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1 Abstract. 
 
Although peripheral nerves display regenerative abilities compared to the central 
nervous system, regeneration after centimeters nerve loss is very limited. To date, 
peripheral nerve injuries represent a major cause for morbidity and disability in the 
affected patients. Severe nerve lesions might occur at any age and result from many 
different types of traumas. In particular, young males are often involved in 
peripheral nerve injuries after car accidents and traumatic limb amputations. The 
incidence of peripheral nerve injuries lies at about 300,000 cases per year in Europe: 
the socio-economic impact is therefore high, comparable to diseases such as 
diabetes (European Commission report, 2016). Moreover, peripheral nerve lesions 
result to be clinically relevant with an incidence of 2/100,000 persons per year, value 
recorded only for hand amputation traumas. Hence, there is a considerable need for 
innovative therapies in the area of repair and regeneration of peripheral nerve 
injuries.  

Nowadays, functional recovery after a nerve injury is achieved through the 
regeneration of the severed axons and the reinnervation of target tissues. In 
particular, nerve regeneration is fostered by a set of phenomena at the cellular level 
that recreate the connection from the proximal up to the distal stump. Nonetheless, 
a number of factors can interfere with functional recovery, hindering the complete 
healing of denervated target tissues. 
In this context, tissue engineering can substantially enhance the repair of neural 
tissues through the use of artificial scaffolds. Although standard micro- and 
nanofabrication techniques have been employed to produce biomimetic scaffolds 
during the last two decades, it is still difficult to recreate the physiological 
complexity in an in vitro system.  

The results reported in this thesis include novel nanofabrication techniques 
and materials for mechanotransduction studies and tissue engineering applications. 
In particular, the main topic of my Ph.D. project concerns the development and use 
of innovative biomaterials and nanoimprint lithography schemes for biomedical 
applications.  
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The current work is organized as follows. After this introduction (Chapter 
1), I will provide a comprehensive overview of the current literature on engineered 
polymers, identifying the key-features that make them leading candidates to 
regenerative medicine applications.  

In particular, I will focus on fabrication techniques, mechanotransduction 
processes, peripheral nerve regeneration and neural scaffolds technologies, and 
nanostructured scaffolds (Chapter 2). 

In Chapter 3 I will show the fabrication of novel microstructured phantoms 
to mimic vascularized tissues for photoacoustic system optimization. I will also 
investigate the possible use of novel light-responsive hydrogels for biomedical 
applications. Both of these studies will have the final aim of characterizing novel 
materials before their in vivo experimental tests. 

Chapter 4 will be dedicated to the development and use of high-resolution 
intermediate molds for nanoimprint lithography (NIL). In this section I will detail the 
optimization of perfluoropolyether (PFPE) as a soft mold for NIL, proving enhanced 
resolution and fidelity of the replica process.  
  In Chapter 5 I will demonstrate the applicability of PFPE intermediate molds 
for the fabrication of transparent and biocompatible cyclic olefin copolymer (COC) 
and polyethylene terephthalate (PET) scaffolds, patterned with two original types 
of sub-100 nm topographies, named nanoripples and nanogratings. 

Preliminary results on topographical gradients of directionality will be 
reported in Chapter 6. I carried out this research activity mostly at ETH in Zurich, 
where I have been involved firsthand in the design of novel micropatterned 
structures as well as their fabrication, and in vitro cell migration assays.  

Finally, in Chapter 7 I will summarize my research achievements, 
highlighting the contribution of the present work to the complex issue of peripheral 
nerve regeneration, and their potential for a medium-term clinical translation.
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2 Engineered polymers for regenerative medicine 
applications. 

 
Regenerative medicine is an emerging multidisciplinary field that aims to restore, maintain 
or enhance tissues and hence organ functions. Regeneration of tissues can be achieved by the 
synergistic activity of living cells, which will provide biological functionality, and materials, 
which act as scaffolds to support cell proliferation.  

Mammalian cells behave in vivo in response to the biological signals that they 
receive from the surrounding environment, which is structured by nanometer-scale 
components. Therefore, materials used for repairing the human body have to reproduce the 
correct signals that guide the cells towards the desired behavior. Nowadays, the interest in 
nanomedicine keeps growing because the application of nanotechnology tools to the structure 
development at the molecular level improves the interactions between material surfaces and 
biological entities. Although cells have micrometer dimensions, they evolve in vivo in close 
contact with the extracellular matrix (ECM), a three-dimensional network of extracellular 
macromolecules, which constitutes the topographical and structural features of nanometric 
size. The interactions between the cells and the ECM influence the cell growth, guide the cell 
mobility and affect the general behavior of cells. Nanotechnologies provide the possibility to 
fabricate surfaces, structures and materials with nanoscale features that can mimic the 
natural environment of cells and promote functions, such as cell adhesion, motility and 
differentiation. 

In this chapter I will focus on aspects of nanotechnology relevant to biomaterials 
science. Specifically, the fabrication of polymeric materials, such as scaffolds for tissue 
engineering (TE), and the surfaces nanopatterning techniques aimed at eliciting specific 
biological responses from the host tissue will be addressed. Then, after a brief description of 
current scaffolding approaches in nerve grafts, I will highlight the role of nano-engineered 
biomaterial in preliminary in vitro studies for nerve regeneration process fulfillment. 
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2.1 Selected micro and nano-fabrication techniques for biocompatible 
materials. 

 
The development of nanotechnology is based on the study of fabrication techniques capable 
of producing nanometric-size structures rapidly and precisely [1], [2]. In fact, 
nanofabrication is the process of making functional structures with patterns having 
minimum dimension lower then 100nm [3], [4], [5]. 

Normally, fabrication methods used to develop micro and nanostructures are labeled 
as top-down and bottom-up, according to the process involved [4], [6]. In the bottom-up 
approaches the surface is structured by the self-assembly of small building blocks such as 
copolymers, micelles or particles [3]. While these methods afford the large-scale production 
of monodisperse devices with sub-micrometric size, controlling size, shape, structure and 
defects on the final devices is not a trivial task. To avoid these limitations, top-down methods 
were introduced. 

Top-down processes aim at creating nanoscale structures with the desired shape 
starting from large blocks and reducing their size in a controlled way until the required scale 
is reached [5]. Photolithography and electron beam lithography, hot embossing and 
nanoimprint lithography are examples of top-down approaches [3].They have shown a great 
potential in patterning nanostructures, especially ordered arrays [6]. 

In this section, I shall illustrate top-down approaches to fabricate biocompatible 
nanostructures, introducing several powerful non-conventional lithographic methods. 

 

2.1.1  Soft lithography patterning techniques. 
 

In order to develop biocompatible nanometric features at low cost and overcome 
some limits of the conventional lithographic methods, new patterning techniques 
have been explored and developed. All those methods use a patterned stamp, mold 
or mask to generate polymeric micro/nano patterns or micro/nanostructures [7]. 
These methods are generally referred to as soft lithography techniques, and they have 
been developed as an alternative to conventional lithography. In fact, soft 
lithographic techniques are low in capital costs, straightforward to apply, easy to 
learn. Furthermore, they can generate patterns on non-planar surfaces and can be 
used with a variety of materials [7]. 
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Examples of these techniques are Micro-contact printing, Micro-molding in 
capillaries, micro-transfer molding, replica molding, hot embossing.  

Micro-contact printing (µCP) [8] is a soft lithographic method which employs  
a micro/nanopattern elastomeric stamp, typically made in poly (dimethyl siloxane) 
(PDMS), with a chemical ink capable of forming patterns of self-assembled 
monolayer (SAMs) by contact with the target substrate [9].  Although µCP is 
extremely useful for a wide range of applications, it suffers from the limited 

resolution in reproducing features in the sub-micron range (from 1 µm to 100 nm).   
Replica molding (REM) [10] [11] enables faithful duplication of three-

dimensional topologies with feature size ≥ 100 nm in a single-step using PDMS 
molds. They are prepared by casting against rigid masters using a procedure similar 
to that used in µCP. The relief features on the PDMS mold can, in turn, be faithfully 
replicated by using this structure as a mold for forming structures in a second 
ultraviolet (UV)-curable (or thermally curable) prepolymer [10]. The use of an 
elastomeric mold, rather than a rigid one, simplifies the separation between the 
replica and the mold. Furthermore, its use reduces the possible damage of the initial 
mold and it enables faithful duplication of complex microstructures in multiple 
copies in a simple and inexpensive way [12], [13]. Although µCP and REM are 
extremely useful for a wide range of applications, particularly for the biomedical 
ones [14]–[16], their employment in the sub-micron range is hampered by resolution 
limits. Moreover, stamp deformation during its detachment from the template and 
during the patterning of the new substrate represents a severe hurdle to the 
widespread use of these techniques [17],[18]. Additionally, almost all organic 
solvents induce PDMS swelling, thus changing the feature dimensions [19]. 

