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ABSTRACT 
New strategies for spatially controlled growth of human neurons may provide viable solutions to treat and recover peripheral or spinal cord 
injuries. While topography cues are known to promote attachment and direct proliferation of many cell types, guided outgrowth of human neurites 
has been found difficult to achieve so far. Here, three-dimensional (3D) micropatterned carbon nanotube (CNT) templates are used to effectively 
direct human neurite stem cell growth. By exploiting the mechanical flexibility, electrically conductivity and texture of the 3D CNT micropillars, 
a perfect environment is created to achieve specific guidance of human neurites, which may lead to enhanced therapeutic effects within the 
injured spinal cord or peripheral nerves. It is found that the 3D CNT micropillars grant excellent anchoring for adjacent neurites to form 
seamless neuronal networks that can be grown to any arbitrary shape and size. Apart from clear practical relevance in regenerative medicine, 
these results using the CNT based templates on Si chips also can pave the road for new types of microelectrode arrays to study cell network 
electrophysiology. 
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The first step of the development of the neuronal network, both in 
the growing embryo and in vitro, is neurite outgrowth. Through the 
growth cone, the spreading neurite senses the complex and changing 
extracellular matrix (ECM) environment thus finding the optimal 
“road” to establish a functional network [1]. While topography cues 
are often used as templates in the attempt to guide and orient the 
neuronal outgrowth as it has been demonstrated using non-conductive 
polymeric surfaces and two-dimensional (2D) templates, also other 
environmental cues such as stiffness and biochemistry have been 
shown to have an impact on cell regulation [2–10]. However, studies 
providing multiple cues that would combine topography, physico- 
mechanical, electrical and biochemical cues have not yet been 
explored.  

The excellent electrical, mechanical, optical and thermal properties 
of carbon nanotubes (CNTs) have been exploited in a variety of 
therapeutic and diagnostic applications [11, 12]. Recent reports show 
that CNTs are suitable for adsorbing certain proteins from culture 
media thus stimulating cell growth, supporting neuron attachment, 
growth, as well as differentiation and long-term survival [13–16]. 
CNTs have also been successfully used to mechanically reinforce 
hydrogels and create electrically conductive nanofibrous networks, 
enhancing bio-interface with the neural and cardiac cells [17–20]. 
Furthermore, such electrically conductive cues can also maintain 
and promote neuronal electrical activity in cultured cell networks, 
and mimic neural processes when organized into bundles [21, 22]. 
Recently, it has been reported that ECM conductance is one important 
electrical cue in neuronal spreading [23, 24]. 

Guided neuron growth for short incubation periods (from 6 h to 
4 days) has been demonstrated with rodent cells on CNT patterns 
using short nanotubes of 40–500 nm in length, which lack the 
microenvironments of the ECM [15, 25]. Also with rodent neural 
cells, guided growth was achieved on continuous patterns of   
10 μm-tall aligned CNT forests within a short incubation period 
of 6 h [25]. As the cells and their neurites were entirely in intimate 
contact with the electrically conductive CNT forest, their functionality 
must have been compromised because of the formed short circuits. 
Furthermore, these studies have employed rodents’ neural cells, 
which lack human specific characteristics and thus would require 
some sort of, yet unknown, extrapolation to mimic and understand 
human neural cell behavior [26–28].  

Here, we report on the application of on-chip three-dimensional 
(3D) CNT micropillar templates to guide neurite outgrowth resulting 
in complex neuronal networks with well-defined geometry and 
long-term cell survival. The neuronal cells grown on our templates 
prefer to extend the neurites by “hanging” and “wrapping around” 
the 3D CNT micropillars above the 2D surface and can be guided 
to grow over long distances of an arbitrary trajectory by simply 
providing a suitable pattern of segmented CNT pillars. Such control 
of human neurite outgrowth is anticipated to produce functional 
connections between neurons thus opening horizons in the 
development of new strategies for the repair of injured nervous 
systems.  

