible 
to include hPSC-derived neurons into hydrogel during the electro-
spinning process without damage to the cells. Previous multilayered 
composite structures used mainly electrospun fiber mats attached to the 
different frames or rings embedded into the hydrogel in a separate 
process (McMurtrey, 2014; Weightman et al., 2014b; Yang et al., 2011). 
This limits the fibers strictly to one plain in the z-direction, which is 
relative to mimicking tissues with layered structures, e.g., the skin or 
cornea (Coburn et al., 2011). The technique used here forms all the 
layers in one process; thus, fibers are not limited strictly to the single 
plane, permitting them to distribute into the hydrogel to some extent, 
mimicking the fibrous nature of guidance cues in tissue. With the 
method presented here, it is possible to vary the characteristics (e.g., 
fiber diameter, fiber density, layer thickness and hydrogel layer thick-
ness) of the 3D layered scaffold according to specific needs. In other 
point of few it would be possible to incorporate different cell types, use 
different hydrogel stiffnesses of even different hydrogels in the different 
hydrogel layers. Thus, the scaffold could be used to model real defects in 
CNS, for example spinal cord injury or traumatic brain injury in the 
cortex (Kumaria, 2017; Weightman et al., 2014b). Taken together, the 
composite scaffolds produced with this method can be used as 
microenvironment-mimicking scaffolds that fulfil both requirements: 
fibrous nature and gelatinous hydrogel matrix. 

In layer-by-layer structures, visible light scatters from the translucent 
fibers, distorting the deconstruction of the 3D image. To overcome this 
issue, we added fluorescent nanoparticles to the PLA solution to enable 
visualization of the fibers, which were imaged with a 660 nm wave-
length. To date, 3D images of fiber-hydrogel composite structures have 
only seldom been presented in the literature, even though fluorescent 
fibers have been prepared to some extent (Weightman et al., 2014a, b). 
With our approach, we were able to visualize the layered 3D scaffold for 
subsequent orientation analysis. 

When producing tissue mimicking in vitro models, a suitable cell 
source, a CNS mimicking scaffold and a sufficient long culture time for 
neuronal cell maturation and network formation are needed (Lam et al., 
2020; Tang-Schomer et al., 2014). In previous studies, the cell culture 
times varied from a few days (McMurtrey, 2014) to even months 
(Tang-Schomer et al., 2014). In addition, earlier studies have mostly 
utilized animal-derived neuronal cells (Lee et al., 2016; Soliman et al., 
2018; Weightman et al., 2014a) or human-derived cancer cells 
(McMurtrey, 2014), whereas the use of hPSC-derived cells has not been 
reported. Here, we used hPSC-derived neuronal cells, a cell supportive 
hydrogel-fiber scaffold and a two-week culture time. Despite rather 
demanding sample preparation conditions during the electrospinning 
rounds, neurons survived and grew in every layer of the scaffold. In 
previous studies, electrospun fibers have been modified with various 
polymer or protein functionalizations to create additional cell adhesion 
sites (Lee et al., 2016; McMurtrey, 2014; Puschmann et al., 2014; 
Wieringa et al., 2019). Here, the cells oriented along the fibers without 
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any additional functionalization. This finding is consistent with our 
previous data, which showed that untreated PLA fiber mesh supports 
human neurite outgrowth in a manner equivalent to that of 
laminin-coated surfaces (Ylä-Outinen et al., 2010). In the future, this 
kind of scaffold can be used with several CNS cell types (e.g., neurons 
and astrocytes), and fibers can act as guidance cues or limiting factors 
for particular cell types. 

Electrospun fibers have been shown to offer contact guidance for 
neuronal cells as well as to affect their morphology and neurite 
outgrowth, as they resemble naturally occurring aligned neurite bundles 
(D’Amato et al., 2019; Kijeńska et al., 2012; Roach et al., 2010). Pre-
viously, the cellular response to fibers was analyzed by neurite direc-
tionality and alignment of neurites. In practice, it has been realized by 
determining the cell orientation along the fibers, cell morphologies and 
neurite lengths (Hyysalo et al., 2017; McMurtrey, 2014; Weightman 
et al., 2014a). In this study, the OrientationJ plugin of ImageJ software 
was used to analyze the cell orientation in detail (Püspöki and Storath, 
2016). ROIs identified with reliable neuronal markers were used to 
analyze coherency and main orientation angle. Based on the analysis, 
the neurons interacted with the fibers by adopting elongated 
morphology and directed neurite growth in close proximity with the 
fibers. It also seems that size of the somas is affected with the layered 3D 
hydrogel environment compared to 3D hydrogel environment. The cell 
orientation analysis was based on coherency and orientation angle 
measurements. When comparing the experimental groups, the co-
herency was significantly higher in 2D fibers than in 3D fibers. For more 
detailed analysis, we wanted to compare the alignment of cell orienta-
tion to fiber alignment. The average main orientation angle analysis 
showed a similar trend as the coherency analysis, meaning that cells 
grown on 2D fiber had a lower main orientation angle (closer to fiber 
orientation) than the cells grown in layered 3D scaffolds. Hence, neither 
the coherency nor orientation angle of the cells in the layered 3D scaf-
fold was as good as the corresponding values of the cells grown on the 
2D fibers. Previously, it has been shown that for cells to sense the 
presence of an untreated fiber layer in 3D, hPSC-derived neurons need 
initially to be brought into close contact (< 10 μm) with the fibers 
(Hyysalo et al., 2017). Therefore, neuronal cell orientation followed the 
direction of the fibers more easily when growing on the 2D-treated fiber 
surface compared to the 3D environment (Hyysalo et al., 2017). How-
ever, better neurite tracking and subsequent neuron orientation were 
reported in 3D scaffolds compared to 2D scaffolds when using sparse and 
treated fiber layers (McMurtrey, 2014). Here, cells cultured on 2D fibers 
were in very close contact with fibers, whereas cells in layered 3D 
scaffolds had more degrees of freedom for growth directions. Previously, 
to overcome this issue, cells were seeded directly on each fiber layer 
before casting the hydrogel (A. Weightman et al., 2014a). Thus, this 
showed that cells cultured in layered 3D scaffolds followed the fibers to 
some extent, but not as closely as cells cultured on the 2D fibers. 
Additionally, the applied method offered a robust and fast way to 
analyze cell directionality and orientation in 3D. 