Micro-molding in capillaries (MIMIC) and micro-transfer molding (mTM) are 
other two soft lithographic techniques which exploit the conformal contact between 
a PDMS mold and a support to create a network of microstructures.  

In the MIMIC case [20], the PDMS mold is placed on the surface of a 
substrate, forming a network of empty channels. Then, a low-viscosity prepolymer 
is placed at the open ends of the channels, and this liquid spontaneously fills the 
channels by capillary force. After curing the prepolymer, the PDMS mold is 
removed, leaving the patterned microstructures. Interestingly, the very slow filling 
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for very small capillaries limits its usefulness to structures with a width lower than 
2 mm. 

In mTM [7], [21], a drop of liquid prepolymer is applied to the patterned 
surface of a PDMS mold and the excess liquid is removed by scraping with a flat 
PDMS block or by blowing off with a stream of nitrogen. The filled mold is then 
placed in contact with a substrate and light radiated or heated. After the liquid 
precursor has cured to a solid, the mold is carefully peeled away to leave a patterned 
microstructure on the surface of the substrate. The most significant advantage of 
mTM over other microlithographic techniques is the ease with which it can fabricate 
microstructures on nonplanar surfaces, a characteristic that is essential for building 
three-dimensional microstructures layer by layer. 
Although using mTM it becomes possible to obtain multilayer structures and to 
pattern 100 nm wide features, mold deformation is one of the main challenges that 
can be encountered. For example, the prepolymers are mainly organic and aqueous 
materials that must be removed when the liquid is converted into a solid. During 
the drying and sintering process, the thin film may diverge from the original shape 
due to shrinkage [22]. For similar reasons, closed loop structures cannot be 
replicated by microtransfer molding in one single step. This is because as the 
elastomeric resin pours over the loop and is cured, the loop ends up becoming 
topologically locked in the elastomer, being unable to be released [23]. Layer by 
layer fabrication approaches are thus necessary to mold closed loops via 
microtransfer molding. 
 
2.1.1.1 Hot embossing. 
 
Hot embossing of thermoplastics is a cost-effective replication technology to 
transfer nano/microstructure patterns form a master mold onto a thermoplastic 
material at set pressure and temperature [24], [25]. In fact, the process is composed 
by two major steps: heating the mold and the thermoplastic substrate to embossing 

temperature (i.e. above the glass transition temperature Tg of the thermoplastic 

polymer) and cooling down to demolding temperature [26], [27]. A thermoplastic 
material experiences the glassy state, rubbery state and flow state at increasing 
temperature [28], [29], as shown in Figure 2.1. When the operating temperature is 



 7 

below Tg (glassy state), the deformation given by pressure is ideally elastic [30]. As 
the temperature goes up (i.e. above its Tg and below its melting point Tf), the 
thermoplastic polymer acts like an incompressible rubber and it softens reversibly 
when heated, but hardens when cooled back [31]. Finally, with a further increase of 
temperature, the viscous flow state can be reached and the deformation is thus 
irreversible in the flow state [28], [29]. Hot embossing is carried out between Tg and 
Tf. 

 
Figure 2.1 Thermoplastic polymers behavior vs. temperature in three states: glassy state, 
rubbery state and flow state. The figure is reported from [25]. 

By simply changing the disposition or the shape of the molding tool, three 
different forming principles of micro hot embossing can be distinguished: plate-to-
plate (P2P), plate-to-roll (P2R), roll-to-roll (R2R) (Figure 2.2).  

Among these, P2P is the most conventional method, which contains a mold 
plate with micro or nanostructures and a substrate plate (Figure 2.2 a). Thanks to 
the high accuracy and controllability of this process, P2P is widely used for 
industrial production of compact disc (CD) and digital versatile disc (DVD), as 
examples. In fact, as relatively mature technology, P2P apparatuses are 
commercially available and sold by industries as Jenoptik Mikrotechnik GmbH, 
Wickert Press, Evgroup, SUSS Microtec, Karlsruhe Institute of Technology and 
Obducat AB [32]–[37]. 

Nevertheless, P2P is a discontinuous batch-wise mode facing drawbacks of 
limited efficiency and in some cases rather small replication areas [38], [39]. 
Moreover, the fabrication of patterns with high aspect ratio (i.e. ratio between 
feature height and width) is limited by demolding-related defects, such as broken 
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and distorted features. In fact, thermal contraction of polymers is significantly 
different from that of the molds, usually fabricated in hard materials such as silicon 
or nickel. As a result, if the cool-down step is not optimized, the thermal capacity 
mismatch between the two materials generates a large thermal stress during 
demolding, thus making it difficult to separate polymeric features from the mold. 
It was demonstrated by Dirckx’s group [40] that both adhesion and sidewall friction 
played a fundamental role in demolding. In particular, coatings such as amorphous 
silicon carbide and Teflon-like fluoropolymer reduce demolding energy [41]. 
Unfortunately, long cycle time for heating and cooling as well as low pattern 
uniformity for very large-areas are unsolved problems that compromise in some 
cases the overall success of P2P technique. To solve those issues, rubber-assisted 
embossing, ultrasonic-vibration and gas-assisted embossing strategies were introduced. 
Briefly, in rubber-assisted embossing [42], [43], the thermoplastic film is pressurized 
between the hard mold surface and a rubber pad, performing the desired conformal 
contact process.  

Ultrasonic-vibration embossing is based on intermolecular friction at the 
interface between the mold and the imprinted material [44], [45]. Compared with 
conductive or convective heat transfer, this fabrication method results faster and 
more efficient. 

Recently, gas pressure has been introduced as load during hot embossing 
(gas-assisted embossing) to generate uniform pressure over large areas [46], [47]. It 
was proved that it is possible to fabricate uniform micro/nanostructures on large 
polymeric area, up to 18 cm2 [48].  

Therefore, compared to other conventional processes, the hot embossing 
enables fine-pattern processing using only a stamp. Owing to these advantages, 
studies on hot embossing have been widely conducted. As example, differently 
from P2P, where the entire polymer is imprinted simultaneously after heating 
above Tg, in P2R only the small area in contact with the roller has a temperature 
higher than Tg, as shown in Figure 2.2 b. Moreover, molding and demolding steps 
are continuously performed, so that the process efficiency depends from fabrication 
parameters such as imprint pressure and rolling speed, as well as temperature. 
Normally, features with low aspect ratio imprinted on a low-viscosity polymer have 
the highest embossing rate, compared to other conditions [49]. Another P2R 
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configuration relies on putting a flat mold directly on a substrate and rolling a 
smooth roller on the flat mold as shown in Figure 2.2 c. 

Furthermore, R2R hot embossing was developed with the aim of increasing 
the speed of embossing production for micro and nanopatterns [50]. When the 
substrate is heated to Tg by an induction roller, microstructures on the mold are 
simultaneously transferred to the substrate surface. If the speed is too high, Tg is not 
reached and there is no replica on the polymer. On the contrary, the polymer film 
can be molten and torn apart if the speed is too low [51]. 

 
 

Figure 2.2 Schematic diagrams of three modes of micro hot embossing. The schematic of 
P2P hot embossing is illustrated in a) which contains a micro/nano-structured mold and a 
substrate plate. b-c) R2P, characterized by a rotation cylinder and a flat plate, is proposed to 
meet the increasing demand for large-area patterned polymeric films. There are two typical 
R2P modes: b) rolling a cylindrical micro/nano-structured mold on a flat and solid 
substrate, or putting a mold in contact with a substrate and rolling a smooth roller on the 
system, as shown in c). d) The continuous and high-throughput fabrication method for 
patterned polymeric films is R2R hot embossing, characterized by two rollers with a 
polymer film in between. The figure is reported from [25]. 

In order to overcome some limits of the conventional hot embossing 
techniques as high replacement costs for mold pattern change, Yun and coauthors 
[52] proposed an impact-imprint type hot embossing technique. This new embossing 
method requires a fine-shaped printing head which applies force onto a heated 
substrate. The pattern is fabricated by controlling the position of the printing head, 
dot by dot. The main advantage of this technique is that various patterns can be 
embossed in real-time but, on the contrary, a mismatch in size of 7 % between final 
pattern and printing head is observed. 
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2.1.1.2 Nanoimprint Lithography. 
 