The above studies inspired us to investigate the control of human 
neurite outgrowth in a unique environment with electrically conductive 
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and mechanically flexible microscopic pillars of CNTs on an insulating 
and chemically inert surface. Our hypothesis is that tailored 3D CNT 
micropattern arrays will provide multiple cues including topographical, 
mechanical, and biochemical factors that are to be considered when 
mimicking ECM. To investigate our hypotheses, micropillars of highly 
aligned CNTs organized in different geometries were synthesized by 
catalytic chemical vapour-phase deposition (CCVD) from acetylene 
on lithographically defined catalyst micropatterns over Si/SiO2 
chips. Transmission electron microscopy (TEM) and Raman of the 
synthesized CNT micropillars are shown in Fig. S1 in the Electronic 
Supplementary Material (ESM). The fabricated templates were 
sterilized via oxygen plasma treatment, which also makes the CNTs 
less hydrophobic thus facilitating better cell adhesion and culture 
media penetration between the pillars. After sterilization, the templates 
were coated with laminin, which is routinely used as coating material 
to enhance human neural stem cell (NSC) attachment and neurite 
outgrowth [5, 7–10]. Finally, human NSCs were plated on the top of 
the 3D templates and cultured for prolonged periods of up to 21 days. 

Using optimized parameters for the CNT pillar dimensions and 
spacing, the human neurites can be guided rather well along any 
created pattern (Fig. 1). As shown in Figs. 1(a)–1(d), a pattern of a 
spiral in which the micropillars have a size and centre-to-centre 
spacing of 5 and 10 μm, respectively, the length of neurites are several 
millimetres long. In addition to scanning electron micrographs, 
immunocytochemical staining verified the neuronality of the cells 
(Fig. 1(d)) showing typical morphology with microtubule associated 
protein-2 (MAP-2). When the CNT pillars were arranged in three 
parallel lines forming stripes patterns, the neurites followed and 
grew along the long stripe (even distances of several millimetres) 
and had located at a distance of 100 μm (Figs. 1(e) and 1(f)). The 
presence of many dead cells observed by using a Live/Dead assay 
(Fig. 1(e)) is reasonable since it is a natural process for developing 
stem cell derived neuronal cultures. During cell maturation process, 
some of the cells die while others continue their maturation process. 
It is not expected that the dead cells would affect the functionality 
of the live cells. An important result is the fact that most of the dead 
cells were found outside the pillared CNT patterns suggesting that 
the CNTs support the long-term survival of human NSCs (Fig. 1(e)). 

On the CNT micropillar templates, our results clearly show that 
the forming neurite network follows the shortest spacing between 
two pillars (Fig. 1(g)). Indeed, in previous studies using polymeric 
surfaces, the spacing between features such as pillars and grooves 
proved to be a critical parameter for the optimal alignment of neurite 
outgrowth [2]. In excellent agreement with these reports, by using 
overly large spacing (inter pillar dimension) between the CNT 
micropillars, we found that the neurons formed large tangled 2D 
networks (Fig. S2 in the ESM) similar to those found on smooth 
surfaces (as shown in the flat templates areas of the images in the 
panels of Fig. S2(c) in the ESM). Nevertheless, the human neurites 
were also found to interact with and anchor to the CNT micropillars 
(the inset of Fig. S2(b) in the ESM). 

