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palavras-chave 

 
Nanotubos de carbono verticalmente alinhados, micropilares, densificação, 
hidrogéis, células estaminais neurais, eletroestimulação, lesão da medula 
espinal 

resumo 

 
O principal objetivo do presente trabalho constituiu na otimização da produção 
de estruturas tridimensionais eletro-estimuláveis à base de nanoestruturas de 
carbono/hidrogel, estudando a sua citocompatibilidade com células estaminais 
para engenharia de tecido neuronal. 

Nesse sentido foram primeiramente preparados dois padrões de nanotubos de 
carbono verticalmente alinhados (VA-CNTs) por deposição química em fase 
vapor (T-CVD): (1) floresta densa de VA-CNTs e (2) micropilares de VA-CNTs. 
Além disso, foram também estudados os substratos anteriormente descritos 
após tratamento por vapor de acetona, resultando na formação de VA-CNTs e 
micropadrões colapsados, apresentando uma morfologia com um padrão celular 
e uma semelhante a uma "flor", respetivamente. As respetivas amostras foram 
caracterizadas por microscopia eletrónica de varrimento (SEM), de transmissão 
(TEM) e foi medido o ângulo de contacto com a água (WCA). As diferentes 
amostras estudadas foram exploradas na integração com hidrogéis à base de 
gelatina metacrilada (GelMA). 

A influência dos diferentes padrões de VA-CNTs preparados foi estudada 
através da avaliação do comportamento celular com o recurso a células 
estaminais neurais (NSCs). Por ensaios de imunocitoquímica, viabilidade celular 
e SEM, foi observada a afinidade das células para com as diversas estruturas 
de carbono, em comparação com o substrato de silício (Si). Para além disso foi 
também verificada a aptidão das diversas estruturas baseadas em VA-CNTs 
como plataformas para proliferação e diferenciação de NSCs. Os substratos de 
VA-CNTs colapsados evidenciaram uma propensão para induzir a diferenciação 
celular em neurónios, possivelmente devido à sua rugosidade superficial à 
nanoescala favorecer este mecanismo biológico.  

Os resultados obtidos demonstraram que as estruturas baseadas em VA-CNTs 
favorecem a proliferação e diferenciação das células estaminais neurais, 
podendo futuramente ser aplicados como estruturas tridimensionais eletro-
estimuláveis com elevado desempenho para engenharia de tecido neural. 
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abstract 

 
The main objective of the present work consists of the optimization of the 
production of three-dimensional electro-responsive carbon-reinforced hydrogels, 
to study their cytocompatibility with neural stem cells (NSCs) for neural tissue 
engineering. 

For that matter, initially vertically aligned carbon nanotubes (VA-CNTs) with two 
different patterns were prepared by thermal chemical vapor deposition (T-CVD): 
(1) VA-CNTs dense forest and (1) VA-CNTs micropillars. Furthermore, the 
substrates previously described were studied after acetone vapor treatment, 
resulting in a cellular and “flower-like” pattern morphology, respectively. 
Structural characterization of the respective samples was made using scanning 
electron microscopy (SEM), transmission electron microscopy (TEM) and the 
measurement of the water contact angle (WCA). The integration with gelatin-
methacryloyl (GelMA) -based hydrogels were explored in the different studied 
samples. 

The influence of the different VA-CNTs prepared patterns was studied by the 
evaluation of the cell behavior with resort to NSCs. By immunocytochemical 
staining, cell viability assays and SEM, it was observed the cells affinity for the 
diverse carbon structures, in comparison to the silicon (Si) substrate. Besides, it 
was also verified the suitability of the VA-CNTs platforms for cell viability and 
proliferation. The collapsed VA-CNTs substrate made evident the tendency for 
cell differentiation into neurons, possibly due to their superficial roughness at the 
nanoscale, which favors this biological mechanism.  

The results obtained demonstrated that VA-CNTs based structures favors the 
proliferation and differentiation of NSCs, making them promising as future three-
dimensional electroresponsive structures with excellent performances for neural 
tissue engineering. 
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 Chapter 1- Framework and objectives 

The development of three dimensional (3D) arrays of vertically aligned carbon 

nanotubes (VA-CNTs) with controllable lengths and physicochemical properties remains a 

topic that generates interest from a broad range of applications across different research 

fields. In cell culture and tissue engineering applications, the VA-CNTs microstructures can 

mimic the 3D environment of native tissues and stimulate cell growth.  

The most common method for fabricating VA-CNTs, the so-called “forests”, is by 

thermal-chemical vapor deposition (T-CVD) using a continuous or patterned metallic 

catalyst films deposited by a physical vapor deposition (PVD) process. The T-CVD approach 

enables vertical self-organization of carbon nanotubes (CNTs) on a silicon (Si) substrate, 

and this mechanically favorable configuration facilitates the growth of VA-CNTs whose 

length can reach up to several micrometers. In this work, we present a deposition-growth-

densification process to produce high density VA-CNT forests and micropatterned VA-CNT 

forest. The catalyst preparation process employs alumina (Al2O3) and iron (Fe) as the 

multilayer catalyst, conventional T-CVD to grow VA-CNTs forests and the liquid-induced 

densification process to increase the density of VA-CNTs forests. During the densification 

process, cellular pattern or “flower-like” pattern of the VA-CNTs forests are formed by 

strong capillary force during solvent evaporation and Van der Waals interaction between the 

nanotubes.  

The following objective is to incorporate a hydrogel onto the grown VA-CNTs 

patterns to better mimic the in vivo environment for the seeded neural stem cells (NSCs). 

The hydrogel is the outcome of the modification of gelatin with methacrylic anhydride 

(MAA), resulting in gelatin-methacryloyl (GelMA), that can photopolymerize by the 

presence of the water-soluble lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) 

under visible light. To obtain the biohybrid, GelMA deposition was carried by spin coating 

and solvent cast onto the surface of VA-CNTs. 

Simultaneously, the cytocompatibility of the different CNTs based platforms is 

investigated in view of using them as electroresponsive platforms (see Figure 1). NSCs, 

namely NE-4C cells are seeded onto the various CNTs structures with different patterning 
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and their viability, proliferation and differentiation are analyzed over a 14 days culture 

period. 

  

Figure 1 - Conceptual illustration of the VA-CNTs application in neuro-prosthetic field. 

 

The present dissertation is divided in six chapters, including this one.  

On chapter 2, a literature review is presented about the general issues on the structure 

and synthesis of the main components of the scaffold in study, CNTs, hydrogel and NSCs, 

as well as their application on tissue engineering. On chapter 3, the experimental procedure 

of the production of the CNTs substrates is described, namely the multilayer catalyst 

preparation, synthesis and micro-patterning of VA-CNT, and the capillary driven process. 

There is also a description of the characterization techniques used and their results. On 

chapter 4, the preparation of the hydrogel is described, along with its experimental results. 

On chapter 5, the cell culture and assays required to test cell viability and the CNTs 

cytocompatibility are reported, and the results obtained discussed. Finally, chapter 6 presents 

the main conclusions obtained during this work and future work. 
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 Chapter 2 – Literature Review 

1. Nanotechnology 

Nanotechnology has flourished into the most progressive field of research as a result 

of the various applications and possibility to custom-design the properties of a material, by 

changing their composition, size and shape [1]. As this new concept is considered to be the 

future, with the most advanced manufacturing technology today, it was first introduced in 

1959 by the Nobel acclaimed Richard Feynman, which stated “The principles of physics, as 

far as I can see, do not speak against the possibility of maneuvering things atom by atom”. 

Later, the Nanotechnology National Initiative defined nanotechnology as the “understanding 

and control of matter at the nanoscale, at dimensions between approximately 1 and 100 nm” 

[2][3][4]. 

The main approach that characterizes this field of research can be divided in two 

concepts. The “bottom up” that consists of the precise arrangement of individual atoms or 

molecular building blocks where they are needed, by scanning probe microscopy or self-

assembling to create objects at nano, micro and macroscale. The second concept, on 

opposition to the previously mentioned, lies on the conversion of macro-scale systems into 

nanoscale, by a continuous of reduction operations to discard undesired elements of the 

system. For this reason, the concept is termed “top down” [2][3]. 

Nanotechnology has been and will continue to affect people’s lives. With the 

prodigious discovery of the carbon nanostructures, carbon nanotechnology became a 

significant part of the field of research for the development of Hi-Tech applications. Indeed, 

the relevance of carbon nanotubes for the scientific community was already recognized by 

the attribution of two Nobel prizes by The Royal Swedish Academy of Sciences: The Nobel 

Prize in Chemistry 1996 attributed to Robert F. Curl Jr., Sir Harold W. Kroto and Richard 

E. Smalley “for their discovery of fullerenes” [5] and The Nobel Prize in Physics 2010 

attributed to Andre Geim and Konstantin Novoselov for “groundbreaking experiments 

regarding the two-dimensional material graphene” [6]. The versability of carbon materials 

can either be found on nature [7] as well as synthetic approaches, which allows this 

technology to be applied in different areas [8]. 
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2. Carbon Nanomaterials 

Carbon is an element of superior importance, not only for life but as a functional 

material for many applications. Depending on the arrangement assumed by the carbon 

atoms, different allotropic structures with completely different properties can be expected 

[9]. The most typically studied carbon-based nanomaterials (CBNs) are fullerenes, graphene, 

and CNTs (Figure 2) [10]. These nanoparticles are not only appealing considering their high 

electrical conductivity, chemical stability, great mechanical properties, and light weight, but 

also owing to their unique optical, electronic, mechanical, thermal, and chemical properties 

[11][12]. Depending on the properties already mentioned and the structural arrangement, 

carbon nanomaterials can assume multiple classifications according to their dimensionality. 

 

 

Figure 2 - Fullerenes, carbon nanotubes, graphene represent 0D, 1D, 2D nanocarbons, 

respectively.[13] 

 

Fullerene is a polyaromatic, symmetrical, and hollow spherical cage with 60 carbon 

atoms (C60), constituted by pentagons and hexagons only, resulting in a trivalent convex 

polyhedron with exactly three sp2 hybridized carbon bonds joining every vertex [14]. They 

can be obtained by synthetic methods, carbon-arc synthesis from solid graphite, or found in 

nature or even in the interstellar space [7]. An almost infinite number of fullerenes isomers 
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can be obtained with many different shapes depending on the distribution of the pentagons 

and the number of carbon atoms [15]. Fullerenes have been explored in numerous 

applications, namely energy production and semiconductors, but also in antiviral and 

photodynamic therapies, antibacterial agents, and drug carriers in the medical field 

[9][5][16]. 

Graphene is another allotropic carbon nanomaterial composed of an atomic sheet of 

sp2 carbon arranged in a honey-comb pattern, being the first 2D crystal isolated under room 

conditions [17]. The pioneer studies were correlated to its peculiar electronic behavior under 

magnetic field at low temperature. Since the early report, many interesting properties have 

been reported for graphene, including high charge carrier mobilities of 200 000 cm−2/V s, 

high optical transparency of 97.7%, a high thermal conductivity of 5000 W m−1 K−1, a high 

Young's Modulus (YM) of ∼1 TPa and a large specific surface area of 2630 m2 g−1 [18]. It 

was considered a versatile building block for energy storage, biosensing, and anticancer 

therapies [16]. Depending on number of layers, graphene can assume different properties, 

varying from a single to multiple graphene layers [19]. 

Nowadays, a large number of graphene derivatives have been reported in the 

literature, that consist of the heteroatom doping of the 2D aromatic structure [20], namely 

graphene oxide (GO) and reduced graphene oxide (rGO), that founded interesting potential 

applications for longer-lasting batteries, more efficient solar cells, corrosion prevention, 

bending electronics and advanced medicinal technologies [18]. 

CNTs are cylindric nanostructures resulting from rolled-up in single-walled 

(SWCNTs) or multi-walled (MWCNTs) concentric graphene layers, with tunable physical 

characteristics, depending on the length, diameter, chirality, and number of layers [21]. 

SWCNTs are characterized by a diameter in the range of 0.4–2.0 nm and few μm in length, 

while MWCNTs diameters is up to 100 nm and the length from 1 to several μm. Their 

extraordinary structural, electronic, mechanical and chemical properties have been explored 

by the scientific community for applications in field emission, energy storage and electronics 

[22], as well recently showed their potential uses for the development of quantum-photonic 

devices [23]. 