Thermal Nanoimprint Lithography. 

In literature, hot embossing and NIL are often used with the same meaning, 
particularly when the replicated patterns bear sub-micrometric dimensions. The 
plausible difference between hot embossing and NIL is the thickness of the polymer 
to be structured: thanks to hot embossing, a bulk material is nanostructured directly 
on its surface, while NIL process involves the use of a thin thermoplastic film or 
resist [53], [54]. 

In particular, for thermal NIL, the fabrication principle is based on a 
nanopatterned hard mold employed to deform a thermoplastic polymer under 
controlled pressure and temperature, as shown in Figure 2.3. The increased 
polymer temperature reduces the viscosity of the material, so that the applied 
pressure helps the molten polymer to flow into the cavities. As in a standard hot 
embossing process, the final cooling of the system freezes the pattern on the target 
surface, thus providing a negative copy of the master.  

 

 
Figure 2.3 Schematic diagram of a NIL process. Yellow curve: set temperature, red curve: 
measured temperature. Green curve: set pressure, cyan curve: measured pressure. 

With such technique, Chou et al. [53] achieved a minimum resolution of 25 nm in 
patterning holes of 25 nm in diameter, spatially separated by a distance of 95 nm, 
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on a poly(methyl methacrylate) (PMMA) film. More recently, Schvartzman et al [55] 
imprinted PMMA pillars of 10 nm in diameter. 

One of the major challenges related to this technique is the mold lifetime. 
NIL molds have to be replaced after ~ 50 consecutive imprints or less. In fact, high 
pressure and heating and cooling cycles cause stress and wear to NIL molds. In 
particular, the mold can be damaged by polymer attachment on its surface during 
the imprint process.  

To solve this issue, two different methods have been introduced: a 
hydrophobic coating on the mold surface (i.e. silane coating), and the use of 
hydrophobic polymeric molds, such as PDMS [56], [57], ethylene 
tetrafluoroethylene (ETFE) [58], [59], or PFPE, as I did in [60], [61]. 

Hydrophobic coating is the standard technique for preserving the integrity 
of hard molds and polymeric replicas, and for minimizing defects on both surfaces. 
Furthermore, the remarkable thinness of silane coating (< 2 nm) fosters a strong 
bonding of the coating onto mold surface [62]. On the other hand, mold breakage 
remains a problem during the demolding step. In fact, after the NIL process, the 
rigidity of the hard mold makes it very difficult to clearly separate it from the 
substrate. Conventionally, a scalpel or a razor blade have been employed to 
separate the mold from the substrate, but if the detaching procedure is not properly 
executed, it might introduce mold surface damages and cracks [56].  
 

2.1.1.3 UV-Nanoimprint Lithography. 
 

The ultraviolet NIL (UV-NIL) process has several prominent advantages 
over the thermal NIL, including the capability of U-NIL to be conducted at room 
temperature without the need of elevated temperature imprinting. Therefore, this 
helps to eliminate the issues resulting from thermal expansion variations between 
the mold, substrate and polymeric resist [3], [63]. 

In particular, an optically transparent mold (made of quartz, indium thin 
oxide or other UV-transparent materials) [64] is pressed into the polymeric solution 
at room temperature, and then the solution is polymerized by UV irradiation. Due 
to the typical low viscosity of the resist, a pressure of few bars (1-5 bars) [65] is 
sufficient to perform the imprint process. Acrylate formulations are very often used 
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in UV-NIL processes because of their commercial availability, low viscosity and 
rapid photopolymerization. On the other hand, the use of acrylates requires an inert 
atmosphere, since oxygen is a strong radical inhibitor for this process [66]. While 
UV-NIL offers several advantages, it is important that many parameters such as 
polymerization time, surface energy of the mold and polymer transparency are 
carefully evaluated, as they can critically affect the replication and demolding 
processes. Furthermore, shrinkage is an important factor to be optimized in order 
to avoid replica cracking during demolding. In fact, during UV curing, the resist 
volume shrinks. Thanks to a ring opening polymerization, epoxy resist has a very 
limited shrinkage rate, in general ~ 3 %. On the other hand, acrylates and vinyl-
ether resists show shrinkage rates of ~ 10 %. Indeed, due to the thin residual resist 
thickness and the mechanical rigidity of the substrate, the bottom of the fabricated 
structures is not able to relax. Consequently, the resist shrinkage will induce a 
change in the top lateral dimensions and height of the features, reducing their lateral 
slope. In order to limit the shrinkage, resist formulations are made with monomers 
presenting a reduced shrinkage. Hence, steric hindrance might be used. Another 
possibility is to include an oligomer or a polymer in the resist formulation as a 
binder, but taking into account the increased resist viscosity [67]. In addition, 
insufficient UV irradiation might cause distortion and structure collapse [68]. 

 

2.1.1.4 Step-and-Flash and reverse Nanoimprint Lithography. 

Step and Flash nanoImprint Lithography (SFIL) is considered to be one of the most 
promising alternatives to conventional soft lithography techniques. SFIL uses a low 
viscosity monomer (<5 cPs) that is dispensed as droplets deposited on the substrate, 
rather than as a spun-on film (Figure 2.4) [69]. 
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Figure 2.4 Schematic illustration of SFIL process. Drops of a low-viscosity monomer are 
deposited onto the substrate and contacted with the transparent mold, causing the drops to 
spread, merge and fill the mold. The monomer is UV exposed, and the mold is separated, 
leaving a replica of the mold pattern. The figure is reported from [70]. 

A transparent quartz mold with relief nanostructures contacts the monomer, and 
the drops spread, merge and fill the features in the mold. The monomer is then 
exposed to UV light via backside illumination, and the patterned structure is left on 
the substrate when the mold is removed. This process uses the lowest imprint 

pressures possible (~2 bar), so the low viscosity resists readily flow to fill the 
recesses of the mold. SFIL offers the opportunity of modifying the material 
chemistry, drop by drop, when creating the surface pattern.  

The advantages of SFIL include feature resolution (limited only by template 
fabrication), large patterned areas, high throughput, process easiness and 
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robustness, room temperature and low-pressure processing conditions, device 
manufacturing costs reduction. 

The main drawback is instead the pattern peeling from planarization layer, 
caused by the demolding process [71]. One successful strategy to avoid the pattern 
peeling is to reduce the mold surface energy with respect to the substrate one, 
exploited also for reverse nanoimprinting. Simply, the polymer is spin-coated onto 
a transparent mold instead of the planarization layer, filling areas of surface relief 
patterns, then transferred on the planarization layer by one of the NIL techniques 
[29]. This last technique is particularly useful to transfer patterns on substrates that 
are not suitable for spin coating [72]. 

 

2.1.1.5 Nanoimprint by Melt Processing. 
 
The key difference between nanoimprint by melt processing (NIMP) and thermal 
NIL is that the NIMP process uses low-viscous plasticized polymers in the flow state 
(as shown in Figure 2.1). In the case of NIL, a high-molecular weight polymer is 
often spun on substrate, then heated to a temperature higher than Tg of the 
thermoplastic polymer. After the highly viscous polymer has reached the set 
temperature, the polymer is patterned by pressing the hard mold onto its surface, 
under high pressure.  

The NIMP process begins with a low-molecular weight polymer mixed with 
a proper plasticizer, chosen for its compatibility with the low-molecular weight 
polymer and processability. The mixture is suddenly deposited on a base-plate, 
similarly to the drop of UV curable resist placed on substrate, in the case of UV-NIL. 
Then, the base-plate temperature is increased so that the polymer melts completely 
to form a low-viscosity drop.  

Owing to the low viscosity of the polymer drop, the pressure required for 
replica process is typically ten times less than in thermal NIL (~ few bars) and 
comparable to the one employed for SFIL process. In addition, the lifetime of the 
mold is much longer, compared to a thermal NIL, since the required pressure is an 
order of magnitude lower than the standard replica process [52], [65]. 
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2.1.2 Initiated Chemical vapor deposition polymerization (iCVD). 
 
Nowadays chemical vapor deposition (CVD) is widely applied in microelectronics, 
optoelectronics and energy conversion industries [73], [74], [75] to produce 
inorganic thin films and materials, carbon nanotubes and graphene sheets [76], [77]. 
More recently, CVD was employed also to fabricate and engineer polymeric thin 
films or hydrogels (i.e. polymeric networks that take in and store a considerable 
amount of water).  