To assess the particular role of the multifunctional CNTs in 
the guided neurite outgrowth, reference micropillar arrays of Si 
with similar dimensions were used to establish a nearly identical 
micro-topography environment. While single neurite outgrowth 
forming highly organized networks can be observed on the 3D 
CNT micropillar array (Figs. 2(a) and 3(d)), the formation of tight 
bundles (fasciculation) is mostly found on the Si micropillar array 
(Figs. 2(d) and 3(a)). Although the tight bundles are “wrapping” 
around some of the Si micropillars (Fig. 2(e)), they appear to be 
more random than guided, i.e. they lack the formation of an 
organized neurite network. In addition to Si and CNT micropillar 
arrays, we also tested cell growth on CNT micropillars coated with 
polymethylmethacrylate (PMMA) to mimic the poor electrical 
conductivity of Si pillars while retaining the mechanical flexibility 

 
Figure 1 Growth of macroscopic directed networks of human NSCs on CNT 
micropillar templates with optimized geometries. (a)–(c) Ultra-long, guided 
neurites stretching along a spiral pattern of several centimetres in total length. 
Scale bars, 100 μm (a), 20 μm (b) and 10 μm (c). (d) Immunocytochemical staining 
of a neuron grown on CNT pillars (size of 5 μm × 5 μm with centre-to-centre 
spacing of 10 μm) along a Fibonacci spiral pattern using neuronal markers MAP-2 
(green) for dendrites, neurofilament heavy (red) for axons, and DAPI (blue) for 
nuclei. (e) Fluorescence microscopy images of Live/Dead stained human NSCs 
on parallel stripes of CNT pillars. Green (Calcein-AM) and red (EthD-1) stain 
intact and dead cells, respectively. Scale bars, 200 μm. (f) Tilted view (45°) SEM 
images of the guided human NSCs located in the rectangular area highlighted in (e). 
Scale bar, 20 μm. (g) Scheme of the human neurite outgrowth strategy showing 
how the terminals map the surroundings until they find suitable anchoring points, 
and then proceed further to the next closest location for attachment. 

similar to that of the untreated CNT templates (Figs. 3(b) and 3(c)). 
In these PMMA coated CNT micropillars (pCNT), the middle part 
of the pattern is not uniformly coated by PMMA (individual CNTs 
can still be observed from bottom to top of the background pillar 
(Fig. 3(c))), while the micropillars located on the edge were densely 
coated by PMMA (Fig. 3(b), background surface). On the densely 
coated pCNT, the neurite outgrowth is identical to the behavior 
observed on micropillared Si templates, i.e. tight and thick bundles 
“wrap” around the micropillars (Figs. 3(a) and 3(b)). On the other 
hand, a merged behavior of tight bundles “wrapping” around the 
micropillar and single neurite anchoring on CNTs is found on the 
partially coated pCNTs (Fig. 3(c)). 

Another interesting finding is the physical location of the cells 
and their neurites on the templates. Instead of being in close contact 
with the surface of the templates, which is commonly observed on 
polymeric patterned templates, the human NSCs and their neurites 
connected the micropillars by “hanging” between them similar to 
wires between electricity pylons (Figs. 1(c) and 2(a), respectively).  

These results can be explained by the additional environmental 
cues provided by the CNT micropillars. Beyond the microenvironment 
delivered by the pillars of 10 m in height, the vertically aligned 
CNTs in each pillar deliver nanotopography cues providing anchoring 
points with similar dimensions to single human neurites (Figs. 2(b) 
and 3(d)). Actually, it has been demonstrated that neurons sense 
and actively respond to nanoroughness with a sensitivity of a few 
nanometers [20]. Previous studies have shown evidences that the 
use of CNT films can enhance spontaneous electrophysiological 
activity of neurons and might affect neural maturity and network 
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formation [21, 29]. Furthermore, we anticipate that the electrically 
conductive nature of the CNT pillars (~ 1 kΩ between the top and 
bottom and ~ 2 kΩ across the pillar (Fig. S3 in the ESM)) contributes 
with a further function related to the communication of cells whose 
neurites are anchored at any point of the same pillar. Although further 
studies are needed, this hypothesis is also supported by recent 
publications [23, 24]. 