A growing field for exploring the CNTs outstanding properties is related to their 

inclusion in new biomaterials for medical applications, for instance: in vivo imaging systems, 
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drug delivery and advanced scaffolds for tissue engineering, namely bone, cardiac and nerve 

regeneration [24]. 

However, there are still some concerns about the poor understanding on how to safely 

expand and apply engineered nanomaterials, which includes CNTs, that could lead to 

unknown threats to the human health and environment [25]. For this reason, the 

biocompatibility and toxicity of the nanomaterials are the most important matter when it 

comes to the use of CNTs as a biomaterial for implantation in the human body [26]. 

 

2.1.Carbon Nanotubes 

2.1.1. Structure 

CNTs are an allotropic form of carbon arranged in a cylindrical structure made of 

graphene sheets [27]. According to the number of walls, they can be characterized as 

SWCNTs and MWCNTs. The SWCNTs (Figure 3a) exhibit solely one rolled up graphene 

layer, while MWCNTs (Figure 3b) can present two or more graphene tubes, with diameters 

in the order of few to many nanometers [28]. The cylindrical structure is made of a hexagonal 

arrangement of sp2 hybridized carbon network that can provide singular properties to the 

nanostructure.  

 

 

Figure 3 - Diagram of a) SWCNT and b) MWCNT.[28] 
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2.1.2. Properties and Applications 

Depending on the rolling up direction, the CNTs properties can alter between a metal 

like conductor, with relatively high conductivity, typical for armchair tubes structures, or 

semiconductor, distinctive of zigzag and chiral structures (Figure 4) [29]. Besides the high 

conductivity of the CNTs, the nanostructure offers outstanding properties that make it a very 

interesting approach for research. Along with their excellent electrical potential, the material 

also retains superior YM with high tensile strength, exceptional thermal conductivity, and 

chemical stability [30][31]. Due to their properties, CNTs revealed themselves has an 

adaptable application for different fields of engineering such as: structural reinforcement in 

composites, coatings (considering their hydrophobic nature), nanoelectronic devices, 

batteries, sensing devices, among other examples [32]. Taking into account their carbon 

purity and length [26], CNTs show high biocompatibility, low toxicity, and immunogenicity, 

fitting them as an ideal candidate for biomedical applications. In this context, the 

biocompatibility can be defined as “the ability of a material to perform with an appropriate 

host response in a specific application” [33]. Biosensors, drug delivery systems, growth 

substrate, and composites for implants or scaffolds, are given as application examples 

[34][35]. Nevertheless, it should be stressed out that the success of CNTs technology in 

biomedical field is dependent upon the continuation of research into the toxicology of CNTs 

and their related biomaterials. 

 

 

Figure 4 - CNT configurations: zigzag, armchair, and chiral.[29] 
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2.1.3. Synthesis of VA-CNTs 

Vertically aligned CNTs also known as VA-CNTs forests or arrays, present 

outstanding properties and a great potential for a wide variety of applications such as 

functional material benefiting from the vertical alignment morphology. The CNTs can be 

grown by different preparation methods, in particular high-temperature methods. For the 

growth of high-quality VA-CNTs on solid substrates a catalytically driven T-CVD process 

is the most often used approach, allowing tunability of the resulting VA-CNTs material 

properties [3]. To this end, a catalyst composed of metallic element combined with a buffer 

layer, which should be deposited on a solid substrate before the deposition of the metallic 

catalyst thin film, such as iron, nickel, or cobalt (Fe, Ni or Co). The buffer layers are used to 

prevent the diffusion of the metallic catalyst into the substrates (e.g., Si wafer), in order to 

improve the CNTs yield growth process. In this way, it is very important to produce high-

quality buffer layers, such as alumina, titanium nitride or titanium dioxide (Al2O3, TiN or 

TiO2) [36]. The catalyst composition containing a dedicated combination of elements 

ranging from metallic to oxide ceramics thin films, which is commonly classified as 

multilayer or binary catalyst. The synthesis of CNTs is divided into three main methods such 

as electric arc discharge (EAD), laser ablation (LA) and chemical vapor deposition (CVD). 

Therefore, each method will grant CNTs distinctive yield, morphology and degree of purity 

[37]. 

i. Electric Arc Discharge: an electric arc discharge is caused by two cylindrical 

graphite electrodes inside a steel chamber with inert gas. As the electrodes get 

closer, the current starts to flow and generates plasma between them. The 

temperature reached is on the range of 3000 to 4000ºC, which leads to the 

graphite sublimation at the electrodes [38]. This technique has been explored 

for the synthesis of both, SWCNTs and MWCNTs, and present as a main 

advantage the simple setup, the possibility to obtain high product yields with 

fewer structural defects in comparison with other methods. As main 

advantages, it requires high temperature and purification steps of the final 

products (tangled nanotubes). 

 

ii. Laser ablation: the process is resultant of vaporizing a graphite electrode 

through a high-powered laser. When the graphite inside the quartz involucre 
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reaches temperatures on the order of 1200ºC, the tube is filled with an inert gas. 

Then, the laser sweeps across the graphite surface, vaporizing it and forming 

CNTs [38]. The main advantages of this technique consist of a relatively high 

production yield and relatively low metallic impurities on final structure of 

CNTs. On other hand, the main disadvantage is the heterogeneity of the 

produced CNTs and is considered an expensive process that have been limiting 

their application mostly to the lab scale. 

 

iii. Chemical vapor deposition (depending on the activation source of the reactant 

gases i.e., thermal- or plasma enhanced-CVD): this method needs a set of 

metallic catalyst particles (Fe, Ni, Co) on a furnace with temperatures varying 

between 500 and 700ºC. The nanotubes are formed by the decomposition of 

the carbon gas precursors on a substrate previously coated with a catalyst [38]. 

This method presents as main advantages, the economically viable and large-

scale production of high purity CNTs and easy control of the reaction 

parameters and possibility for aligned growth. Nevertheless, the synthesis 

products usually consist in MWCNTs and the catalyst particles can remain 

inside of the nanotube structure, after their growth. 

 

2.1.4. Synthesis of VA-CNTs by CVD  

From the practical point of view the CVD growth of CNTs can be divided mainly 

into four steps: (i) initially, the chamber goes through the heating phase, followed by the 

argon (Ar) flow, in order to stabilize synthesis temperature, (ii) the pre-treatment of the 

catalyst begins. This step operates in a reducing gas environment, with Ar and hydrogen (H2) 

flow where de Ar is used as a carrier gas [39]. The pre-treatment phase is responsible for the 

formation of active catalysts nanoparticles (Fe, Ni or Co) over the substrate, so that later 

CNTs can nucleate and grow [40]. (iii) The CNTs growth process initiates, with the presence 

of Ar, H2 and acetylene (C2H2). The C2H2 is used as the carbon source, that leads to the 

formation of metastable carbon molecules, which diffuse down for the growth of the CNTs. 

The CNTs growth process is divided into two main chemical mechanisms (Figure 5): 
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(a) the ‘tip-growth’, that occurs when the catalyst particles are not well fixed on the 

substrate, leading to its lift upon the CNT growth; and (b) the ‘base-growth’ that consist of 

the remaining of the particle attached to the substrate [40]. (iv) The last step consists of the 

decrease of the furnace temperature while filled with Ar, for cooling stage and removal of 

reaction by-products. 

 

Figure 5 - Different growth mechanisms of CNTs using T-CVD. a) Tip-growth 

model, b) Base-growth model.[41] 

 

2.1.5. Exohedral Funcionalization of CNTs 

The CNTs surface takes a relevant part on the interaction of the nanostructures with 

their involving environment. The properties responsible for this behavior are the 

hydrophobic nature of the nanotubes, that makes them insoluble in water as well as in the 

most common organic solvents and the agglomeration of the CNTs is a consequence of the  

strong Van der Waals forces between  the nanotubes [42]. On the other hand, the 

functionalization of the nanotubes induces the weaken of the strong hydrophobicity, leading 

to increased dispersibility on water solutions, allowing the bond with the graphene surface, 

enabling the creation of hybrid materials [37]. Hereby, to obtain a versatile structure, with 

tuned electrical and chemical properties while preserving its intrinsic properties, prone to be 

used in the diverse scientific and technological areas, therefore the CNTs functionalization 

must be considered towards the intended application [39]. From the practical point of view, 
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exohedral functionalization consists on the attachment of functional groups or molecules on 

their external surface walls [43]. 

The external surface functionalization of the CNTs can be explored using two 

different approaches according to the type of the chemical bond stablished: covalent and 

non-covalent. The typical covalent functionalization involves the linkage of functional 

groups to the main body of the CNTs, by covalent bonds (Figure 6). The defective carbon 

atoms present on the walls or at the tips of the CNTs, can be oxidized by strong oxidants, 

generating carboxylic acid groups. The functional group can then be converted into acid 

chloride and esterified, to increase the CNTs reactivity, and allow the attachment of 

hydrophilic molecules [29]. However, many other approaches have been developed so far 

for the chemical covalent functionalization of CNTs surface or inner cavity [44]. 

 

 

Figure 6 - Schematic representation of the different approaches for CNTs covalent surface 

functionalization.[44] 

 

The non-covalent strategy is based on physical bonding, as it involves Van der Walls 

forces, hydrogen bonds, electrostatic forces and π-π interaction, to attain the physical 
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adsorption of molecules in the CNTs sidewalls. Non-covalent functionalization can be 

divided into two main methods that takes advantage of the aromatic nature of the CNTs 

surface (Figure 7). The first approach lies on the wrapping of surfactants or polymer chains 

on the nanotube’s walls, and the other one is accomplished by π- π stacking interactions 

between aromatic rings of grafted materials and π-electrons of graphitic sheets on the surface 

of the nanostructures. The grafted surfactants and the polymer act as dispersing agents in 

order to increase the CNTs solubility in aqueous solutions or increment their compatibility 

for integration in many different polymeric, metallic or ceramic matrices. This non-covalent 

strategy have been widely explored in biomedical applications, due to the high affinity 

between the nanostructures and biomolecules, like DNA, RNA, peptides and enzymes 

[29][45]. 

 

 

Figure 7 - Two non-covalent approaches to functionalize the CNTs.[29] 

 

In summary, the covalent functionalization of the nanotubes enhances their 

processability and functionality, acting as a more stable and robust approach in comparison 

to the non-covalent strategy. Nonetheless, the disruption of the π networks on the nanotubes 

structure can strongly affect their physical and chemical properties [29]. 
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2.2.Carbon Nanotubes in Tissue Engineering 

The use of CNTs becomes relevant for tissue engineering as a nano-filler, not only 

due to its advantageous properties, as cellular uptake, high stability, and electromagnetic 

behavior, but also owing to the crosslinking of these nano structures to hydrogels [46]. 

Hydrogels are characterized as a biocompatible and biodegradable polymeric network, 

complemented with a hydrophilic environment, capable to mimic the architecture and 

properties of the soft tissue [47]. 

Therefore, these hybrid systems have been gaining great importance in tissue 

engineering, as scaffolds for organ growth, 3D printing and bio-sensing applications [46]. It 

is important that certain properties are maintained to ensure the recolonization and proper 

function of cells and tissues, exhibiting high mechanical strength and significant 

conductivity of the material, along with the mechanical resistance, biocompatibility, good 

cell adhesion and cross-linked networks. However, the use of CNTs demands the regulation 

of the cytotoxicity and nanotubes purity, by means of their concentration, which may affect 

cell viability [46]. 

Many studies have indicated and concluded about the potential toxicity of CBNs and 

CNTs, on either single- or multi-walled CNTs [48][49]. The groups most affected by this 

possible hazardous material are the ones that generate and handle it, as they are susceptible 

to the material inhalation, ingestion, or cutaneous absorption [50]. However, in the particular 

study case, the CNTs are fixed to a substrate, which means that the possible danger brought 

by the material occurs once it is implanted.  

Early reports showed that histopathological studies determined that SWCNTs induce 

acute and chronic pulmonary pathologies [51], systematic damage in the blood chemistry 

[52], liver [53] and cardiovascular system [54], further MWCNTs exposure has led to 

oxidative stress on cells [55][56], development of pulmonary fibrosis [57] and lung tumors 

[58], inhibition of growth, viability, photosynthetic properties, decreased metabolic activity 

[56], increase in cell death rate [59].  