In fact, what it is called initiated chemical vapor deposition polymerization 
(iCVD) foresees that volatile monomers and an initiator molecule flow inside a 
temperature- and vacuum-controlled chamber, as in a standard CVD process. 
Therefore, the initiator molecule forms radicals, which react with the monomers on 
the cooled substrate by thermal decomposition [78], UV radiation [79], or plasma 
treatment [80]. Finally, the CVD polymer forms on the cooled substrate [81]. 
The iCVD process operates at low surface temperatures (ranging from 20 to 60 °C), 
promoting monomers absorption on the substrates [82]. The relatively low 
temperature of the iCVD process is particularly suitable for easily functionalizing 
hydrogel surfaces, as their chemical structure is fully retained [83]. 
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2.2 Nanotopographies for mechanotransduction studies. 
 
Nowadays, nanotechnology and the related fabrication techniques ensure the fabrication of 
biocompatible interfaces, the extracellular matrix (ECM), that can reproduce the 
biomechanical cues that are required for tissue morphogenesis, differentiation and 
homeostasis. In particular, the microfabrication and nanolithography techniques mentioned 
in the previous section ensure the development of micrometric and sub-micrometric features 
on biocompatible materials that can be employed as scaffolds in different tissue regeneration 
fields. 

In this section I shall introduce tissue engineering (TE) as a combination of 
engineering methods, materials and biochemical factors to heal or replace a biological tissue. 
Then, I will thoroughly discuss the role of ECM in the mechanosensing and 
mechanotransduction processes, with a highlight on its interaction cells. 
In the following, I will briefly review scaffold approaches for TE applications. Starting from 
the requirements that scaffolds have to provide to mimic the ECM functions, I will then 
provide a concise presentation of the synthetic and the natural materials already employed 
as TE scaffolds, together with the latest developments in this field. 
 

2.2.1 Tissue engineering. 
 

TE is continuously expanding thanks to the interaction between different research 
fields such as biology, chemistry, material science, nanotechnology and to the 
development of novel micro-nano fabrication techniques [84]. The ultimate aim is 
the implantation of constructs (i.e. scaffolds) into the body not only to repair an injury 
but, in some cases, to replace the function of a failing organ [85]. 

TE materials have to be as similar as possible to the original environment, in 
order to mimic tissues for research purposes and that can help regeneration of 
injured tissues. Regenerative medicine is often used as a synonymous of TE, 
although regenerative medicine implies the use of stem cells to heal or replace the 
injured tissue [86]. 
 

2.2.2 The role of ECM in mechanosensing and mechanotransduction. 
 

As already mentioned, the TE substrates should mimic some critical environmental 
features of the in vivo tissue. In particular, the ECM plays several key biological 
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functions including providing not only physical sustain and spatial organization to 
the tissue, but also mechanical and chemical cues to cells [87],thus promoting their 
proliferation and differentiation [88]. 
 In nature, tissues are composed by both cellular and acellular components: 
the acellular ones are referred to as ECM. In fact, the structure and composition of 
ECM widely vary between different tissue types, but the leading components of 
ECM remain proteoglycans, collagen, laminin and fibronectin proteins. In 
particular, these proteins are organized in folded domains whose sequences are 
highly preserved. The cells adhesion receptors, e.g. the integrins, bind folded 
domains, thus controlling cell-matrix interaction and transducing signal to cell 
cytoskeleton [89], [90]. Due to their major role in mechanosensitive processes, the 
cell-matrix complexes have been studied thoroughly. In fact, integrins, zyxin, talin, 
vinculin, Src, and focal adhesion kinase, the core components of focal adhesion (FA) 
complexes, deeply influence actin polymerization, cell migration and 
differentiation [91], [92]. 
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Figure 2.5 Focal adhesions: structure and function. Forces that are generated by actin 
polymerization and myosin II-dependent contractility (step 1) affect specific 
mechanosensitive proteins in the actin-linking module (talin and vinculin), the receptor 
module (represented by integrins, and co-receptors, the associated actin-polymerizing 
module (for example, zyxin) and the signalling module (represented by, for example, focal 
adhesion kinase). Acting in concert, these interacting modules, with their particular 
mechanosensitive components, form a mechanoresponsive network. The effect on the actin 
cytoskeleton (step 2) depends on the integrated response of the entire system to interactions 
with the matrix and to applied mechanical forces. Stimulation of the signaling module 
eventually leads to the activation of guanine nucleotide-exchange factors and GTPase-
activating proteins, leading to activation or inactivation of small G proteins, such as Rho and 
Rac (step 3). These G proteins affect actin polymerization and actomyosin contractility 
through cytoskeleton-regulating proteins (step 4), thus modulating the force-generating 
machinery (step 5). The figure is reported from [93]. 

 As depicted in Figure 2.5, FAs are intersection nodes where the environmental 
mechanical signals are transduced to intracellular forces and chemical signals 
through cytoskeletal connections and signaling proteins [94]. In fact, actin 
cytoskeleton and actin-associated proteins change their physical properties in 
response to a mechanical stimulus, as in the case of their application on actin 
network, which can influence myosin and actin activity [95]. Notably, 
mechanotransduction at FA level is bidirectional: forces are both transduced from 
ECM to FA adhesion complexes and vice versa [96]. Moreover, integrin 
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transmembrane adhesion receptors are the primary mechanosensors at FAs level: 
once a force is applied, FAs change their state from bent to extended, increasing 
their affinity for ECM ligands [97]. 

Besides the well-described role of integrin-mediated adhesion in the 
regulation of cell proliferation, the mechanotransduction process is not just limited 
to cytosol, yet it comprises also cell nucleus. Among others, the Hippo signaling 
pathway has emerged as a critical effector process by which changes in cell tension 
affect cell proliferation [98]. Hippo pathway activation leads to the nuclear 
exclusion of the mechanosensitive transcriptional activators, namely Yes-
Associated Protein (YAP) and the transcriptional coactivator (TAZ) [99]. In fact, 
both cell shape and substrate stiffness control Hippo signaling activity, simply by 
the formation of stress fibers in response to an alteration in substrate stiffness. 
However, this mechanism is still not well understood. 

In recent years, it has become increasingly clear that cellular responses to 
external signaling cannot be merely determined by the sensing of chemical ligands 
on ECM, but a wide range of physical cues must also be taken into account [93]. 
 

2.2.2.1 Substrate topographies. 
 
Since natural tissues are composed by nano-sized biomolecules and ECM nano-
cues, all features with typical dimension around 500 nm or smaller (e.g. 
nanoparticles [100], nanofibers [101], nanogratings [102]) can closely mimic native 
biological systems, helping cell growth and tissue regeneration.  

In 1912 Harrison was the first to show that cell shape and migration were 
strictly linked to substrate topography [103].  Later, Weiss [104] showed that cells 
can move and migrate by contact guidance mechanism (i.e., cell-shape adaptation to 
the local extracellular environment [105]).  
Since then, many studies were conducted to clarify the cell-substrate interactions on 
patterned substrates, using different materials, features and cells [106], [107], [108].   

Particularly, topographical factors as size, shape and geometry of the single 
feature can exert strong effects on many cells' behaviors, such as adhesion, 
migration, alignment and differentiation [109], [110], [111]. 
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Although it is well known that the cell response to topography is strongly 
dependent on cell type, the influence of topographical size (in terms of width, 
spacing and depth of features) was found for many cell types. Micro- and nano-
topographies regulate the whole cell morphology and spatial distribution, as well 
as in the subcellular sensing mechanisms [112]. 

Scaffolds engineered with mimicked-natural topography have been tested 
to rebuild tissues in vitro, such as corneal substitutes [113] and vascular graft [114]. 