Another aspect to be considered is the physico-mechanical 
environment provided by the CNTs in comparison to the Si micropillars 
(Figs. 2(c) and 2(f)). Previous studies suggest that the mechanical 
environment provided by the ECM can regulate neuronal cell functions 
such as signaling, proliferation, differentiation and migration [6, 30]. 
In addition, the attachment of neural precursor cells significantly 
decreases with increased Young’s modulus (a 83% decrease at 35 kPa 
when compared to 2 kPa) [31]. The Young’s modulus of CNT and 
pCNT micropillars were estimated using atomic force microscopy 
(AFM). The Young’s modulus for CNT and pCNT micropillars were 
found in the range of 1.5–5.0 and 75–500 MPa, respectively (Fig. S4 
in the ESM). Our findings indicate that the lower Young’s modulus 
provided by the CNT micropillars can facilitate neurite attachment 
in comparison to stiffer topographies as pCNT and Si micropillars. 
Furthermore, our scanning electron micrographs indicate that  
the mechanical flexibility of the CNT pillars helps the cells in their 
physical accommodation, without being confined between rigid 
surface features. 

The development of neuronal networks relies on the dynamic and 
complex behavior of the growth cone, which is capable of sensing 
and translating environmental cues in order to guide the neurite [1]. 
Although the growth cone mechanism is still far from being 
completely understood, it is known that the presence of adhesive 
molecules (e.g. laminin, fibronectin) on the surface with other 
external chemotropic cues determines the process [1]. We observed 
the growth cone structure during the initial attachment and 
proliferation of human NSCs using scanning electron microscopy 
(SEM). On glass coverslips, the cells developed largely spread growth 
cones with more finger-like filopodia than on the CNT and Si 

pillars, in which the growth cone appeared to be more contained 
(Figs. 4(a)–4(c)). In the latter cases, i.e. on CNT and Si micropillars, 
the growth cones were found wrapping around both types of pillars 
(Figs. 4(b) and 4(c)). Similarly as shown for single neurites (Figs. 2(b) 
and 3(d)), the growth cone structure infiltrates the CNTs micropillars 
(Fig. 4(c)), indicating that not only the microstructure but also 
nanoroughness influences the response of the cone receptors.  

To assess the response of neurons to the cues of the surface 
chemistry and laminin, we carried out two parallel experiments 
with and without laminin coating of the templates. Simple network 
formations connecting the human NSCs agglomerates to the CNT 
pillars were observed in both conditions during the initial attachment 
and proliferation in 1–7 days, which extended to complex human 
NSCs networks by day 14 (Fig. S6 in the ESM). These results are 
quite surprising as neurite outgrowth without laminin is known to 
be rather challenging [7–10]. In fact, we found that even after a 
single day of incubation on the 3D micropillared CNT templates 
coated with laminin, human NSCs were found to form large neurite 
networks between the pillars (Fig. S7 in the ESM), which survive for 
at least 14 days (Fig. S6 in the ESM). This result is most probably 
due to the high protein absorption capacity of the porous and highly 
specific surface area of the CNT pillars [13, 14]. Cell experiments 
on Si micropillar arrays resulted in similar initial attachment and 
proliferation as on the CNT pillars (1–7 days), but on these templates, 
complex well-connected networks could not develop when the 
culturing was continued up to 14–21 days. It is worth mentioning 
that without laminin treatment, the neurites could not develop on 
the Si pillar arrays, which also indicates that the conductive and 
nanostructured CNT pillars offer a clearly superior cell attachment 
and growth scaffold for the neurons. The difference is even more 
striking when looking at the results on smooth glass cover slips, 
which show no cell growth at all without laminin.  

In closing, we demonstrated that tailored 3D CNTs templates 
provide multiple cues (topographical, mechanical, electrical and 
chemical) for guided neurite outgrowth and promote the formation 
of complex neuronal networks of human neural stem cells. The results 

 
Figure 2 SEM images of human NSCs on 3D micropillared arrays of CNTs and Si. (a) Well-ordered squared pattern network of neurites stretching between the arrayed
pillars of CNTs. Scale bar, 5 μm. (b) Neurites anchored at different locations of the same CNTs pillar. Scale bar, 2 μm. (c) Human NSCs deforming the mechanically flexible 
pillars of CNTs. Scale bar, 10 μm. (d) A single tight bundle of microtubules spanning across Si micropillars. Scale bar, 5 μm. (e) Tip of a Si pillar wrapped around by the
tight bundle of microtubules. Scale bar, 2 μm. (f) Human NSCs attached to rigid micropillars of Si. Scale bar, 10 μm. 