However, the toxicity of the CNTs depends on various parameters such as their size, 

length, shape, surface area, tendency for agglomeration, as well as the presence and nature 

of catalyst residuals generated during the fabrication process of CNTs [29]. Interestingly, 
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the high aspect ratio of CNTs  makes them unusual for toxicological investigation in that 

they share shape characteristics with both nanoparticles and fibers [60]. Studies showed that 

not only the nanostructure morphology was a factor, but the low toxicity of the MWCNTs 

could also be related to their hydrophobic properties, which affected the contact between 

MWCNTs and cells [59][50]. These characteristics are schematically represented in Figure 

8. 

 

 

Figure 8 - Schematic illustration of several factors that might cause CNTs toxicity.[29] 

 

Prato et al. reported that the introduction of hydrophilic moieties to CNTs allows the 

formation of less biologically active nanostructures, with easier transport along the organism 

(e.g. circulatory system, tissue parenchyma), therefore reaching the CNTs biocompatibility. 

Another aspect to take into consideration is the CNTs biodegradability which can be 

facilitated by their chemical functionalization and structural defects. In fact, it has been 

shown that functionalized CNTs can be degraded by oxidative enzymes [26]. S. Alidori et 

al. [61] studies demonstrates that the biological effects of ammonium-functionalized carbon 

nanotubes (f-CNT) were recently conducted in nonhuman primates using quantitative whole 

body positron emission tomography (PET). The data obtained revealed almost full 

elimination of the injected activity (>99.8%) from the primate within 3 days (t1/2 = 11.9 

hours). These results revealed that when CNTs are accurately nanoengineered they can 

present a significant potential for the design of sophisticated nanomedicines to aid late-stage 

development and human clinical use [61]. However, Xuefei Lu et al. recently reported that 

a single dose (60 μg) of long CNTs (20–50 μm), per mouse, introduced to the lungs via 

intratracheal instillation 120 days before breast cancer induction, enhanced metastasis of the 
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breast cancer cells compared to control mice [62]. In fact, it is important to notice that the 

application of CNTs for biomedical invasive applications remain a research topic of big 

debate in the scientific community [63]. In addition, CNTs safety should be evaluated by 

subjecting them to toxicity tests for implantation, cytotoxicity, carcinogenicity, genotoxicity, 

and accumulation in organs [24]. The electrical properties of the f-CNTs can be explored in 

the elaboration of scaffolds for electrically sensitive tissues applications. The f-CNTs with 

the intended functionalization, are able to mimic the behavior of certain tissues, such as the 

cardiac muscle and the neural tissue [16][37][64]. These being the ones with the maximal 

application, as tissues that perform the propagation of electrical signals. Correa-Duarte et al. 

also demonstrated that cell proliferation and differentiation are enhanced considering the 

ability of CNTs to reproduce a 3D architecture that resembles the natural morphology of the 

tissues [65]. 

 

2.2.1. Patterned CNTs  

Surface properties and morphology of scaffolds were given great importance 

considering the cell response to the biological material, owing to their environment capable 

of stimulating cell adhesion, proliferation, and orientation. Recent studies have shown the 

promising effects of topographical patterns on cell viability, when complemented with the 

use of a support material as CNTs, on the study of cell growth in tissue engineering [66]. In 

this regard, patterning of VA-CNTs into a micro/nanometer scale structure has shown to be 

a promising tool [66][67]. Therefore, arranging VA-CNTs in arrays of bundles creates free 

space between the bundles allowing a high contact guiding ability for cell growth onto 

nanotube surface of the biohybrid [67]. For instance, the capillary driven method is a good 

alternative to modify the VA-CNTs micropillars obtained by micro-patterning the metallic 

catalyst assisted by shadow-mask. In this simple approach the densification of VA-CNTs 

micropillars is accomplished by exposing them to acetone vapors. The use of locally directed 

actions, such as mechanical stresses, capillary forces, along with their interactions with 

templates, offers opportunity to create novel self-organized geometries and to design 

fabrication processes that achieve attractive combinations of dimensional control and 

throughput (Figure 9). 
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Figure 9 - Illustration of CNT forest growth and capillary forming.[68] 

 

3. Biohybrid 

Biomaterial-based scaffold hold great potential for tissue engineering and 

regenerative medicine as a result of their morphological porous architecture which grants 

cell ingrowth and matter transport, facilitating new tissue formation and the biomaterial 

degradation. The envisaged biohybrid is composed of three complementary components: 

CNTs that appear as a supporting structure able to provide conductivity to the biomaterial; 

an hydrogel responsible for the soft tissue-like properties, creating an aqueous 

microenvironment simulating the extra cellular matrices (ECM) structure; and the cells that 

combined with this scaffold will support axonal regrowth, reinstate the neural circuitry and 

regenerate growth potential by scaffold integration [69][70]. 

 

3.1.Hydrogel 

Hydrogels can be broadly classified as water swollen crosslinked polymer network, 

having ≥ 90% of water content by weight [47][69]. This biomaterial can be categorized into 

two classifications: the naturally and synthetically obtained hydrogels. Either type has its 

benefits and applications. 
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Hydrogels obtained from natural polymers possess natural ligands which contributes 

to increased adhesion to the cells, typical from ECM. Besides, various hydrogels made of 

natural proteins are biodegradable and biocompatible, complemented with a supportive 

nature during cell attachment. Nevertheless, this type of hydrogel still has some downsides, 

like the properties irregularities on the preparation of every batch, and the difficulty to 

synthesize and process [47]. Natural polymers are divided into proteins and polysaccharides. 

Protein-based hydrogels, made of ECM-derived proteins, include for instance collagen, 

gelatin, Matrigel® and GelMA. Polysaccharides includes chitosan, alginate, agarose, 

hyaluronic acid, and methylcellulose, and are extensively used in neural tissue engineering 

applications [71]. 

Otherwise, synthetically obtained hydrogels have the benefit of being chemically 

customized in order to match the needs of application and usage of the material, however 

they lack the natural polymer characteristic, cellular adhesion which can be enhanced via 

functionalization with ECM proteins [47]. The mostly used synthetic polymers are poly-

lactic acid (PLA), poly-ϵ-caprolactone (PCL), poly-lactic-co-glycolic acid (PLGA), poly-

glycolic acid (PGA) and polyethylene glycol (PEG), widely used in neural tissue engineering 

[69][72]. 

The features that make hydrogels such an appealing biomaterial for this field of 

research are not only the characteristics already mentioned, both by natural and synthetic 

polymers, but their morphological, chemical, and mechanical properties which allow them 

to be used for neural tissue engineering. The most relevant features include: (i) 

biocompatibility to enhance cell adhesion, proliferation and differentiation; (ii) 

biodegradability at a close-matched rate of the new tissue formation and its final removal 

from the system; (iii) neural transmission to support neurite growth and neural regeneration; 

(iv) appropriate mechanical properties in order to relief stress from the lesion region, 

stabilize the material for culture and influence cellular mechanotransduction (the conversion 

of mechanical information from the microenvironment into biochemical signaling); and (v) 

porosity, enabling a similar scaffold to the ECM of the natural tissue, permitting 

vascularization, cell dispersion and exchange of waste and nutrients (Figure 10) [69][70]. 
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Figure 10 - Schematic illustration of neural scaffold relevant features.[69] 

 

3.1.1. GelMA 

Gelatin as a biomaterial used for the manufacturing of hydrogels is derived from the 

parent protein collagen via heat denaturation and partial hydrolysis procedures, maintaining 

the bioactive sequence of collagen and consequently retaining its capacity to promote cell 

functions as adhesion, migration, proliferation and differentiation [73]. This natural 

polymers is also very important because of its degradability, biocompatibility in vitro as well 

as during implantation, and its integrin recognition RGD (Arg-Gly-Asp) motif along its 

backbone, relevant for the effective interaction of biomaterial with cells [47]. Furthermore, 

gelatin is less immunogenic than collagen, as it presents less aromatic groups [74].  

Owing to the facile access to gelatin, as it can be obtained from different by-products 

of animals. To create a physical hydrogel, raw gelatin must be at specific concentrations and 

temperatures, and still shows low mechanical strength [74]. It is possible to improve this 

property by a number of crosslinking strategies, including the use of crosslinking and 

chemical modification to support photo-crosslinking [75].  
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The selected technique is the chemical modification by the use of MAA to support 

photo-crosslinking, as this method provides faster and uniform in situ curing. MAA is the 

most vastly used and for this reason, the product GelMA has been used in distinct bio-

applications, inclusively with different types of cells and composite materials [74]. GelMA 

can assume a chemically crosslinked hydrogel stage by visible or UV irradiation, depending 

on the photoinitiator used.  

The photopolymerization process is expressed by the irradiation of a polymeric 

solution with the appropriate light wavelength, causing the photoinitiator to produce free 

radicals, ions or photoinduced step-growth polymerization, that will initiate polymerization 

with the monomer and lead to the crosslinked hydrogel. Nonetheless, the reaction rate of 

photopolymerization and the hydrogel biocompatibility can still vary with the light intensity, 

concentration and efficiency of the photoinitiator, such as the choice of materials which 

require good biocompatibility, biodegradability and functionality, as the material properties 

affect the network structure and mechanical properties of the hydrogels. By this means, the 

selection of appropriate photoinitiators and materials can reduce or avoid these problems 

once applied to a practical application [76]. 

For MAA, the photo-crosslinking is reactive to visible light, as shown in Figure 11.  

 

 

Figure 11 - Illustration of the synthesis of GelMA and hydrogel formation under visible light.[77] 

 

3.2.Neural Stem Cells 

Stem cells, which have the ability to replenish and multi-potently, under proper 

conditions, differentiate into various cell types with distinct biological functions, have been 

considered a major part in the field of regenerative medicine. Advances in nanomedicine and 
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the crucial impact in neurological research, are the reasons that led great interest into 

developing strategies to promote and control cell proliferation and differentiation, in order 

to further comprehend the central nervous system (CNS) [78].  

In biology it is know that all cells originate from undifferentiated stem cells that can 

renew themselves or rise to more specialized cell types. Therefore, cell selection is vital for 

tissue engineering since they must imitate the physiological situation of the cells in vivo and 

maintain their functions under optimized conditions [69]. Very relevant for tissue 

engineering, mesenchymal stem cells (MSCs), NSCs and embryonic stem cells (ESCs) can 

be differentiated into various cells. However, the most relevant cell line in this study case 

are the NSCs. This can be specialized into the neuronal or glial progenitors, and 

consequently neurons or astrocytes and oligodendrocytes, respectively, as represented in 

Figure 12.  

 

 

Figure 12 - Neural stem precursor cells (NSPCs) differentiation into neural cells of 

the CNS.[79] 
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Hence, the main ambition on using this cell line is to enable their use conjugated with 

a specific patterned substrate (CNTs) into damaged tissues, to achieve the tissue regeneration 

[80]. 

 

3.2.1. Neuronal Growth 

The nervous system, as mentioned previously, forms a vastly complex cellular 

communication network with an elaborate morphology of extending neurites (axons and 

dendrites) across great distances. The neurites growth and synapses formation is achieved 

and controlled by a highly specialized structure on the tip of the neurite (growth cone) [81]. 

The neuron cell morphology can be observed in Figure 13. 

 

Figure 13 - Illustration of the typical dendrites (left) and single axon (right) from the neuron 

cell.[82] 

 

In order to use neural stem cells for spinal cord repair, the promotion of axonal 

growth and the achievement of long-distance regeneration are the two main factor in 

experimental strategies. Some of the existing techniques are pharmacological intervention, 

functional electrical stimulation and physiotherapy. Besides, the substrate properties have 

also an important role on cells structure and function, granting the capability to direct and 

guide live cells. Previous studies have demonstrated that the correlation between CNTs and 

cells caused diverse cell behavior alterations, like a decrease on astrocyte formation and 
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macrophage density, an increased on neuronal electrical signaling, and an enhanced NSCs 

differentiation into neurons [78]. Also, it was also demonstrate that the interaction between 

CNTs and cells is greatly dependent of the surface roughness of the substrate, since it affects 

the anchoring to the neuronal cells [83]. 