Previously, it was shown that with a sparse fiber layer, even a single 
fiber could create enough guiding cues for direct neurite tracking in 3D 
(McMurtrey, 2014). In this study, the produced fiber layers in layered 
3D scaffolds were left intentionally sparse, as it is important to ensure 
the infiltration of the cells throughout the structure. Fiber layers or fiber 
bundles that are too dense may lead to situations where cells settle on 
the fibers and grow along them without having direct interaction with 
them (McMurtrey, 2014). Here, in a layered 3D scaffold, the cells in 
close proximity with the fibers sense the guidance cues, so they develop 
an elongated shape. In contrast, cells in the hydrogel layer between the 
fiber layers remained more stellate shaped, and orientation into any 
particular direction was not observed. Additionally, coherency and 
orientation angle analysis of layered 3D and 3D hydrogel groups sup-
ported these findings as previous studies with layer-by-layer scaffolds 
(McMurtrey, 2014; A. Weightman et al., 2014a). On the other hand, the 
surrounding hydrogel, especially its number of cell responsive binding 

sites, can have a major effect on the cell orientation along the fibers 
inside the 3D scaffold (McMurtrey, 2014). Here, we used collagen 1, 
which by itself can support cells (Allodi et al., 2011; Ylä-Outinen et al., 
2019), but it does not disturb the guidance effect of fibers in the layered 
3D scaffold. Apart from self-assembling collagen, other 3D hydrogel 
matrices could also be used. For example, in the structures constructed 
by layer-by-layer method alginate with ionic crosslinking (Wu et al., 
2015) has already been used. Also, hydrogels with chemical crosslinking 
would be possible to use as long as gelation time is sufficient for even 
spreading on the fibers. However, photocurable hydrogels crosslinked 
with UV or visible light would be difficult to integrate to the system. 
However, cells in the layered 3D scaffold were considerably more ori-
ented than those in the 3D hydrogel alone. Additionally, despite the 
debate about the hydrophobicity of PLA fibers (Schaub et al., 2016), 
neurons in layered 3D scaffolds grew, followed and interacted with the 
fibers. To conclude, the results showed that fibers had a greater effect on 
the cells growing on the layered 3D scaffold than the cells growing in the 
3D hydrogel. 

Here, we introduced a method to produce a layered scaffold for 
neuronal cells to mimic CNS microenvironment by alternating a soft 
hydrogel matrix and fibrous guidance cues. The produced scaffold was 
demonstrated as a successful 3D platform for the long-term culture of 
hPSC-derived neuronal cells. Importantly, embedded fibers in the scaf-
fold enhanced cell elongation and directed neurite growth. This layered 
3D scaffold is a useful model for in vitro and in vivo neuronal TE 
applications. 
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Methodology, Visualization, Formal analysis, Writing - original draft, 
Supervision, Funding acquisition. Susanna Narkilahti: Resources, Su-
pervision, Project administration, Writing - review & editing, Funding 
acquisition. 

Acknowledgements 

The authors acknowledge the Biocenter Finland (BF) and Tampere 
Imaging Facility (TIF), Tampere Microscopy Center and Tampere Fa-
cility of iPS Cells for their services. 

Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.jneumeth.2020.1090 
43. 
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Karvinen, J., Joki, T., Ylä-Outinen, L., Koivisto, J.T., Narkilahti, S., Kellomäki, M., 2018. 
Soft hydrazone crosslinked hyaluronan- and alginate-based hydrogels as 3D 
supportive matrices for human pluripotent stem cell-derived neuronal cells. React. 
Funct. Polym. 124, 29–39. https://doi.org/10.1016/J. 
REACTFUNCTPOLYM.2017.12.019. 

Kaur, N., Han, W., Li, Zhuo, Madrigal, M.P., Shim, S., Pochareddy, S., Gulden, F.O., 
Li, M., Xu, X., Xing, X., Takeo, Y., Li, Zhen, Lu, K., Imamura Kawasawa, Y., Ballester- 
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