 
Figure 3 Pseudocolored SEM images of human NSCs on 3D micropillared arrays of Si, pCNT and CNT. (a) Tight and thick bundle of neurite wrapping Si micropillar. 
(b) Similar neurite behavior is observed on fully coated thus electrically insulating and mechanically stiff pCNT. (c) Tight buddle wrapping the pillar and thinner 
neurites are observed simultaneously on partially coated pCNT with lower stiffness. (d) Very thin neurite anchoring on CNT micropillars. Original SEM pictures are 
shown in Fig. S5 in the ESM. Scale bars: 2 m. 
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indicate that the topology (CNT pillar geometry) directs outgrowth; 
whereas the mechanically flexible, electrically conductive and 
nanostructured CNT micropillars provide excellent anchoring points 
for adjacent (and independent) neurites thus forming seamless 
neuronal networks that can be grown to any arbitrary shape and size. 

Experimental  
Micropillared CNT templates preparation: Multi-walled CNTs were 
grown on micropatterned templates fabricated using lift-off lithography. 
First, the photoresist was spin-coated, illuminated and then 
developed on 4” Si wafers (Microchemicals AZ®1512HS positive 
photoresist, Suss RC8 Spinner, Compugraphics 5” Cr-quartz 
photomask, Suss MA8 Mask Aligner, Microchemicals AZ®726MIF 
developer), followed by sputter deposition (Torr International Physical 
Vapor Deposition System) of an Al2O3 buffer layer (thickness of  
10 nm, PRF = 165 W, p = 2.4 mTorr, deposition rate = 0.1 Å/s) and Fe 
catalyst (thickness of ~ 1.5 nm, PDC = 30 W, p = 2.4 mTorr, deposition 
rate = 0.1 Å/s). After stripping the photoresist in acetone, the wafer 
was diced into chips of 9.5 mm in diameter using a pulsed laser 
(LPKF ProtoLaser U3, Nd:YVO4, λ = 355 nm, Pavg = 6 W, f = 40 kHz, 
τ ~ 20 ns, focal point radius of ~ 20 μm) and cleaned with acetone 
and isopropanol. Multi-walled CNTs were synthesized by chemical 
vapor-phase deposition (CVD) in a cold-walled low-pressure 
reactor equipped with a 2” heater plate (Aixtron Black Magic). The 
catalyst was first reduced in H2 (700 sccm, 25 mbar) for 5 min at 
700 °C, after which the temperature was lowered to 670 °C and 
C2H2 (20 sccm, 25 mbar) was introduced to the chamber for 28 s 
to grow vertically aligned CNTs of 10 m in height. Various CNT 
micropatterns were made including (i) squared arrays of pillars (with 
pillar footprint sizes of 5 m × 5 m and 20 m × 20 m, with 
centre-to-centre distances of 10, 45, 70 and 220 m); (ii) pillars 
along spiral patterns (pillar footprint size of 5 m × 5 m, with 
centre-to-centre distances of 10 m, and with 20 m as well as 50 m 
distances between successive turns of the spiral); (iii) pillars arranged 
in stripes (pillar footprint size of 5 m × 5 m, with centre-to-centre 
distances of 10 m, and with line spacings of 5–150 m) and (iv) 
arrays of u-shape patterns (both continuous with 5 m width and 
segmented into pillars of 5 m × 5 m in footprint size with 10 m 
centre-to-centre distances). It must be noted here that the cross- 
section of the pillars after cell plating is somewhat shrunk due to van 
der Waals forces that collapse the porous structure. After drying, 
the cross-section for the 5 m × 5 m pillars decreases to ~ 2.2 m × 
2.2 m, whereas for the 20 m × 20 m pillars it becomes 13.8 m × 
13.8 m. 
Micropillared Si templates preparation: Si micropillar arrays (with 
similar geometries to those made also of CNTs) were patterned 