For this reason, the use of patterned CNTs substrates emerged as an novel alternative 

for forming scaffolds to guide neurite outgrowth, with the supplementary potential to ensure 

electrical signal transmission through the neurons, to stimulate cell proliferation and neurite 

extension, but also endorse cellular migration and  intracellular connection [84][85]. 

 

3.3.Integration of the Bioink into VA-CNTs 

The integration of the bioink into the VA-CNTs is a very challenging step. The 

hydrogels, as explained in previous sections have proven relevant on cell culture 

applications, as it can regulate their behavior and provide an appropriate biocompatible and 

biodegradable environment for cell attachment, expansion, and differentiation. Therefore, 

hydrogel faculties for tissue engineering are similar to those presented by the natural ECM 

[47]. Bioinks are for this reason, a biomaterial containing biologically active components, 

acting as a cell-laden medium during its formulation and printing, as it is differentiated in 

Figure 14. Bioinks used for bioprinting usually contain hydrogel or hydrogel precursors, 

decellularized matrices, separate cells, cell/tissue spheroids, bioactive molecules, growth 

factors, proteins among other [73].  
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Figure 14 - Distinction between a bioink (A), where cells are a mandatory component 

of the printing formulation in the form of single cells, coated cells and cell aggregates 

(of one or several cell types), or also in combination with materials (for example 

seeded onto microcarriers, embedded in microgels, formulated in a physical hydrogel, 

or formulated with hydrogel precursors), and a biomaterial ink (B), where a 

biomaterial is used for printing and cell-contact occurs post-fabrication [86]. The 

images in this scheme are not displayed in scale. 

 

As the field of biomaterials is continuously improving, the complexity of the cell 

culture systems increases with it. Therefore, the development of a bioink and its arrangement 

on a substrate, in order to accomplish cell growth support and conductive properties for the 

scaffold on development, is one of the ambitions of tissue engineering [70]. However, 

bioprinting of bioinks is still a challenge to overcome because of the inadequate shear tinning 

behavior and viscosity of bioinks, such as GelMA. The techniques used to address this issue 

will be aboard next. 

 

3.3.1. Cell Seeding 

The production of 3D scaffolds, either made of natural or synthetic polymers have 

been accomplished by multiple methods like gas foaming, melt molding, electrospinning, 

and phase separation, but still the scaffold morphology (shape, inner channel configuration, 

pore size, …) cannot be totally modulated by these methods. Furthermore, the techniques 



24 

 

mentioned are not suitable to produce scaffolds with cells, as a consequence of their rough 

processing conditions [69].  

From a printability point of view, the scaffold and hydrogel must show the following 

properties: (i) shear thinning behavior (viscosity drop) to prevent the cells from high shear 

stress during extrusion and therefore improve cell viability; (ii) high viscosity restorability, 

once the bioink is printed; (iii) high self-supporting behavior to retain the spreading of the 

printed bioink and support the weight of the top layers; (iv) biodegradable, with minimum 

toxicity (hydrogel and by products); and (v) cross-linking ability to offer stability. To assure 

the permanent network of the hydrogel, the bioink can be submitted to two strategies, the 

photo and ionic cross-linking [73]. 

Therefore, new methods have been accessed to easily arrange the dimension and 

shape of the scaffold to allow cells integration. 

 

3.3.2. Conventional Deposition Techniques 

The conventional methods to deposit the biohybrid into the CNTs substrate are 

solvent-casting and spin-coating. These are techniques have the advantages of low cost. The 

same functional potential as other methods and the formation of a uniform thin layer on the 

support surface [87][88]. 

In the solvent-casting method, a drop of liquid containing the suspension of interest, 

this mean, the neural stem cells embedded into GelMA, is deposited on the carbon-based 

nanostructure, ideally until full coverage and spread on the CNTs surface.  

As alternative, in the spin-coating technique, a small amount of bioink is deposited 

onto the center of the substrate, and afterwards it is rotated at high speed in order to spread 

the coating polymer by centrifugal force. In general, the higher the rotation speed, the thinner 

the coating layer.  

The last approached method consisted of the confluence of the two methods 

aforementioned, starting by the spin-coating of a thin layer of bioink into the CNTs substrate 

and later the deposition of the same bioink solution drop by solvent-casting. On both of the 

techniques, the bioink is submitted to physical gelation under visible light right after the 
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deposition and spread of the GelMA embedded with the NSCs, enabling the formation of a 

complex 3D matrix. The schematic illustration of the two methods can be observed on Figure 

15.  

 

 

Figure 15 - Schematic illustration of the a) solvent-casting and the b) spin-coating 

method. 

 

3.3.3. 3D Bioprinting 

Nowadays, 3D printing has been growing and gaining significance as a tool for tissue 

engineering. This is mostly due to the advances in this technology, when dealing with cell 

biology and material science, allowing the fabrication of personalized, and programable 

scaffolds. Owing to this, 3D bioprinting is an alternative to the construction of tissue-like 

biomimetic biohybrids, capable of reproduce the precise anatomy of the site of regeneration 

[89][90].  
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Figure 16 - Overview of different types of bioprinting techniques.[47] 

 

Bioprinting can be divided into three main categories: inkjet bioprinting, robotic 

dispersion and laser-assisted bioprinting on the basis of printing processes as illustrated in 

Figure 16 [75]. The method approached in this work study is the pneumatic driven as a result 

of robotic dispensing, as seen in Figure 17. The extrusion of the continuous bioink filament 

is assisted by pressurized air on a layer-by-layer deposition, through a movable nozzle acting 

as the print head of the bioink into the CNTs substrate [91].  

 

 

Figure 17 - Schematic demonstration of the pneumatic driven extrusion 

system.[92] 

 



27 

 

3.4.Spinal Cord Injury 

The reason that led CNTs biohybrids to show great potential in tissue engineering is 

their favorable surface for cellular growth, neural signal transmission and great environment 

for cell proliferation and differentiation [93]. These main properties are crucial since neural 

cells are in control of the transmission of information of stimuli, such as touch, sound or 

light, as electrical and chemical signals throughout the nervous system up to the spinal cord 

and brain. Thus, the strategy to aboard with the application of nanomaterials to neuroscience 

is to assemble a scaffold capable to regrowth, restoration, or repair degenerated neurons and 

nervous tissues. 

Along these lines, the nervous system can be divided in two groups, the CNS, and 

the peripheral nervous system (PNS). CNS is responsible for conducting signals between the 

brain and the spinal cord, and the rest of the body. However, opposite to PNS, the CNS has 

a low capacity to self-repair, due to its complexity, which can lead to the loss of function. 

This CNS disease is named spinal cord injury (SCI), and it causes the loss of neural cell 

bodies, axons, and glia support, in response to physical damages or neurodegenerative 

diseases.  

Hence, CNTs biohybrids and their derivatives have been used in research for the 

formation of scaffolds capable of promoting neuronal growth and functionalization, calling 

upon their electrical conductivity, overcoming the traditional nerve grafts [94][95]. 

Caleresu et al. and Pampaloni et al. have studied the use of nanostructured materials 

and nanosized-topographies made of polystyrene/CNTs nanocomposites and CBNs as 

components of neuroregenerative film interfaces, respectively, on the performance of 

implantable biodevices, to increase sensitivity and selectivity, while reducing tissue 

reactivity. The authors could successfully prove the predisposition of the platforms/carpets 

to integrate neuronal circuits, cultured networks, reduce neuroglia formation and assume 

high network activity, demonstrating promising results for the implementation of the 

structures on neuro-prosthetic or neurostimulation devices,  and enhance the recovery of 

lesioned brain cultures for devices in regenerative medicine and tissue engineering [96][97].  
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On other studies, Imani et al. showed the possibility to develop a CNT/Nafion 

nanocomposite to promote regeneration of axons into the lesion cavity and achieve 

functional recovery after SCI, of hind limbs in a rat model [98].  

However, on a more similar perspective to this work, recent studies have explored 

the use of 3D micropatterned CNTs templates to direct neurite stem cell growth, taking 

advantage of the mechanical flexibility, electrical conductivity and texture of the CNTs 

micropillars, leading to enhanced therapeutic effects within injured spinal cord or peripheral 

nerves [99]. Vasconcelos et al. has also coupled the use of CNT to a photopolymerizable 

hydrogel and an anti-inflammatory molecule to be used in situ on SCIs, resulting on a CNTs 

functionalized safe scaffold with photopolymerization compatible with cell viability [43]. 

In this work, the ECM analogue is achieved by the existence of the CNTs embedded 

on the cell proliferation environment [100][101], to develop conductive nerve conduits for 

SCI treatment (Figure 18) [102]. 

 

 

Figure 18 - a) Schematic demonstration of the spinal cord in the human body. b) Conductive 

nerve conduits for spinal cord injury treatment. c) Structure of the conductive hydrogel.[102] 

 

Besides its mechanical reinforcement, the nanostructures can also boost neuronal 

signaling, by the application of an electrical stimulation to it, enhancing neuronal 

performance, regeneration, and outgrowth [103]. 
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 Chapter 3 – Synthesis of 3D micropatterned VA-CNTs 

1. Experimental 

1.1. Multilayer catalyst preparation 

Figure 19 provides a generic schematic illustration of the VA-CNTs synthesis 

process via T-CVD, and prior to the nanotubes growth process there is a need to prepare a 

multilayer catalyst supported on solid substrate. In this way, polished silicon (Si (100)) 

wafers from SILTRONIX with 300 nm thermally grown silica (SiO2) were used as substrates 

which had been sequentially coated by ~10 nm Al2O3 and ~17 nm (10 min of deposition 

time) Fe films by PVD from an oxide ceramic Al2O3 target and from a metallic Fe solid 

target, respectively. In particular, radio frequency (RF-) was used for the ceramic and direct 

current (DC-) magnetron sputtering for the metallic film materials. 

 

 

Figure 19 - Schematic illustration of the VA-CNTs growth via T-CVD. 

 

The Fe deposition occurs when a DC power is applied to the target in an inert 

atmosphere of Ar (10 sccm). The surface of the target is eroded by high-energy ions (Ar+) 

within the plasma, and the released atoms travel through high vacuum atmosphere and 

deposit onto Si/SiO2/Al2O3 substrate to form a thin film, while the Al2O3 diffusion or buffer 

layer was previous deposited by using a RF power supply and a reactive atmosphere 

comprised of Ar (10 sccm) and oxygen (O2; 3 sccm). Here, the combined oxide layers 

(SiO2/Al2O3) act as diffusion barriers, avoiding the formation of catalytic inactive iron 

silicides. The experimental parameters are summarized in Table 1. Additionally, the PVD-

process allows the deposition of patterned Fe thin films via shadow masking. This mask 

simply stops material from being deposited onto a Si wafer substrate in a desired pattern 
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overlay, creating a ‘shadow’ area on the substrate on which no material is deposited, in order 

to achieve the desired Fe catalyst pattern. The shadow masking technique consists of a 

circular hole array metallic mask with 500 µm diameter holes and a constant interspacing 

distance of 400 µm. 

 

Table 1 - PVD (RF- and DC-magnetron sputtering) experimental parameters. 

 Al2O3 Fe TiN 

Base pressure (kPa) 3.0 × 10-4 

Working pressure (kPa) 6.0 × 10-3 4.8 × 10-3 

Current (A) - 0.06 0.02 

Power input (W) 70 30 20 

Flux of Ar (sccm) 11 

Flux of O2 (sccm) 3 - - 

Deposition time (min) 30 2, 4, 8, 10 90 

 

1.2.Synthesis of VA-CNTs 

The VA-CNTs growth was carried out on a home-made tubular T-CVD reactor 

(horizontal quartz tube with an outer diameter of 5 cm) equipped with various gas delivery 

lines and standard mass flow controllers, connected to PC station for automatic operation 

(controlled by DAYSLab software), to control the flow of the different reaction gases, as 

shown in Figure 20. 