 

2.2.3 Scaffolding approaches in TE. 
 
 Since the role of scaffolds in TE is analogous to the ECM functions in native 
tissues, and those functions are linked to their architectural, biological and 
mechanical features, a TE scaffold satisfies at least one the following properties: 
Biocompatibility: cells must adhere and migrate along the surface and potentially 
through the scaffold. Moreover, the scaffold must avoid any immune reaction that 
can reduce healing process or cause rejection by the body [115]; 
Biodegradability: neither the scaffold material nor its degradation products should 
provoke inflammation or toxicity when implanted in vivo [116]; 
Porosity: the interconnected pore structure and high pore density ensure the 
cellular penetration and the adequate diffusion of nutrients to cells. Scaffold 
porosity also helps diffusion of cell waste and scaffold degradation products out of 
the scaffold itself. Moreover, cells interact with scaffolds via chemical groups (i.e. 
ligand, as Arg-Gly-Asp, the RGD sequence), therefore synthetic pores have to lead 
a minimal ligand density to allow cell binding [117]; 
Mechanical properties: the engineered scaffold should have mechanical properties 
matching the ones of the host tissue and must allow surgical handling during 
implantation [118]. 
 
Over the last two decades, the scaffolding approaches for TE have significantly 
evolved. In general, biomaterials for TE can be classified in two categories, 
according to their sources, namely synthetic and natural. However, the use of a 
decellularized ECM of a tissue is another promising trend, as well as cell sheets with 
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self-secreted ECM and cell encapsulation in self-assembled hydrogel matrixes, 
herein reported. 

Synthetic scaffolds. 

Although many synthetic biomaterials have a regulatory approval from Food and 
Drug Administration (FDA) for their employment in surgery [119], they were far 
from being the optimal choice for many TE purposes. In fact, their hydrolytic 
biodegradation releases acids that can be cytotoxic, as in the case of polylactic, 
polyglycolic and polycaprolactone [120].  

One example of optimized synthetic scaffold is PuraMatrixTM (3DM, 
Cambridge, MA), which is composed by synthetic nanofibers of oligopeptide 
fragments. This scaffold has customizable properties such as injectability, optimal 
porosity and resorption rates [121]. 

 
Natural scaffolds. 

Natural scaffold materials can be obtained from their natural source and can be 
processed to enhance their natural porosity. Those materials can be in their native 
form, such as ECM from allograft or xenograft, or can be protein-based materials 
(e.g. collagen, fibrin) or polysaccharide-based materials (e.g. chitosan, alginate, 
hyaluronic acid) [122], [123]).   

Despite their excellent biocompatibility, natural materials have a limited 
mechanical rigidity and durability over time: in literature there are several examples 
of reinforcing strategies, such as development of composites with synthetic 
materials [124] or photochemical crosslink of the scaffold [125]. 
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Decellularized ECM matrix. 

 Nowadays, there is an increasing interest in using decellularized tissue 
matrices from allogenic or xenogeneic tissues, after the removal of antigens but 
preserving ECM components. Notably, ECM from decellularized tissues is 
exploited not only for replacing tissues with an analogous structure, as the vessels 
for the allogenic vascular grafts [126], yet also to replace tissues with different 
biological function with respect to the native one, as it happens with amnion 
membrane for peripheral nerve regeneration [127].  

By the use of this technique, rapid advancements were obtained with heart, 
liver and lung tissues [128]. Nevertheless, the methods employed in 
recellularization of whole-organ scaffolds are typically adaptations of techniques 
from a wide range of procedures including traditional cell culture, tissue-
engineering methods, cell-transplantation therapies. In particular, this process  may 
also lead to an inhomogeneous distribution of the decellularized matrix and the 
complete removal of cell components may cause an immune response upon 
implantation [129]. 
 

Cell sheets with self-secreted ECM. 

In this TE approach, cells secrete their own matrix on thermoresponsive polymers 
upon confluence and then their controlled detachment is obtained by temperature 
regulation, which modulates the hydrophobicity of the polymer. Cell sheet 
engineering method is excellent for epithelium, endothelium and cell-dense tissues 
[130]. 

For example, in order to fabricate a 300 µm myocardial patch, this method 
must be repeated ten times. In fact, each ECM layer is 30 µm-thick, so the main 
disadvantage of this technique is the fabrication yield [131]. 

Cell encapsulation in self-assembled hydrogel matrixes. 

This fabrication technique combines the scaffold fabrication and cell seeding into a 
one-step procedure, because living cells are entrapped into the liquid biomaterials 
(e.g. agarose [132], chitosan [133], poly(ethylene) glycol [134] and polyvinyl alcohol 
[135]) before polymerization starts. The most famous applications of this fabrication 
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method is xenogenic pancreatic cell transplantation for diabetes [136]. Nevertheless 
applications for central nervous system and promising anti-angiogenic results with 
endostatin-transfected cells encapsulated in alginate for the treatment of malignant 
brain tumors [137] and liver failure [138], have also been reported in the literature 
[118]. 
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2.3 Scaffolds for nerve regeneration. 
 
Tissue engineered nerve grafts (TENGs) is an emerging approach alternative to the gold 
standard for peripheral nerve repair, the autologous nerve graft. In fact, spontaneous 
peripheral nerve repair is nearly incomplete with poor functional recovery, although the 
peripheral nervous system (PNS) has a greater ability of axonal self-regeneration if 
compared to the central nervous system (CNS) [139]. 
The nerve autografting remains the gold standard clinical treatment for peripheral nerve 
defects, but the main disadvantage of this method is the morbidity of the donor site, 
additional intra- and postoperative risks, the limited graft availability and the limitation of 
use in motor or mixed (motor and sensory), nerve defects [140]. Motor nerve grafts are more 
suitable for these situations, but the benefit does not surpass the disadvantage of sacrificing 
their initial function [141]. 

Nevertheless, the limitations of the autografts have led researchers to develop 
artificial neural scaffolds as replacements, and overall the artificial scaffold technology have 
demonstrated promising results. In particular, material scientists have contributed 
substantially to the sharpening of nerve regeneration processes, by the development of novel 
fabrication techniques, scaffold architectures and lumen surface modifications. Moreover, 
growth factor supplements, stem cell transplantation and cell surface glycoengineering 
could enhance the efficiency of the biomimetic features of neural scaffolds, thus working 
synergistically for nerve regeneration process fulfillment [142]. 

In this section I will briefly highlight the peripheral nerve anatomy and the role of 
Schwann cells (SCs) after an injury. I will then summarize commercial tubes already 
approved by the Food and Drug Administration (FDA) for human use. Starting from nerve 
guidance channel (NGC), considered as the most straightforward strategy for peripheral 
nerve regeneration, I will then provide a brief review of the synergistic use of the NGCs 
together with stem cells and growth factor supplementation, besides the use of the metabolic 
glycoengineering. In the last part of this section I will summarize the role of nanostructures 
in the PNS regeneration.  

2.3.1 Peripheral nerves and Wallerian degeneration. 
 

In order to develop a proper device, neural scaffolds should mimic the anatomy of 
the peripheral nerves as much as possible. 
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In fact, in the peripheral nervous system, bundles of nerve fibers or axons 
conduct information to and from the central nervous system. In myelinated nerve 
fibers, these axons are surrounded by a myelin sheath composed of concentric 
layers of SCs, helping to increase neuronal signaling speeds.  Those nerve fibers are 
surrounded by connective tissues (endoneurium, perineurium and epineurium), 
capillaries and vessels, as shown in Figure 2.6. 

Particularly, the endoneurium holds axons and SCs together, composing the 
endoneurium tube, which is surrounded by the connective tissue of perineurium. 
The perineurium, in turn, is made of collagen fibrils (type I and III) and elastic fibers 
interspersed between 15 layers of perineurial cells [143], [144]. Both endoneurium 
and perineurium have a basal lamina made of laminin, fibronectin and 
proteoglycans. Altogether, the endoneurial tubes, blood vessels and perineurium 
compose the nerve fascicles covered by the epineurium, with a thickness ranging 
from 1.3 to 100 µm [145]. 

 

 
Figure 2.6 Cross-sectional anatomy of the peripheral nerve. The left inset shows an 
unmyelinated fiber. The bottom inset shows a myelinated fiber. The epineurium is the 
connective tissue layer of the peripheral nerve. Its main function is to nourish and protect 
the fascicles. The outer layers of the epineurium are condensed into a sheath. Within and 
through the epineurium lie several fascicles, each surrounded by a perineurial sheath. The 
perineurial layer is the major contributor to nerve tensile strength. The endoneurium is the 
innermost loose collagenous matrix within the fascicles. Axons run through the 
endoneurium and are protected and nourished by this layer. The figure is reported from 
[146]. 
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The PNS has far greater regeneration potential than the central nervous system 
mainly due to the different response of the respective glial cells to injuries [147]. In 
fact, the SCs convert to a regenerative phenotype, thereby promoting the formation 
of a basal lamina and providing abundant cues to trigger neuronal regenerative 
response [144]. 