on 4” silicon wafers by means of reactive ion etching (RIE, Oxford 
Instruments Plasmalab 80 Plus, P = 200 W, p = 70 mTorr, 6 sccm 
SF6 flow, 2 sccm O2 flow, temperature 20 °C with liquid N2 cooling 
of the sample holder, 40 min process time) using sputtered and 
lithographically defined Cr hard mask patterns (with a thickness of 
50 nm). After the Si etching process, the Cr hard mask and natural 
surface oxides of Si were removed with subsequent wet etching in 
aqueous solutions of 9% HClO4 and 20% (NH4)2Ce(NO3)6 as well as 
in aqueous HF (5%) buffered in NH4F (36%). Finally, the wafer was 
diced into chips of 9.5 mm in diameter using the same pulsed laser, 
and then cleaned with acetone and isopropanol. 
Passivated CNT micropillars preparation: The CNT templates were 
immersed in 3 wt.% PMMA (Degalan LP 50/02, ~ 60 kg/mol 
molecular weight) in toluene solution inside a beaker with a stand 
and a low speed stirring. After 1 min the samples were taken out 
and dried in air overnight. 

TEM: CNTs from micropatterned pillared templates were carefully 
scrapped out and suspended in ethanol. A drop of the suspension 
was dried at room temperature on Cu sample holder grids covered 
with holey carbon (HC300-Cu, Electron Microscopy Science). The 
TEM images were acquired using a JEOL JEM-2200FS transmission 
electron microscope. The outer diameter of CNTs was evaluated 
using EM measure software Beta 0.85 (Teitz Video and Image 
Processing Systems GmbH) by analyzing the distance between the 
outer dark lines at the edges of the tube walls. 

Raman spectroscopy: CNT micropillars were also evaluated with 
micro-Raman spectroscopy (Horiba Jobin-Yvon LabRAM HR800, 
Ar+ laser source at  = 488 nm). 
Atomic force microscopy (AFM): Young’s modulus of CNT and 
pCNT pillars were evaluated by using AFM (Bruker Multimode 8), 
using 10.0 μm borosilicate glass sphere probes (Novascan Silicon 
AFM probe), with Young’s modulus 14 N/m. Each cantilever used 
in this study was calibrated using touch-calibration of the Bruker 
NanoScope 9.2 software. Indentation measurements were conducted 
in air for a threshold of 50 nm absolute indentation at 3 μm/s with a 
ramp size of 500 nm. The Young’s modulus was extracted from 
50–90 micropillars by using the Hertzian (spherical) indentation 
model. This is obtained by measuring the slope on the initial 30% 
of the unloading (retract) load-displacement curve with a linearized 
model of each ramp. The results are showed as a distribution graph. 
Human NSCs culture: The human neurons used in this study were 
commercial human neural precursor cells hNP1 (ArunA Biomedical, 
Inc. Athens, GA, USA, LOT: 7003-001, p0), obtained from the human 
embryonic stem cell (hESC) line WA09. The hNP1 neural precursors 
were maintained according to the manufacturer’s instructions and 