 

Figure 20 - Schematic illustration a) and digital image b) of the T-CVD used for the 

VA-CNTs growth. 
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In a typical T-CVD run (Figure 21), the as-prepared Fe substrate is placed into quartz 

tube chamber of the reactor and evacuated with rotary pump (3.0x10-2 kPa). Afterwards, the 

chamber is refilled with Ar up to atmospheric pressure. Then, the substrate is pulled to the 

center of the reactor and the annealing step is initiated. First, in Ar flow (1000 sccm; step I) 

and then, in a reductive flow of Ar (200 sccm) and H2 (500 sccm) for 1 min (step II). In this 

stage of the growth process the Fe thin film is broken into catalyst nanoparticles from where 

the nucleation will take place. Subsequently, the VA-CNTs synthesis (step III) is undertake 

with a gas mixture of C2H2 (10 sccm), H2 (100 sccm) and Ar (400 sccm), at 725 °C and 

during 8 min or 15 min followed by a cooling stage until reaching room temperature (step 

IV). The total gas flow is fixed at 510 sccm, for all the experiments.  

 

 

Figure 21 - Schematic illustration of the different process steps for growing 

VA-CNTs by T-CVD. 

 

1.2.1. Micro-patterning of VA-CNTs 

The micro-patterning of VA-CNTs was carried out by a shadow mask method. As 

mentioned above, the VA-CNTs growth by T-CVD process initiates through the catalyst 

preparation on a solid support (Si wafer) through the deposition of metallic thin films (i.e., 

Fe) by means of PVD technique. Moreover, the PVD offers the possibility of deposition 

continuous thin films or patterned thin films with a shadow mask (stencil) on the top of the 

Si substrate (Figure 22a). The aim of the patterning the Fe catalysts thin film is to produce 
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VA-CNTs bundles arrays that occupied a circular area of around 500 μm diameter and from 

450 µm to 1000 µm spacing (Figure 22b). In Figure 23 can be observed a schematic 

illustration of the different morphologies obtained by CNTs growth. 

 

 

Figure 22 - Schematic illustration of the fabrication of micropatterned VA-CNTs by shadow mask. 

a) I. Fe layer catalyst thin film by PVD, II. Mo shadow patterned masking and III. Si/SiO2 substrate 

with a thin film of Al2O3 by PVD: polished Si wafer. b) Micropatterned VA-CNTs growth. 

 

 

Figure 23 - Schematic representation of the various VA-CNTs morphologies. 

 

1.2.2. Capillary driven patterning 

An alternative method to obtain the patterned CNTs substrate is by capillary forming, 

proposed by De Volder et al [68], which consists of the collapse of the nanostructures on 

a)                                                                     b) 
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themselves. The VA-CNTs substrate are grown on the conditions aforementioned on Table 

1, and afterward the nanotubes are collapsed, as acetone is condensed on the substrate. This 

process is done by placing the substrate inverted (CNTs facing down) on the top of a beaker 

containing boiling acetone. The solvent vapor rises and condenses on the substrate, merging 

into the CNTs structure. After the substrate has been exposed to the vapor for 60 seconds, 

the substrate is removed from the beaker.  A schematic illustration of the technique is shown 

in Figure 24. The resulting substrate architecture exhibits CNTs locally aggregate by the 

elastocapillary mechanism, and the formation of open cellular-like structures [104][105]. 

The resulting substrate exhibits the nanotubes in a dense structure and unique shape, 

consequence of the capillary action. 

 

 

Figure 24 - Schematic illustration of capillary driven patterning method. The 

VA-CNTs forests were glued to a Mo mesh. 

 

1.3.Characterization 

Structural and morphological properties of the multilayered catalyst and the VA-

CNTs were characterized by scanning electron microscopy (SEM, Hitachi SU70 

microscope) operated in secondary electron (SE) mode at 15 kV, equipped with energy 

dispersive X-ray spectroscopy (EDS). Grazing incident X-ray diffraction (GIXRD) was 

carried out using a Rigaku Geigerflex D Max-C Series diffractometer on glass substrate 

coated with manganese oxide. The radiation used was Cu Kα (λ=1.5418 Å), with a scan time 
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of 100 s and step size (2θ) of 0.02°. The internal structure investigated by transmission 

electron microscopy (TEM, JEOL JEM-2200FS microscope), operated at 200 kV. The 

samples for HRTEM measurements were prepared by dry adhesion of the CNTs to a holey 

carbon film supported on a copper grid. Raman spectroscopy (Jobin Yvon T64000) was 

carried out at a 532 nm excitation wavelength at room temperature (RT). Atomic force 

microscopy (AFM) measurements were performed with an Ntegra Prima setup (NT-MDT) 

in tapping mode under ambient conditions. A silicon cantilever (Nanosensor PPP-NCHR) 

with the spring constant of k ≈ 42 N m-1 and tip radius less than 10 nm was used. AFM 

observations were taken on scanned area of 5 µm x 5 µm or 1 µm x 1 µm. The water contact 

angle (WCA) was carried out with ultrapure water with OCA 20 (DataPhysics Instruments, 

Germany). 

 

2. Results and Discussion 

2.1.Multilayer catalyst for VA-CNTs synthesis 

The multilayer catalyst is comprised of Al2O3 and Fe thin films on Si/SiO2 substrate 

by PVD technique. From Figure 25a it is possible to observe the cross-sectional SEM image 

of the 435 nm thick Fe film with the corresponding EDS mapping confirming the presence 

of the Fe on the substrate. This long Fe deposition allows the determination of the film 

thickness and consequently the Fe growth rate. On the other hand, the Figure 25b shows the 

GIXRD pattern acquired from the deposited Fe film. Interestingly, the reflections observed 

in the GIXRD pattern are related to the Si/SiO2 substrate, however it is expected the 

deposition of metallic Fe. 

As aforementioned, the Al2O3 buffer layer acts as diffusion barrier between the Fe 

film and the Si/SiO2 substrate, averting the formation of catalytic inactive FeSi2, assuring 

the preservation of catalytic particles for the CNTs growth. Coupling to this property, the 

buffer layer also inhibits the attachment of the Fe particles to the substrate surface, allowing 

the distribution of the Fe particles, limiting their mobility, and avoiding the coalescence of 

smaller particles into larger ones, which would diminish the activity of the catalyst.  
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Figure 25 - Cross-sectional view SEM image a) and GIXRD pattern b) of the Fe thin film deposited 

by PVD for 240 min. The inset in a) shows the EDS elemental mapping identifying the presence of 

the Fe. 

 

Before the VA-CNTs growth step, Figure 26, the continuous Fe film is broken into 

Fe nanoparticles from where the nanotubes growth takes place, owing to the heating of the 

catalyst until 725◦C temperature and the presence of H2 on the film during the pre-treatment 

step. H2 has the fundamental role of reducing the oxidized Fe particles to an active catalytic 

stage for the VA-CNTs growth. The produced nanoparticles exhibit an average size of 13 

nm with a standard deviation of 1 nm. 

 

 

Figure 26 - Top-view SEM image of the multilayer catalyst film before a) and after b) the pre-

treatment. Inset shows the typical particle size distribution histogram, red line is log-norm fit of the 

bin center points. 
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On the other hand, the Figure 27 shows the AFM images of the pattern Fe film before 

(a) and after (b) the pre-treatment step. The roughness (RMS) increases from 1 nm to 9 nm 

pointing out the effect of this step on the surface features of the Fe film. 

 

Figure 27 - Patterned Fe film after a) and before b) the pre-treatment step. 

 

2.2.Micro-patterning VA-CNTs assisted by shadow mask  

The results of the T-CVD experimental conditions on the height of the VA-CNTs are 

depicted in a collection of SEM images at different magnifications (Figure 28). The control 

over the VA-CNTs height was accomplished by the introduction of Al2O3 buffer layer to the 

Si/SiO2 substrate and the growth time duration.  

The VA-CNTs forest presented in Figure 28a and b is grown on Fe/SiO2 substrate 

revealing the vertically alignment with a very dense morphology and uniform with 

approximately 189±4 µm in height. In opposition, the introduction of the Al2O3 buffer layer 

to the Si/SiO2 substrate led to an enhancement of the VA-CNTs height ca. 499±6 µm, as 

shown in Figure 28c and d.  
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Figure 28 - Side-view SEM images of the (a and b) VA-CNTs forest grown on Fe (2 

minutes)/SiO2/Si substrate; and (c and d) VA-CNTs forest grown on a Fe (2 minutes)/Al2O3 

multilayer substrate. 

 

BF-HRTEM images of the nanotubes showing their internal structure can be 

observed on Figure 29. The nanotubes are MWCNTs, the walls are seen as dark contrast in 

the HRTEM images. On the other hand, the formation of amorphous carbon during the VA-

CNTs growth is not unusual and it can be seen on the outermost surface of the nanotube 

(marked with the black arrow, in Figure 29a). Raman features makes Raman spectroscopy a 

general and common tool for characterizing structures of VA-CNTs. The stretching of the 

C−C bond in graphitic materials gives rise to the so-called G-band Raman feature which is 

common to all sp2 carbon systems while the D-band is related to the presence of a defects 

on the hexagonal sp2 network [106]. Representative Raman spectrum of the nanotubes 

depicting the D-band and G-band characteristic of the multiwalled nanotubes, which is in 

good agreement with the HRTEM results, presenting ID/IG ratio value of 0.49. This result 

suggests the presence a low degree of disorder or defects on the surface of the CNTs [107]. 
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Figure 29 - BF-HRTEM images (a and b) and Raman spectrum c) of the VA-CNTs. MWCNTs have 

interlayer (i.e., distance between walls) separation of 0.34 nm. 

 

The VA-CNTs grown from the use of a shadow mask during the Fe catalyst layer 

deposition, after the deposition of the Al2O3 layer are shown in Figure 30a and b, and Figure 

30c and d, after 8- and 15-minutes growth. As a result, circular VA-CNTs micropillars with 

279±14 and 454±11 µm in height are obtained.  

In order to achieve a pattern height of 454±11 µm similar to the continuous VA-

CNTs forest while keeping constant the growth time, the Fe deposition time was increased 

from 2 min to 10 min, i.e., the Fe thin film thickness. This finding can be related with use of 

the shadow masking that led to a deposition of a thinner Fe catalyst. 

In alternative to the micropillars pattern morphology, the deposition of a blocking 

layer such as TiN layer over the Fe catalyst thin film, resulted on the growth of VA-CNTs 

with an inverted pattern to the previously presented samples, as can be seen in Figure 30e 

and f. The VA-CNTs forest with inverted pattern present a height of 549±13 µm, under the 

same growing conditions of the previous samples.  
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The highest VA-CNTs forests were selected for the application of the capillary driven 

method. These forests are shown in Figure 28c and d continuous VA-CNTs forests and as 

well as in Figure 30e and d micropillars pattern VA-CNTs forests. 

 

 

Figure 30 - Side-view SEM images of the (a and b) VA-CNTs micropillars after 8 minutes growth on 

a Fe (2 minutes)/Al2O3 multilayer substrate; (c and d) VA-CNTs micropillars after 15 minutes growth 

under the same conditions; and (e and f) VA-CNTs inverted micropillars grown for 15 minutes on the 

multilayer substrate. 
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2.3.Micro-patterning assisted by capillary driven VA-CNTs 

By means of SEM analysis (Figure 31), it is possible to compare the resulting 

morphologies features after the capillary driven patterning caused by the acetone vapor. In 

both the obtained patterns, the CNTs behavior is similar as it is possible to identify a 

densification of the VA-CNTs forest and micropillars. It is possible to denote in Figure 31 

(d to f) the structural arrangement observed on Figure 31 (a to c), with the CNTs presenting 

their alignment even though they show a collapsed morphology, which appears as long, 

stretched walls on a honeycomb-like structure. However, it can be observed the presence of 

what it appears to be an amorphous layer on the site where the VA-CNTs gather without 

collapsing. The capillary driven results observed on the micropillars VA-CNTs substrate 

(Figure 31 (j to l)) presents a similar stacking behavior in comparison to the forest substrate 

although not preserving the aligned morphology. 

As already mentioned, this performance is resultant of the collapse of the 

nanostructure on themselves, caused by the condensation of the acetone on the substrate. 

This patterning step on the VA-CNTs morphologies synthesized by CVD method in order 

to create a suitable so-called nest for cells, promising for cell encapsulation and proliferation 

[61][77]. 
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Figure 31 - SEM images of the morphology surface of (a to c) VA-CNTs forest; (d to f) VA-CNTs 

forest assisted by capillary driven features; (g to i) VA-CNTs micropillars; and (j to l) VA-CNTs 

micropillars assisted by capillary driven morphology. 