As depicted in Figure 2.7, the distal stump of the injured nerve undergoes a 
series of molecular and cellular changes known as Wallerian degeneration (Figure 2.7 
a). Within a few hours, both the axon and the myelin in the distal stump degenerate 
and macrophages migrate to the site of injury and contribute to debris clearance 
(Figure 2.7 b). In the first 24 h, SCs proliferate and switch from a myelinating to a 
regenerative phenotype and exhibit up-regulation of several molecules that assist 
the parallel degenerative and regenerative processes. 

In particular, when the debris has been removed by the combined action of 
SCs and macrophages, SCs align forming columns called bands of Büngner (Figure 
2.7 c). This forms a permissive environment rich in trophic factors, enabling guided 
axonal regeneration (Figure 2.7 d) [148]. 

 
Figure 2.7 Wallerian degeneration. a) Following injury, b) Schwann cells detach from the 
axons, start proliferating and help the recruited macrophages to clear the cellular and myelin 
debris. c-d) At the same time expression of stimulating factors by SCs create a favorable 
environment for nerve regrowth towards the target organ. The figure is reported from [148]. 
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2.3.2 Commercially-available devices and new engineered approaches for neural 
scaffolds. 
 

In order to accomplish its role in TENGs, the neural scaffold are designed to guide 
and protect the injured nerve regrowth and to deliver biochemical cues [149]. 

To date, various bio-absorbable nerve tubes have been approved by US FDA 
for human use. Among them, it is worth mentioning the type I-collagen scaffolds 
NeuragenTM, NeuroMatrixTM and NeuraWrapTM, the scaffolds based on poly(glycolic 
acid) (PGA), such as NeurotubeTM, and those fabricated in poly(D,L-lactide-co-e-
caprolactone) (PLCL): NeurolacTM and NeuroMendTM.  

Notably, NeuragenTM was the first to be commercialized (2001), it is available 
in various inner diameters (1.5-7mm) and two different lengths (2 and 3 cm). 
Compared to more rigid materials (silicone), the NeuragenTM achieved results similar 
to autograft [150], and  it exhibited no compression neuropathy. Moreover, it 
remained intact up to 4 years post implantation [151]. For PGA-based tubes, 
NeurotubeTM has an internal diameter of 2.3 mm, 4 and 8 mm and length of 2 cm or 
4 cm. Its main employment is for digital nerve defects not exceeding 3 mm [152]. 

In the case of PLCL tubes, Secer and colleagues evaluated 455 patients with 
ulnar nerve injuries caused by gunshot wounds and treated with NeurolacTM.  
They found that reinnervation time depends on the severity of the lesion and how 
far the proximal stump of the ulnar nerve is from the target muscles. Overall, the 
optimal recovery after the repair of gunshot-inflicted ulnar nerve injuries is strictly 
dependent on the entity of repair, the time frame from the injury to surgical 
operation (between 2 to 4 weeks post injury to allow the delineation of proximal 
and distal stump damage), the surgical approach, and the length of the graft [153]. 

Despite the promising results in human patients, tube swelling and auto 
mutilation incidents raised concerns about scaffolds biocompatibility and 
degradation rate tested on a black hooded rats of 10 mm-long gap injury [154]. 

 

2.3.3 Strategies for an enhanced peripheral nerve regeneration.  
 

The transition from an engineered biomaterial to optimized neural scaffolds 
involves two correlated aspects, the scaffold configuration and fabrication, both of 
which significantly affect the performance of the final scaffold. 
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Initially, biomaterials were engineered into the simplest configuration, 
which is a hollow single tube. This scaffold was named NGC, which had an empty 
lumen. In order to improve the scaffold performance, NGC with an internal micro 
architecture or an internal multi-component composition within its lumen were 
fabricated. As an example, one or more intraluminal channels could be introduced 
to construct a multichannel NGC, thus mimicking the architecture of nerve bundles 
and reducing dispersion of regenerating axons [155] 

Another exploited strategy to improve nerve regeneration is the inclusion of 
physical fillers into the NGC lumen to mimic the endoneurial structure, typical of 
autologous nerve grafts [156]. In literature a chitosan-based NGC and PGA 
intraluminal filaments were employed to bridge a 30 mm-long sciatic nerve gap in 
dogs, thus enhancing the ingrowth of blood vessels, guiding SCs and allowing 
diffusion of nutrients [157]. 

 

2.3.3.1 Synergy with other peripheral nerve regeneration strategies. 
 
Although NGCs are the main technology for the restore of peripheral nerve activity, 
they have been shown to be effective only for lesions shorter than 10 mm in rats or 
30 mm in primates. If used alone, the scaffold strategy was not successful for larger 
gaps. Schwann cells, neural stem cells, embryonic stem cells and marrow stromal 
cells have been the most studied support cells [158]. Moreover, growth factor 
supplementation, metabolic glycoengineering and modification of the cell surfaces 
can be also incorporated to optimize the peripheral nerve repair [159], [160]. 

 
Stem cell transplantation. 

 Stem cell transplantation is a widely used strategy for peripheral nerve 
regeneration. In fact, stem cells can secrete appropriate pro-regenerative factors. 
Promising examples of stem cell used in peripheral nerve repair are bone marrow 
mesenchymal stem cells and adipose-derived stem cells.  

Bone marrow mesenchymal stem cells (BMSCs) are easily obtained through 
the aspiration of the bone marrow and expanded in large scale by in vitro culture. 
BMSCs have found increasing applications in cell-based therapies, including neural 
injury. Moreover, autologous SCs are difficult to obtain in large number and 
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allogenic SCs are involved in immunological reactions [161]. Therefore, BMSCs are 
becoming a promising alternative to SCs, showing a considerable success in 
experimental studies with the repair of 50 mm-long gap in dog sciatic nerves [162] 
and a 50-mm long median nerve gap in rhesus monkeys [163].  

Adipose-derived stem cells (ADSCs) are superior to BMSCs in some aspects, 
from their harvesting to their availability. Either undifferentiated or differentiated 
ADSCs combined with neural scaffolds have bridged peripheral nerve gaps of 
different lengths, up to 1 cm  rat sciatic nerve gap [164], [165], [166]. Pre-clinical 
studies have demonstrated the role of stem cell transplantation as successful 
therapy combined with traditional methods of peripheral nerve repair. However, 
current technologies have yet to identify optimized conditions for clinical use in 
terms of both efficacy and safety [167]. 
 

Growth factor supplementation. 

 The local presence of growth factors at the injurie sites can play a 
fundamental role in improving the peripheral nerve injury treatment. Their 
supportive action may be hindered by the obvious decrease over time of cellular 
production of growth factors, which makes it necessary the continuous exogenous 
supply of growth factors. The most commonly used growth factors include brain-
derived growth factor, nerve growth factor and glial cell-derived neurotrophic 
factor [168]. Moreover, these delivery systems ensure positive impacts on nerve 
reconstruction, in particular they enhance the adsorption of growth factors on the 
surface or bulk of the scaffold or the entrapment of growth factors during scaffold 
fabrication [168]. 

Several studies report different techniques to immobilize nerve growth factor 
(NGF) onto scaffolds, among which crosslinking is the most commonly used. In 
particular, genipin enhances crosslink yield in the case of a scaffold fabricated with 
chitosan and NGF, further processed into an NGC. After in vitro tests [169], an in 
vivo study was subsequently reported where a 10 mm-long rat sciatic nerve was 
bridged with the aid of this functionalized scaffold [170]. 
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 Metabolic Glycoengineering. 

A substantial enhancement in the nerve regeneration process can be achieved by 
improving the interaction between cells and scaffolds. This can be obtained either 
by acting on scaffolds morphology, or by modifying the biological behavior of the 
cells themselves. 

Metabolic glycoengineering (MGE) manipulates the cell biosynthetic 
pathways of oligosaccharides and glycoconjugates by using sugar analogs [171]. In 
fact, altering glycans on cell surface may improve cell adhesion and differentiation 
[172]. Moreover, MGE technique has the ability to alter cell adhesion via the 
activation of integrins [173]; furthermore carbohydrate-based cell surface 
modification has been studied in vivo [174], demonstrating an improved peripheral 
nerve regeneration and unleashing its potential for clinical translation. 
 

Nanostructured scaffolds for peripheral nerve regeneration. 

As I have already mentioned, the in vivo interactions between scaffolds and host 
cells/tissues are complex and bi-directional: not only the scaffold elicits cell and 
tissue responses, yet also cells and tissues modify the local environment provided 
by scaffold itself, through the deposition of ECM molecules [175]. 