 
Figure 4 Growth cone propagation and neurite attachment on different template materials. Lower and higher magnification SEM images of a neuron and its growth
cone spreading on (a) smooth glass coverslips surface. Scale bars, 10 μm. Less spread growth cones was observed on (b) Si micropillars and (c) CNT mciropillars. Scale 
bars, 5 μm. 
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cultured according to the published protocol [32].  
Templated cell culture experiments: CNT and Si templates were placed 
in 24-well plates and sterilized via oxygen plasma treatment for 40 s 
with power of 30 W (Plasma Surface Technology, Electronics Diener). 
Glass coverslips were used as reference templates. Two parallel 
experiments were carried out in which human NSCs were plated on 
the templates (i) right after sterilization as well as (ii) after sterilization 
and subsequent coating with laminin (20 m/mL mouse laminin in 
phosphate buffered saline (PBS), Sigma Aldrich) for 1 h.  
Cell plating: The plating density was ~ 40,000 cells/well plate. The 
cells were cultured on a Neurobasal medium supplemented with  
2 mM GlutaMax, 1× B27 (all from Gibco, Life Technologies, 
Finland) and 25 U/mL penicillin/streptomycin (Cambrex, Belgium). 
The cells were cultured on the templates for 21 days (at +37 oC, in 
5% CO2). For each analysis timepoint, a set of six samples were 
taken. During the culture, half of the medium was changed three 
times per week.  
Scanning electron micrographs: The acquisition of electron micrographs 
was carried out using a field emission scanning electron microscope 
(FESEM, Zeiss Ultra Plus). Before imaging, the cells were fixed with 
5% glutaraldehyde (Sigma Aldrich) in PBS at room temperature for 
1 h. The samples were stored in PBS until imaging. One day before 
imaging, the samples were dehydrated using ethanol solutions 
with an ascending series of concentrations (10 vol.%, 20 vol.%, 
40 vol.%, 60 vol.%, 80 vol.% and 99.5 vol.%) for 10 min each and dried 
overnight in a vacuum. Finally, the samples were sputter coated 
with Pt of ~ 5 nm (Agar High Resolution Sputter Coated 208HR). 
Three sets of samples were analysed at each timepoint (1, 2, 3, 7, 14 
and 21 days) of the experiments.  
Live/Dead staining: Cell viability was analysed with fluorescence- 
based Live/Dead viability/cytotoxicity assay (Thermo Fisher 
Scientific). The labelling kit contains two labels, Calcein-AM  
(0.1 μM, excitation = 488 nm) which stains intact cells and ethidium 
homodimer-1 (0.4 μM, excitation = 568 nm) which stains dead cells. 
The labels were diluted to be suitable for a cell culture medium at 
the appropriate concentration and incubated for 30 min at +37 °C 
on the cells. Fluorescence images were acquired with a Nikon FN1 
Upright Fluorescence Microscope. Three sets of samples were 
analysed at each time point (7, 14 and 21 days). 
Immunostaining: For immunocytochemistry, the cultures were 
fixed in aqueous paraformaldehyde (4%) at room temperature  
for 15 min. After washing in PBS, the cultures were incubated for 
45 min with a blocking solution containing 10 vol.% normal donkey 
serum (NDS), 0.1 vol.% Triton X-100, and 1% bovine serum albumin 
(BSA) in PBS at room temperature, followed by another wash with 
1% NDS, 0.1% Triton X-100 and 1% BSA in PBS. Then, the primary 
antibodies were incubated in 1% NDS, 0.1% Triton X-100, and 1% 
BSA in PBS at +4 °C overnight on the cells. The antibodies used 
were: MAP-2 (1:2,000, ab107216, Abcam, UK) and β-tubulinIII 
(1:200, NB300-213, Bio-Techne Ltd., UK). After primary antibody 
incubation, the samples were washed three times for 5 min in 1% 
BSA in PBS. The secondary antibodies (1:400) or TRITC-phalloidin 
(0.625 μg/mL, Sigma Aldrich, P1951) were incubated with the cells 
for 1 h in 1% BSA in PBS. After secondary antibody incubation,  
the samples were again washed three times for 5 min in PBS  
and left in PBS. DAPI 1:1,000 was included in the first PBS wash. 
The immunofluorescence images were acquired with a Nikon FN1 
Upright Fluorescence Microscope. Three parallel samples were 
analysed at 7, 14 and 21 days.  
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