 

The WCA was determined to assess the hydrophobic nature of the VA-CNTs surface, 

by static contact angle using the sessile drop method (drop volume 3 µL) and the shape of 

the liquid-vapor interface was determined by the Young-Laplace equation. From the Figure 

32, it is possible to observe the water drop on the as-prepared VA-CNTs forest (a) and on 

the micro-patterned capillary driven VA-CNTs forest (b). The non-micro-patterned VA-

CNTs presents a WCA of 160±7º which is super hydrophobic, as expected for the untreated 

VA-CNTs surface [108][109]. On the other hand, the micro-patterned VA-CNTs assisted by 

the acetone vapors induced the collapse of the vertical alignment of the nanotubes changing 

the WCA for 119±4º, indicating this processed film has a more hydrophilic surface, 

suggesting the possibility for some important biological activities, such as cell attachment 
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and neurite growth. The measurement of the WCA was also performed on the VA-CNTs 

micropillars, however the results obtained were not adequate for the study of the 

hydrophobic nature of the patterned material. The angle of the water drop could not be 

obtained as it showed no adherence to the patterned surface.  

 

 

Figure 32 - WCA of the a) VA-CNTs – 160±7º and b) capillary driven VA-CNTs – 119±4º. 

 

3. Conclusion 

In conclusion, VA-CNTs were successfully grown from a multilayer catalyst comprised 

of Fe/Al2O3 deposited on Si/SiO2 substrates via T-CVD. The introduction of a buffer layer 

(Al2O3) lead to an increasement of the VA-CNTs arrays height, improving the T-CVD 

growth process yield. This finding allows the controlling of the VA-CNTs arrays height, 

either by the addition of a buffer layer or by the CNTs growth time variation, where the 

maximum length of 499±6 µm was reached for 15 min of growth time. The HRTEM studies 

revealed that the obtained nanotubes are MWCNTs in accordance with the Raman study. 

The fabrication of micro-patterning and capillary driven patterning of VA-CNTs were also 

successfully achieved. First, a film of Fe catalyst was patterned by shadow mask on Al2O3/ 

SiO2/Si substrate. Second, the micropillar made of VA-CNTs were grown by T-CVD. Next 

the capillary driven patterning was carried out by introducing solvent vapor into the array 

causing an overall shrinkage of the VA-CNT micropillars. Finally, various patterns were 

achieved by modification of the experimental parameters, namely the VA-CNTs deposition 

time and bocking layer (TiN).  
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 Chapter 4 – VA-CNTs Biohybrid Materials 

1. Experimental 

1.1.Hydrogel Preparation 

1.1.1. GelMA Synthesis 

Gelatin methacrylamide was prepared by reaction of gelatin with methacrylic 

anhydride.  

After dissolution of type A porcine skin gelatin (Sigma-Aldrich) in phosphate 

buffer saline (PBS, ITW Reagents) at 50 °C, the solution was stirred for 1 hour until fully 

dissolved. The gelatin temperature was lowered to 40 °C, and the MAA (Sigma Aldrich) 

was added at a rate of 0.5 mL/min under stirring conditions. After 1 h of reaction, the reaction 

mixture was parceled into four containers and centrifuged at 4200 rpm for 10 minutes. The 

solution was then diluted and dialyzed for 5 days against distilled water at 40°C, at 

continuous stirring, to remove salts and methacrylic acid. The reaction product was then 

freeze-dried leading to a white solid, stored at about -80°C until further use. 

 

1.1.2. Hydrogel Synthesis 

Cross-linking of the methacrylamide modified gelatin was performed in aqueous 

medium in the presence of a watersoluble photoinitiator, LAP (Sigma Aldrich). 

Freeze dried gelatin-methacrylamide was dissolved in Dulbecco’s PBS (DPBS, 

ITW Reagents) containing 0.5% of LAP as a photoinitiator at 50 °C, until entirely dissolved. 

To obtain the GelMA hydrogel, the mixture needs to be irradiated by visible light. 

The lamp used to cure the samples was VALO® Grand Curing Light with 385 to 515 

nm wavelength, considering LAP has a maximum absorbance at 365 nm and a certain 

absorption in the visible range of 400-420 nm (Figure 33). This distinctive feature allows an 

effective photopolymerization of the hydrogel in the visible light, averting any possible 

mutagenicity or oxidative stress on the cells, caused by UV light [76].  
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Figure 33 - LAP for photopolymerized hydrogels.[76] 

 

1.2.Biohybrid Preparation 

Biohybrid films were deposited on the VA-CNTs substrate by multiple casting 

methods. 

(i) The biohybrid prepared by solvent-casting was obtained by the drop of 30 µL of 

the GelMA solution onto the surface of the substrate so that all the surface of the CNTs is 

coated.  

(ii) Otherwise, on the spin coating method, a drop of 30 µL GelMA was fixed on the 

spin coater and the spin rate set as 900 rpm for 30 seconds. After both techniques, the 

biohybrid was submitted to visible light (1000 mW/cm2) for 60 seconds, to obtain a 

crosslinked hydrogel.  

(iii) The third method used to coat the CNTs substrate with the hydrogel was the 

combination of the two techniques mentioned above. Firstly, the substrate was subject to 

spin coating and exposed to 20 seconds of cross-linking time. Secondly, the sample is coated 

by solvent-casting, under the conditions cited.  

All the samples were then stored in PBS at 37 °C for a selected period of time in 

order to access their dimensional stability.  
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1.3.Characterization 

1.3.1. Scanning Electron Microscopy (SEM) 

The hydrogel dimensional stability on the CNTs substrate was analyzed by the 

preparation of three sample morphologies by the solvent-casting method (30 μL/60 s UV 

exposition).  The samples were collected for evaluation on day 0 (before immersed in PBS), 

and on the 1st, 4th and 14th day after kept immersed in PBS in an oven at 37 °C. Before SEM 

observation, the samples were freeze dried for 24 hours. The morphology and distribution 

of GelMA on the CNTs substrates was investigated by tabletop SEM (Hitachi TM4000Plus, 

Japan) operated in SE mode at 15 kV, equipped with EDS. 

 

1.3.2. Fourier-transform infrared (ATR-FTIR) spectroscopy 

To investigate the chemical interaction between VA-CNTs and GelMA, FTIR 

spectroscopy was performed by attenuated total reflectance -FTIR (ATR-FTIR, Perkin 

Elmer Spectrum BX, USA) from 4000-500 cm-1 with a resolution of 8 cm-1 and 64 scans. 

 

2. Results and Discussion 

2.1.Analysis of the dimensional stability of the biohybrids under simulated biological 

conditions  

In order to validate the production of the biohybrid, the interfacial interaction 

between VA-CNTs and GelMA was accessed by using simplest synthetic methodologies. 

The produced GelMA hydrogel was proceeded by two different methods, the solvent-casting 

and spin-coating, which exhibited good compatibility. 

The strong adhesion of the hydrogel upon deposition to the substrate was not equally 

verified, given the deposition method and the different patterns. On the spin-coating method 

it was easily verified the homogenous dispersion of the polymer on the surface of the 

substrate, forming a thin layer on its surface, as shown on Figure 34. However, the lack of a 

suitable hydrogel thickness on the hybrid would not grant support for the cells during the 14 
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cell culture days, on their proliferation and regeneration process, taking into account the fast 

degradation rate of the hydrogel, as observed on the next studies.  

 

 

Figure 34 - Top-view SEM images of the VA-CNTs micropillars coated with GelMA by the spin-

coating method. 

 

On the solvent-casting method it was possible to observe a smooth adhesion of the 

GelMA to the VA-CNTs forest substrate, in contrast to the initial hydrophilic behavior 

revealed by the patterned CNTs micropillars surface, against the hydrogel. Nonetheless, after 

cross-linked the polymer showed good adherence to the CNTs substrate. 

Therefore, to characterize the VA-CNTs morphologies coated with hydrogel was 

used SEM. Images of the prepared biohybrid showed a rapid decrease on the presence of 

GelMA coating the carbon materials under simulated biological conditions.  

The morphology and distribution of hydrogel in the VA-CNTs forest, obtained by 

SEM imaging (Figure 35), demonstrates the presence of the hydrogel onto the forest before 

its immersion in PBS (day 0) and the degradation of the polymer over 14 days, referring to 

the time required for cell study. In this way, it is possible to denote the degradation of 

hydrogel after the first day. While the VA-CNTs forest exhibits a uniform coating of its 

surface on day 0, the sample removed from PBS after 1 day shows a still remarkable coating 

but notable GelMA degradation as the morphology of the forest begins to be exposed. 

However, on the 4th and 14th day the surface morphology of the forest does not change in the 

3 samples collected, not showing the presence of a thin layer of hydrogel, as opposed to the 

samples of day 0 and 1. 
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Figure 35 - SEM images show the morphology of porous surfaces of VA-CNT forest-GelMA 

layer. The image shows nanofibrous networks of CNTs involved on a gelatin thin layer, over 

14 days. 

 

As an alternative morphology to verify the hydrogel degradation behavior, Figure 36 

and Figure 37 represent the VA-CNTs micropillars before and after being subjected to 

capillary driven process, respectively. In this morphology, can be observed a major 

discrepancy of the polymer concentration on the substrate surface, from the 1st to the 4th day. 
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Although there is an aggregation of the polymer on day 1, it is completely degraded by day 

4, resulting on a thin film involving the external micropillars walls, from day 4 to 14 days of 

incubation. Therefore, there is no relevant difference between the hydrogel and the carbon 

nanostructures interaction on the patterned substrates subjected to the capillary driven 

process. 

 

Figure 36 - Top-view SEM image of VA-CNTs micropillars covered on a thin GelMA layer 

for degradation studies, for 14 days. 
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Figure 37 - SEM images of the degradation of GelMA on the patterned capillary driven CNTs 

micropillars, over 14 days. 

 

To further verify the lack of hydrogel dimensional stability demonstrated by the SEM 

images on the different CNTs morphologies, the interaction between the VA-CNTs and the 

GelMA hydrogel was investigated by means of FTIR measurements (Figure 38). FTIR 



50 

 

reveals information about the chemical bonds on the material, since each chemical bond 

emits a specific frequency, related to their energy level [110]. 

In the FTIR spectra, t=0 and t=1 CNTs/GelMA spectra (referred as the liofilized 

CNTs/GelMA samples before PBS and 1 day after emerged in PBS, respectively) shows 

some GelMA characteristic peaks between 1100 and 1700 cm-1, related to C=O stretching 

groups and C−N−H bending. In addition, t=0 d and t=1 d spectra present broad peaks at 

around 3000 and 3300 cm-1 representing the C−H stretching groups and the presence of 

peptide bonds (mainly N−H stretching) respectively, indicating the presence of GelMA on 

the two samples correspondent to the t=0 d and t=1 d spectra [111]. In opposition, as ATR-

FTIR results shows, the spectra for t=4 d and t=14 d, exhibits no characteristic peaks for the 

presence of GelMA. As verified in previous studies [112], the CNTs spectrum usually show 

their bands around 3400 cm-1 due to the vibrations of the elongation of the hydroxyl groups 

(O−H) and around 1650 cm-1, representing the elongation vibration of the group C=O. As 

both materials exhibit some characteristic peaks on the same wavelength, it is possible to 

occur a band overlap, making it impossible to identify CNTs peaks. 

Therefore, the resulting ATR-FTIR spectrum suggests that physical blending of 

GelMA to the VA-CNTs changes chemical composition and leads to the mass loss of the 

polymer over time, especially after day 4 (t=4 d). 

 

Figure 38 - FTIR pattern of VA-CNTs/GelMA hybrids. 
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3. Conclusion 

In this work, three approaches were developed to integrate the synthesized GelMA 

hydrogel on the VA-CNTs substrates. The dimensional stability of the VA-CNTs biohybrids 

under simulated biological conditions were characterized in agreement with the different 

approaches.  

SEM images demonstrated that the hydrogel overly degraded over time and that they 

could not serve as niches where neural stem cells can proliferate, interact, and benefit from 

a continuous intake of cell nutrients. FTIR results initially indicate the presence of GelMA 

on the studied VA-CNTs patterns, however after 4 days of immersion in PBS the hydrogel 

had degraded completely for all the biohybrid tested. 