In order to better investigate those mutual interactions, nanoscale 
topographies were added on the neural scaffold surface. In fact, those nanometric 
features have the same size of the natural architecture of the ECM cues [176] [177] 
and induce contact guidance in nerve regeneration. Moreover, nano features 
promote the adhesion of the surrounding cells to scaffolds and the infiltration of 
neural and glial processes. Additionally, these features can be arranged to provide 
topographical cues to guide axons across large injury gaps [178]. 
As previously discussed, there are three different size scales to take into account for 
scaffold design: the functional tissue level (>100 µm), the cellular level (1-100 µm) 
and the subcellular-or nanostructured- one (<1 µm) [179].  

Considering these three size scales in tissues, the nanostructured level is the 
less understood, but it is as relevant as the other two. As an example of 
nanostructures in PNS, the major ECM component is laminin, which exhibits a 
typical  70 nm configuration [180]. In literature there are several studies aimed at 
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eliciting interactions between gratings (anisotropic topographies composed of 
alternating ridges and grooves) and neural cells. The main goal of those studies has 
been to orient neurite outgrowth for the establishment of in vitro neural networks 
and the targeted reconnection of axons after injury in vivo. As an example, adult 
sympathetic neurons orient their neurites along the main direction of nanoscale 
grooves (100 – 400 nm widths, 300 nm depth)  [181]; however, 100 nm grooves were 
less effective at promoting parallel neurite alignment. In addition, smaller neurites 
(<1 µm) were better aligned than the larger ones. 

Comparing microscale and nanoscale widths, two of the most 
straightforward  studies have emphasized that wider and deeper grooves (ridges 
and grooves with microscale widths) result to orient hippocampal neurites along 
the main anisotropy direction [182], while narrower and shallower grooves induce 
a more perpendicular neurite orientation [106]. 
Furthermore, the topographical effects of nanogratings (ridges width: 350 nm, 
height: 350 nm) increased the upregulation of neural markers of human 
mesenchymal cells (hMSCs) and, consequently, neuronal differentiation without 
additional soluble cues, if compared to microscale patterns (ridges width: 1 μm or 
10 μm, height: 350 nm) [183]. 

Nanostructures are mainly incorporated into polymeric-based scaffolds 
during fabrication processes, aiming to improve their bulk and surface properties 
by the use of several manufacturing methods, such as electrospinning [184],  phase 
separation and self-assembly [185]. Promising results have been reported 
concerning in vitro studies of polymeric scaffolds patterned with nanogratings for 
peripheral nerve repair [61], [105], [186]–[188].  
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3 Novel materials engineered for biomedical 
applications. 

 
Cross-disciplinary research has attracted much attention in recent years, and is fundamental 
for developing advanced biomaterials. In this chapter I will describe the smart design, 
development and potential biomedical applications of novel biomaterials. More specifically, 
I will focus my discussion on tissue-mimicking polydimethylsiloxane (PDMS) devices and 
environmentally-sensitive hydrogels. In the case of PDMS devices, by the use of modern 
nanomaterial technologies and fabrication techniques it became possible to obtain 
photoacoustic effects by optical interactions at the nanoscale. These systems have the 
potential to provide cost-effective molecular imaging and therapy in medicine [189].Then, I 
will illustrate a new type of biocompatible and multi-responsive hydrogels [190], obtained 
by initiated Chemical Vapor Deposition (iCVD). I will detail the fabrication steps to obtain 
a hydrogel which couples responsiveness to both light and aqueous environment; hydrogels 
share many characteristics with living tissues [191],  such as high water content in the 
swollen state, porosity, and soft consistency.  
  

3.1 Microstructured tissue-mimicking phantoms for photoacoustic 
imaging. 

  
In order to reduce patient’s pain, health risks and social costs, the development of 
non-invasive techniques for diagnostic purposes became necessary. In fact, optical 
imaging systems coupled with molecular contrast agents are extremely sensitive 
tools for studying living systems. 

In this context, photoacoustic imaging (PAI) and therapies are emerging 
techniques that combine the high-contrast and spectroscopic specificity of optical 
methods with the spatial resolution of ultrasonic imaging [192], [193]. In PAI, 
ultrasounds are generated by optical excitation, usually provided by a laser. 
Particularly, the light is absorbed by endogenous chromophores (e.g. hemoglobin, 
melanin, water or lipids [194]) or exogenous contrast agents, which produce a 
localized increase of temperature [195]. The consequent thermoelastic expansion 
generates broadband acoustic waves that can be detected using ultrasounds 
receivers. Since ultrasounds travel through tissue with minimal scattering and 
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attenuation, PAI is capable of locating optically absorbing objects deep within 
tissue, providing advantages over other optical methods. 

With the final aim to standardize the PAI performances and compare 
experimental results, there is a need to develop reference protocols and dedicated 
test-objects (i.e. phantoms) with fine geometry, especially designed for semi-
quantitative evaluation of the performance of the PAI system [196]. One of the main 
issues is mimicking the structure of vascularized tissues for the assessment of 
suitable contrast agents under different conditions of excitation wavelength, 
duration of irradiation, dilution, spatial distribution and surrounding material. 
Tissue mimicking phantoms are especially needed for complete characterization of 
novel materials prior to the in vivo experimental tests [197]. As already mentioned, 
in order to enhance the sensitivity and spectroscopic specificity of photoacoustic 
signals, exogenous contrast agents (CAs) are used. CAs are substances chosen for 
their physical properties (i.e. high optical absorption and acoustic emission 
wavelengths) and interaction with living tissues (i.e. minimal interplay with healthy 
tissues and efficient targeting of diseased ones). The fitness of a CA for a certain 
application can be defined only in combination with the detection apparatus, testing 
on phantoms, capable of mimicking soft-tissue properties [198].    

The aim of those two works was to design and develop PDMS device 
composed by micrometric channels for a semi quantitative evaluation of the 
performance of a PAI system using nano-sized contrast agents (i.e. gold nanorods 
GNRs). Thereafter, tissue mimicking PDMS phantom was designed and tested 
adding titanium dioxide and black ink, enabling the optical absorption and 
scattering coefficients to be similar to those of biological tissues.  

3.1.1 Microfluidic phantoms.  
 

The devices presented here are microfluidic chips engineered to mimic the 
mechanical, topographical, absorption and scattering properties of vascularized 
soft-tissues.  

The devices were fabricated by means of standard PDMS soft lithography 
using a SU8 custom-made mold (see Materials and methods section of this chapter 
for additional details). The fluidic layer is composed by six parallel channels whose 
lateral size varies from 50 to 500 µm, comparable with those of the tiniest fluidic 
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elements found in human bodies (i.e. the blood vessels composing the 
microcirculation [199]). 

In particular, the microchannels have a lateral size of 50, 100, 200, 300, 400 
and 500 µm (Figure 3.1 a), and a thickness of 50 µm. The optical and acoustic 
properties of PDMS make it a suitable material for PAI, because its optical 
transparency leads to low attenuation during optical excitation and its acoustic 
impedance (parameter derived from the mass density of the material and the 
velocity of the acoustic wave in it) is comparable with those of soft tissues [200]. In 
the first case [198], the microchannels were loaded with 87 nM solution of GNRs in 
water. Figure 3.1 b shows the quantification of the photoacoustic signal collected as 
a function of channel width, for all the six channels. As expected, the signal 
increased linearly with the width of the channel. In this particular chip, the signal 
from the 50 µm-channel could not be detected, suggesting that the detection limit 
was reached.  
 

 
Figure 3.1 PDMS microfluidic phantom. a) Picture of the microfluidic phantom. b) Plot of 
the intensity photoacoustic signal and linear fit of the distribution (red line). The ultrasonic 
signal (grayscale) present both with or without adding CAs to the channel, is superimposed 
to the PAI (red bands) one. The geometry of the microchannel network is represented in 
blue, the width and the spacing of the channels is in scale with the PAI. The figure is adapted 
from [201]. 
 
Then, a tissue mimicking-PDMS phantom was fabricated by adding titanium 

dioxide (TiO2, 0.73 mg∕ mL) to the curing agent and black India ink (0.25 mg∕ mL) 
to the pre-polymer. The absorption spectrum of a region of mouse spleen at 2 mm 
of depth under the skin with PDMS was compared to the tissue mimicking-PDMS 
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phantom. It was found that the tissue mimicking-PDMS generates a higher PAI 
signal with respect to the PDMS one. 