The results demonstrated that the use of the biohybrid methodology using GelMA 

specifically would not be viable and therefore, the work progressed without its integration 

on the different VA-CNTs substrates.  
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 Chapter 5 – Cytocompatibility of VA-CNTs structures with 

neural stem cells  

1. Experimental 

1.1.Cell Culture, propagation and seeding 

An individual cell line (NE-4C) was used to assess the suitability of the various VA-

CNTs based structures to be explored as stimulus responsive platforms for neuronal growth. 

The NE-4C neuronal cell line obtained from the American Type Culture Collection (ATCC) 

was grown in cell culture flasks using Eagle’s Minimum Essential Medium (EMEM, Sigma-

Aldrich) with 10% (v/v) Fetal Bovine Serum (FBS, Sigma-Aldrich) and 1% (v/v) 

penicillin/streptomycin (P/S, Sigma Aldrich).  

Before seeding the cells on the different patterned VA-CNTs patterns, cells were 

grown to confluency. Therefore, about three days after establishing the primary cell culture 

in 75 cm2 flasks, stem cells were confluent. At this time, the culture medium was aspirated, 

and the cells washed with PBS. Then, the cells were incubated with 3 mL of Trypsin-EDTA 

(Ethylenediamine tetraacetic acid) solution (0.05%, Sigma Aldrich) for 15 minutes at 37 ◦C 

to detach them from the culture flask. To stop the trypsin action, 8 mL of complete growing 

medium were then added to the culture flask. Culture medium with the resuspended stem 

cells was then transferred by gently pipetting to tubes that were centrifuged at 300 xg for 5 

minutes. After removing the supernatant, the cells pellet was resuspended in fresh culture 

medium. 

VA-CNTs substrates were UV sterilized and transferred into sterile wells of 24-well 

plates. Then, 5×104 cells in culture medium were seeded on 5x5 mm substrates, and cultured 

for different time periods, ranging from 1 to 14 days. After 24h in culture, all-trans retinoic 

acid (RA, Sigma Aldrich) was added to the complete medium on a reserved set of samples 

from each morphology, to induce neuronal differentiation. After 48h, the medium was 

changed to a RA and serum-free neuronal medium: Dulbecco’s modified Eagle’s/F-12 

nutrient medium supplement with 1% (v/v) B27 (Thermo Fisher Scientific) and 1% (v/v) 

insulin-transferrin-selenium (ITS, Sigma Aldrich). 1% (v/v) P/S was added as antibiotics.  
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The control samples in all experiments were glass coverslips for cell culture. All 

cultures were grown in a humidified atmosphere containing 5% CO2 incubator at 37 ◦C and 

the culture and differentiation medium totally renewed every 2 days. 

 

1.2.Characterization 

1.2.1. Cell viability and proliferation 

To evaluate the ability of different VA-CNTs substrates to support cell growth and 

proliferation, resazurin viability and Live/Dead assays were performed. 

For resazurin viability assay, the sterilized VA-CNTs substrates patterns were placed 

on 24-well plates. A total of 5×104 NE-4C cells/scaffold were subsequently seeded on the 

substrates and on the coverslips (“control”). At determined time points (1st, 3rd, 7th, and 14th 

day) cells were incubated for 4h in the dark with fresh medium containing 10% (v/v) of a 

0.1 mg/mL resazurin (ACROS Organics) in PBS, after which 100 µL per well was 

transferred to a 96-well plate. Resazurin reduction to resorufin was thereafter measured in a 

microplate reader by spectrophotometry (Synergy HTX, BioTek) at 570 nm (resazurin 

maximum absorbance) and 600 nm (resorufin maximum absorbance) (n=3 for each group). 

For each day, a final optical density value (O.D.f) was calculated as follows: 

ODf = Sample (
OD570m

OD600m
) − Negative Control (

OD570m

OD600m
) 

where the negative control is the O.D. of resazurin in the absence of cells. 

To evaluate the cells viability/proliferation through the Live/Dead assay, medium 

was removed from the NE-4C cells and replaced by live/dead viability/cytotoxicity solutions 

at day 1, 7 and 14 of the culture. The LIVE/DEADTM Viability/Cytotoxicity Kit for 

mammalian cells from Thermo Fisher Scientific was used. The VA-CNTs structures were 

washed twice with PBS. A live/dead solution was prepared by adding 4µL of ethidium 

homodimer-1 (EthD-1, Thermo Fisher Scientific) stock solution to 2 mL of sterile PBS and, 

after mixing thoroughly, 1 µL of calcein AM (Thermo Fisher Scientific) solution was added 

to the 2 mL EthD-1 solution. The solution was directly added to the CNTs structures in order 

to cover the whole sample and was left for 45 minutes at RT. Finally, the cells were washed 

once with PBS, and fluorescent images were obtained by fluorescence microscope 
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(Axioimager M2, Zeiss). The number of NE-4C cells that were grown on the various VA-

CNTs substrates were determined by counting cell nuclei stained with calcein. Nuclei 

number was assessed with ImageJ (cell counting plug-in), using 3 images of the various 

morphologies on an area of 1,54×10-3 cm2. 

 

1.2.2. Scanning Electron Microscopy (SEM) 

The NE-4C neuronal stem cells cultured on the patterned VA-CNTs surfaces were 

observed by SEM. After culturing (1st, 7th, and 14th day), the cells were washed twice with 

0.1 M sodium cacodylate buffer (SCB, Sigma Aldrich) and fixed with solution 2.5% PFA + 

2.5% GDA in SCB for 20 min at RT. All surfaces were then washed three times with 0.1 M 

SCB and dehydrated by immersion with (v/v) 30%, 50%, 70% 90%, 100% ethanol. Finally, 

the samples were dried using hexamethyldisilazane:ethanol at 1:2, 1:1, 2:1 and followed by 

100% hexamethyldisilazane (HDMS, TCI. Japan). Finally, the samples were left to dry at 

RT overnight. SEM analysis was performed on a tabletop SEM (Hitachi TM4000Plus, 

Japan), operated in back-scattered electrons (BSE) mode at 15 kV, equipped with EDS. 

 

1.2.3. Immunocytochemical Staining 

Immunocytochemical staining allows to visualize if the stem cells have differentiated 

into neurons or astrocytes. 

Neuronal cell differentiation was induced by the addition of all-trans RA to the 

culture medium, after 24h in culture and the change to a RA and serum-free neuronal 

medium within 48h hours. 

After the 10th day of culture, the culture medium was aspirated from the culture wells 

and the cells grown on the CNTs substrates were fixed with 4% paraformaldehyde in PBS 

for 20 minutes. After that period the cell were washed multiple times with PBS and 

permeabilized at RT with 0.1% Triton X-100 (Fisher Scientific) in PBS for 5 minutes. After 

the fixation of cells and their permeabilization, the nonspecific binding sites were blocked 

with 2% bovine serum albumin (BSA, Thermo Fisher Scientific) in PBS for 30 minutes. 
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The cells were then incubated with the primary antibody solution diluted in 0.1% 

BSA + 0.1% Triton in PBS, followed by 1 hour incubation at RT. Two sets of samples were 

prepared in order to identify different elements on the four different morphologies. On the 

first set, neurites were stained with purified anti-tubulin β 3 (Anti-Tuj1, 1:1000), while 

astrocytes were stained with anti-glial fibrillary acidic protein (Anti-GFAP, 1:500), while 

the second set of samples resorted to Anti-Tuj1 (1:1000) to stain neurons and synaptophysin 

[YE269] (1:200) to stain synapses. The primary antibodies were removed by washing three 

times with PBS. Finally, secondary antibody (anti-mouse 1:500 with anti-chicken 1:1000 for 

the first set, and anti-mouse 1:500 with anti-rabbit 1:1000 for the second set) was added in 

the dark for 45 minutes at RT. The cells were rinsed and stored in PBS in the dark. The cells 

were then nuclei counterstained with SlowFade™ Diamond Antifade Mountant with DAPI 

(4’,6-diamidino-2-phenylindole, Sigma).  

 

1.2.4. Statistical Analysis 

All the quantitative data are expressed as mean ± standard deviation (SD). Statistical 

significance was determined, using OriginLab, by performing One-way analysis of variance 

(ANOVA), followed by post hoc Tukey’s test, except for VA-CNTs forest morphology for 

cell quantification, where a Kruskal-Wallis ANOVA was used, followed by post hoc 

analysis for non-parametric tests. Significance was accepted at p-values inferior to 0.05. 

 

2. Results and Discussion 

2.1.1. Cell Viability assay 

i. Resazurin Assay 

Living cells are metabolically active and are able to reduce via mitochondrial 

reductase, the nonfluorescent dye resazurin to the strongly fluorescent dye resorufin. This 

reduction is proportional to the metabolic activity of a cell population and therefore resazurin 

assay is a valuable and noninvasive tool to measure live cell number as it is non-toxic for 

the cells which can then return to culture or be used for other purposes [113]. 
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To observe whether the presence of VA-CNTs and their different patterning 

morphologies inhibited viability of the NSC used, the cells were submitted to the resazurin 

viability assay (Figure 39 and Figure 40). It was determined that neither the CNTs nor their 

various organizations inhibit cell viability of NE-4C cells over a 14 days culture time period. 

Figure 39 shows the growth behavior of the stem cells when cultured on the control. 

Cells exhibit a high proliferation rate up to 7 days. Afterwards, their growth seems to slow 

down or even become stagnant. This is most likely due to the cells approaching confluence 

and their growth become contact inhibited and subsequently their metabolism may slow 

down. Moreover, it is also possible that some cells are dying as a natural process for 

developing stem cell derived neuronal cultures, whereas the cell maturation process includes 

some cells apoptosis while others continue to mature freely. Regarding the various VA-

CNTs patterns, all present a similar profile compared to the control, i.e., a significant 

proliferative rate up to 7 days followed by a stagnant-like growth.  

Since the micropillars based morphologies do not present as much VA-CNTs as the 

forest-based ones that cover all the Si substrates, comparisons between these morphologies 

are deemed not useful to do in terms of percentage of cells presenting a metabolic activity 

throughout the entire samples. Overall, these results indicated that VA-CNTs are favorable 

platforms for NE-4C neural stem cells to proliferate, regardless the morphology and 

organization given to the CNTs. 

 

Figure 39 - NE-4C cell viability by resazurin assay (control). 
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Figure 40 - VA-CNTs on NE-4C cell viability by resazurin assay. Statistical analysis by One-way 

ANOVA followed by post hoc Tukey’s test: *p <0.05, n=6, where * denotes statistical significant 

difference between morphologies for each day; **p <0.05, n=6, where ** denotes statistical 

significant difference between two morphologies for each day. 

 

ii. Live/Dead Assay: Fluorescence microscopy and live cells 

quantification 

The cytotoxicity was also examined via the Live/Dead assay (Figure 41). This 

experiment came to confirm the increasing cell proliferation of the NE-4C cell line with 

increasing culture time, as observed by the resazurin assay. The quasi-absence of dead cells 

and the considerable cell proliferation on the VA-CNTs platforms over the 14 days of culture 

demonstrate that the carbon nanomaterial support the survival and proliferation of NSCs. 

The small number of dead cells present on the samples can still be explained as the natural 

process for developing stem cell derived neuronal cultures, the cell maturation process, 

which consists on the death of some cells while others continue to mature freely [99]. 

Initially, at shorter times of culture (up to 7 days), there was no apparent lack of adhesion 

from the cells to any of the various morphologies, neither on the CNTs based structures nor 

the Si substrates. However, after 14 days, the cells seem to present a decreased presence on 

the Si substrate of the VA-CNTs micropillars samples, in opposition to the micropillars 

walls. The reduction of the live cells at the 14th day of the cultured, reflected particularly on 

the CNTs micropillar substrates, might be associated with the fact that cells seem to have 
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adhered more strongly to the VA-CNTs walls, while the cells deposited on the Si substrate 

have died and disappeared over time (with the medium replacement every 2 days and the 

several washes associated to the live/dead assay). This led to the apparent reduction of the 

live cells present on this morphology sample, as the cells where adhered to the sidewalls of 

the carbon nanotubes and could not be accounted by top view images. 

 

 

Figure 41 - Live/Dead images of NE-4C cells on different substrate morphologies, after culturing 

for 14 days. 

 

The percentage of the live cells evaluated from the data obtained via fluorescence 

microscopy (Figure 42), showed that CNTs forest morphology induced slow but continuous 

cell proliferation increase over the 14 cell culture days, while the micropillars morphology 

exhibited a striking increase of the percentage of viable cells (∼40-50%) from day 1 to day 

7, followed by an abrupt decrease on the 14th day of cell culture, in a statistically significant 

percentage of cells (∼35-40%). However, this quantification of the viable cells is related to 

both the CNTs structures and the Si substrate, so the interpretation must rely on the 

concomitant observation of the fluorescence microscopy (Figure 41). Thus, the live cells 

decrease observed on the VA-CNTs micropillars substrates can be associated with the 

morphology of the platform, since the NSCs exhibited preference for the carbon structures 
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to adhere and proliferate, rather than the Si substrate, for longer culture periods. So, the 

calculated decrease of live cells for the micropillars based morphologies are representative 

of the lack of adhesion and loss of cells in the Si substrate part of these samples and the angle 

of the results visualization interfering with the counting of the cells on the sidewalls.  

 

 

Figure 42 - Percentage of Live cells challenged with different CNTs morphologies, analyzed under 

fluorescent microscopy. Statistical analysis by One-way ANOVA followed by post hoc Tukey’s 

test: *p <0.05, n=3, where * denotes statistical significant difference in between days for each 

morphology; on VA-CNTs Forest morphology, statistical analysis was performed by a Kruskal-

Wallis ANOVA test, followed by a post-hoc analysis for non-parametric tests: #p < 0.05, n=3, where 

# denotes significant difference between days of culture. 

 

 

2.1.2. Scanning Electron Microscopy (SEM) 

Figure 43 and Figure 44, show the SEM analysis of the seeding and proliferation of 

the NE-4C cell line on the VA-CNTs forests, which presented a smoother surface. In this 

morphology the cells have exhibited an intimate contact with the CNTs forest and display a 

clear proliferation progress through the 14 days of cell culture, with a higher concentration 

on the superior zones of the CNTs forest and filaments, as already visualized by fluorescence 

microscopy images. Between the two forest pattern substrates, no significant difference can 

be considered. Yet, a slight preference for the capillary driven substrate is noted, as cells 

seem to proliferate in a higher range. 
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Figure 43 - Top-view SEM images after NSCs were seeded and cultured for 1 (a to c), 7 (d to f) and 

14 (g to i) days on the VA-CNTs forest. 
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Figure 44 - Top-view SEM image of capillary driven CNTs forest as support for NSCs survival and 

neurite outgrowth. Images taken after cell line were seeded and cultured for 1 (a to c), 7 (d to f) and 

14 (g to i) days.  

On the VA-CNTs micropillars templates Figure 45 and Figure 46, once again results 

show clearly the preference of the seeded neural stem cells for the VA-CNTs micropillars 

walls in comparison to the Si substrate, over the 14-culture days, agreeing with the results 

from the Live/Dead assay. This behavior is related to the NSCs need to adhere in order to 

proliferate, therefore even if the cells attach to the Si substrate instead of the VA-CNTs 

micropillars on day 1, by day 7 the cells can have proliferated in bundles and attached to the 

carbon structures, while the cells on the Si substrate may undergo apoptosis and/or have been 

removed by washes and medium changes.  After 7 days it was expected to find neurites of 

several millimeters long connecting the micropillar. However due to the large interspacing 

of 400 µm, in opposition to the ideal 10 µm pointed by Gabriela S.  et al. [99], neurite 

network formation was not achieved. Instead, it is perceived the formation of large bundles 

(fasciculation) connecting the micropillars arrays, as it can be observed either on the VA-

CNTs micropillars substrate (Figure 45 (g to i)) and the capillary driven micropillars pattern 

(Figure 46 (e and h)). Although the bundles are involving the micropillars, they appear to 

have a random organization when forming the neurite network. The noticeable cell substrate 
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preference also suggests that NSCs sense and actively respond to surface roughness, 

selecting the uneven micropillars walls in opposition to the plain Si substrate surface [114]. 

 

 

Figure 45 - Top-view SEM images after NSCs were seeded and cultured for 1 (a to c), 7 (d to f) and 

14 (g to i) days the patterned VA-CNTs micropillars. 
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Figure 46 - SEM images of the neuronal network of cells (NE-4C cell line) seeded and cultured for 

1 (a to c), 7 (d to f) and 14 (g to i) days the capillary driven patterned VA-CNTs micropillars. 

2.1.3. Immunocytochemical Staining 

In order to obtain a VA-CNTs platform capable of replicating the development of 

neurogenesis, NE-4C cell line was seeded on the different prepared CNTs patterns to study 

their capacity to proliferate and differentiate. Previous experiments report have already 

investigated neural differentiation on CNTs forests and micropillars and determined that 

CNTs/stem cells interaction have potential for aiding neuron differentiation [115][116]. 

Although NSCs proliferated in all the VA-CNTs patterns (Figure 47), the forest 

morphology transmitted a weak signal for Anti-Tuj1 positive (green), while the CNTs 

micropillars show strong Anti-Tuj1 expression that signals the NSCs differentiation into 

neurons. Furthermore, the GFAP staining (red) that marks the presence of astrocytes is 

scarcely seen, which suggest that NSCs have almost completely differentiate into neurons, 

making the CNTs platforms potentially favorable neuronal regeneration. The scarce 

presence of astrocytes, although known for the formation of scar tissue that is prejudicial for 

regeneration [117], it is not troubling as astrocytes have also the capability of secreting 

neurotrophic factors, providing support and guidance for axonal growth and an improved 

functional recovery of the SCI, while the glia scar is still in formation [118][119]. Within 
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this context, further studies should focus on the effect of VA-CNTs on the phenotype of 

astrocytes.  

Immunofluorescence images revealed also an evident tendency of the neuronal cells 

to adhere and proliferate on the periphery/edges of the VA-CNTs forests and on the sidewalls 

of the nanotubes micropillars, as can be observed on Figure 47b and Figure 48e, as the cells 

seem to create thick bundles in those areas. Besides the neurons demonstrating the ability of 

directly attaching to the VA-CNTs forest and pillars and outgrow, they did not appear to 

exhibit preferential orientated growth over the CNTs patterns. Thus, neurites grew randomly 

across the nanotube’s morphologies arranged in various directions. 

 

 

Figure 47 - Immunocytochemical merge images of NSCs cultures on CNTs platforms, 

labeled with Anti-Tuj1 (green) and GFAP antibody (red); a) VA-CNTs forest, b) 

capillary-driven CNTs forest, c) VA-CNTs micropillars and d) capillary driven CNTs 

micropillars. 

 

Figure 48 displays the samples stained with Anti-Tuj1 and synaptophysin. In 

conjunction with differentiation, synaptogenesis is another critical aspect of the nervous 
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system function. In order to study synapse formation, the differentiated NSCs were stained 

for synaptophysin, an integral membrane glycoprotein that occurs in the presynaptic vesicles 

of neurons. 

In Figure 48a) and c), it can be noted from the Anti-Tuj1 deposition marking for 

differentiation into neurons (green) and nuclei staining (blue), that although these samples, 

i.e., the forests and the micropillars, showed a good proliferation of the neural stem cells 

(blue), little differentiation can be visualized (green). This can be related to the formation of 

cell bundles inhibiting cell maturation and affecting the dendrite elongation phase [120].  

In opposition, capillary driven CNTs forest and micropillars (Figure 48b), d) and e)) 

show good adhesion, proliferation and most notably cell differentiation with the formation 

of dendrites. The factor that marks the difference between the capillary driven morphologies 

and the remaining is the surface nanoscale roughness, very suitable for cell support and 

directing neurite growth, even though it was not observed on the prepared samples [85]. 

Therefore, this bio-mimetic topography more similar to the in vivo conditions, coupled to 

the higher concentration of cell nutrients on the superficial regions of the substrates, resulted 

in increased cell proliferation and differentiation along the forest edges and micropillars tops, 

in resemblance to the previous study by Usmani S. et al. [121]. 

 

 

Figure 48 - Immunocytochemistry analysis at day 10 by Anti-Tuj1 (green) and synaptophysin (green) 

of the NE-4C neuronal cell line in four different CNTs morphologies; a) VA-CNTs forest, b) capillary-

driven CNTs forest, c) VA-CNTs micropillars and (d and e) capillary driven CNTs micropillars. 



66 

 

 

3. Conclusion 

In closing, it was demonstrated that all the prepared VA-CNTs patterns provided a 

suitable substrate for NE-4C cells adhesion, growth, and proliferation. 

The viability results indicate that all the unmodified VA-CNTs samples were 

adequate for cell attachment and thereby growth or proliferation. Still, the neural stem cells 

demonstrated preference for particular patterns.  

Overall, the sample with the highest cell viability is the capillary-driven VA-CNTs 

platform. NE-4C cells shown good proliferation and allocation uniquely to the micropillars 

walls and the outgrowth of neurites (also verified on the capillary driven VA-CNTs forest). 

This is justified by the physicochemical profiles of the capillary driven substrates, including 

their smaller hydrophobicity (Figure 32) and surface roughness, which resulted on a more 

suitable substrate for cell attachment, growth, and neurite formation.  
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 Chapter 6 – Conclusions and future remarks 

This master dissertation focused on the study and preparation of a biomimetic three-

dimensional scaffold, comprising VA-CNTs and a GelMA-based hydrogel, for NSCs 

proliferation and differentiation. The aim to develop a platform that allows the regeneration 

of damaged spinal cord.  

Continuous and patterned (micropillars) VA-CNTs forests were successfully grown by 

a T-CVD technique by using a multilayer catalyst (Fe/SiO2/Si). The prepared samples were 

later submitted to a capillary driven process which resulted on twisted VA-CNTs 

micropillars and honeycomb-like morphologies on the CNTs forest substrate. A clear feature 

of these morphologies is their nanorough surface. 

To assure the creation of a suitable environment for cells proliferation it was developed 

a photopolymerized GelMA solution. After some characterization assays, the hydrogel 

showed high degradation rate, due to the VA-CNTs presence on the biohybrid. This behavior 

can be attributed to the high ability of the CNTs to act as a radical scavengers interfering in 

this way with the process of photopolymerization [122]. 

Nonetheless, the alternative VA-CNTs platform without hydrogel, shown to be adequate 

for cell proliferation and differentiation. The characterization of the cell viability and 

morphology seeded on the CNTs forest and micropillars revealed the suitability of the 

substrate. Cell behavior determined differences between the substrate patterns and the 

morphologies processed by driven capillarity, revealing an overall preference for the 

capillary driven CNTs micropillars, where the formation of dendrites is achieved.  

On further work, the use of free-standing VA-CNTs forests would grant a great 

advantage on the study of cell behavior on the prepared VA-CNTs. The thin carbon film is 

achieved by its controlled detachment from the Fe/SiO2/Si substrate, as illustrated on Figure 

49. The alternative to the scaffolds used on this work would be that it allows the preparation 

of a platform for cell seeding without the presence of the Si wafer (that showed detrimental 

effects for neuronal cell adhesion and proliferation). This enables the possibility to create a 

conductive scaffold capable of electrically stimulate the seeded NSCs. Previous studies have 

already made evidence of this method, as Salehi M. et al [123] proven by the use of an 
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“electrically conductive biodegradable porous neural guidance conduit for transplantation of 

allogeneic Schwann cells”, resulting a conduit with comparable nerve regeneration ability 

to the autograft. Mooney E. et al [124] has also studied the same effect on MSCs, and proven 

that by providing a biomimetic electroactive cue, the manipulation of the MSCs 

differentiation can be achieved by using carbon nanotubes properties as a medium or 

scaffold. 

 

 

Figure 49 - Free-standing VA-CNTs forest. 

 

 Another alternative for the use of the GelMA based hydrogel, would be the use of 

alginate. This natural polymer brings the favorable characteristics such as biocompatibility, 

and biodegradability, tunable mechanical properties but also undergoes crosslinking in the 

presence of divalent Ca2+ ions, circumventing in this way the use of photo-crosslinkable 

hydrogels, not mentioning the fact that it has been broadly used for cell culture, combined 

with MWCNTs, due to their reinforcing capability [125]. 
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