Therefore, PAI signal generated by the tissue mimicking-PDMS, unlike 
PDMS, can be considered as comparable to that of biological tissue.  
Since tissue mimicking-PDMS phantom imitates biological tissue without any CAs, 
a thin tissue mimicking-PDMS layer (50 x 10 x 3 mm3) [197] was coupled together 
with the PDMS phantom and GNRs. It was found that the acquired GNRs 
absorption spectrum is in agreement with the one acquired by the 
spectrophotometer. In fact, the thin tissue mimicking-PDMS layer helps 
distinguishing the typical GNRs absorbance signal. 

 

3.1.2 Conclusions. 
 
Here, I have proposed novel microfluidics PDMS phantoms conceived for 
photoacoustic applications.  Since there are no-well standardized approaches for 
evaluating PAI system quality, my efforts have been directed at evaluating critical 
parameters such as the phantoms material and the spatial resolution. In particular, 
the reduced size of the chip and the precise control over channel-network geometry 
allows for a great versatility in modeling the structure of vascularized tissues.  

A further improvement to PDMS phantom was given by adding titanium 
dioxide and black India ink to the PDMS mixture, so that the absorption and 
reduced scattering coefficients were tuned in order to be similar to those of 
biological tissues, as in reference [202]. Overall, phantom devices possess intriguing  
features that make them promising tools for the construction of phantoms for PAI. 
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3.2 Novel Light-Responsive Biocompatible Hydrogels Produced by 
Initiated Chemical Vapor Deposition. 

 
The hydrogels presented in this section are multi-responsive hydrogels synthetized 
by iCVD. The possibility to control the degree and rate of swelling by light 
irradiation was never investigated before this work and can be employed for drug 
delivery or microfluidic systems, as well as tissue engineering devices. 

Hydrogels are known for their dynamic swelling response to aqueous 
environments. The swelling in water result in changes in hydrogel mechanical 
properties, protein adsorption capabilities and hydrophilicity of the polymer [203], 
[204] ,[205]. Because of their high water content in the swollen state, porosity, and 
soft consistency, hydrogels have many characteristics similar to those of living 
tissue [191].   

The aim of this study was to develop a light-responsive hydrogel, which 
coupling responsiveness to both light and aqueous environment. The light-
responsive hydrogels fabricated and tested in this work were obtained by iCVD.  

A peculiar feature of iCVD is that delicate surfaces, such as hydrogels or 
molecular layers, can be easily functionalized without damages to the structure. The 
iCVD process started from the deposition of a copolymer p-HEMA and 
ethylenglycoldimethacrylate EGDMA (p-HEMA-co-EGDMA), followed by the 
deposition of a top layer of a polymer of pentafluorophenyl acrylate (p-PFPA). The 
p-PFPA layer can be further functionalized with aminobenzene group as depicted 
in Figure 3.2. The isomerization of the azobenzene group under UV light induced a 
significant polarity change and the possibility to control the water uptake in the 
hydrogel film. 
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Figure 3.2 Post-deposition functionalization of the hydrogels to covalently bind light-
responsive azobenzene groups. 
 
The conversion of PFPA  to azobenzene is more evident in the X-ray photoelectron 
spectroscopy (XPS) data reported in Figure 3.3. The decrease in % Fluorine is much 
stronger for the hydrogels top-coated with PFPA than for the homogenous 
copolymer that has PFPA incorporated throughout the hydrogel matrix. This 
suggests that the functionalized homogeneous copolymer contains a significant 
fraction of unreacted PFPA. 
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Figure 3.3 Chemical analysis of the hydrogels before and after aminoazobenzene 
functionalization. For different PFPA top-layer thickness, the surface atomic percentages of 
F and N as measured from XPS for all the samples. The label “homo” refers to the sample 
with homogeneous content of PFPA. 
 
In order to observe the dynamic and reversible isomerization of the azobenzene, the 
thickness increase was measured in-situ during humidity and illumination cycles. 
The relative humidity (RH) can be continuously increased and decreased over 10 
cycles from 82% to 50%, without having to stop the measurement and dry the 
sample, as it would have been required for measurements in aqueous environment. 
For the first three cycles, the sample was not illuminated. The thickness in this time-
frame increased and decreased following the humidity stimulus, showing the 
reversibility of the polymer swelling upon exposure to humid air. Afterward, for 
each humidity cycle, the sample was exposed first to UV light and then to visible 
light, as shown in Figure 3.4. 

The humidity and the light exposure affected a reversible change in the 
swelling of the hydrogels. The maxima of swelling, corresponding to the maxima of 
RH, were higher upon UV light exposure and went back to almost the original 
position upon exposure to green light.  

It is noteworthy noticing that after several humidity and illumination cycles 
the thickness oscillated always in the same range: from 362 nm at RH= 50% to 375 
nm at RH=82% upon UV-exposure. This reversibility speaks also for the stability of 
the hydrogel meshes in the time frame of the experiments.   
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Figure 3.4 Plot of the hydrogel thickness in time, upon exposure to humid air and to UV-
visible light cycles. The hydrogel, taken as representative, had 12% of azobenzene on the 
surface. The thick blue areas indicate the period of time in which the hydrogels were 
exposed to UV light and the thin green areas the time frames of visible light exposure. On 
top, the corresponding relative humidity oscillations are plotted as a function of time. 

 

3.2.1 Hydrogels cytocompatibility tests.  
 

Finally, to investigate a possible use for biomedical applications, the light-
responsive hydrogels were tested to investigate their cytocompatibility, since 
pHEMA component is well-known as a synthetic biocompatible material useful for 
contact lens applications [206]. Three types of azobenzene functionalization were 
tested (i.e. homo, 12%, and 8%) with Rat Embryo Fibroblast (REF) cells, which were 
also previously grown on pHEMA substrates. 
The choiche of REF cells relies on the successfull employment of this cell line in 
cytocompatibility assays, as reported by Lydon [207]. Moreover, there is a strong 
correlation between SCs and fibroblasts in the PNS.  

In fact, upon a nerve cut, SCs dedifferentiate to a progenitor or stem cell 
state, proliferate and migrate into the nerve wound forming an environment that is 
supportive for axonal growth; they produce trophic factors to support the injured 
axons and prevent the neurons from undergoing apoptosis. Fibroblasts accumulate 
at the nerve wound and secrete proteins that promote scar formation, angiogenesis, 
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and inflammation [208]. In particular, the ephrin-B/EphB2 signaling between the 
two cell types results in cell sorting, followed by a directional collective cell 
migration of SCs out of the nerve stumps to guide the regrowing axons across the 
wound [209]. 

REF cells cultured on our novel hydrogels preserved their morphological 
phenotype, as shown in the bright-field microscopy images reported in Figure 3.5: 
their natural spindle shape was indeed retained, with a branched cytoplasm 
surrounding the elliptical nucleus. After 3 h from seeding (D0), the cells were mostly 
scattered on the surface of the hydrogels. Conversely, after 24 h (D1), the substrates 
showed to be crowded by REF cells, and from 72 h after seeding, the REFs locally 
formed clusters, maintaining their normal shape and proliferating until 96h (D4). 
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Figure 3.5 Bright field images of REFs (highlighted with a red-shadow mask and white 
stars) cultured on top of light-responsive hydrogels with three different surfaces 
percentage of azobenzene 8% , 12% and the homo-type, at 3 hour (D0), one day (D1), three 
days (D1) and four days (D4) after seeding. Scale bar: 50µm. 
 
This healthy behavior was confirmed by the viability tests reported in Figure 3.6. 
After 3 h from seeding (D0), the REF cells found difficulties to adhere on the 
hydrogel surfaces rather than the plate control, in fact the intensity of WST signal 
produced by viable cells was lower. The fibroblasts started to adhere on top of the 
light-responsive hydrogels after 24 h (D1) from seeding, suggesting that REF cells 
were able to recover the initial decrease in viability, since the number of viable cells 
present on all type of hydrogels was comparable with the control plate. This positive 
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trend was maintained until the final time point of this experiment, i.e., t = 96 h. Here, 
REFs cells increased their viability over 150% with respect to the plate value at D0. 

All of this evidence lets us conclude that the light-responsive hydrogels are 
not cytotoxic for this cell line, namely the interaction with the biomaterial did not 
cause cell death or alterations of the cell morphotype. 

 
Figure 3.6 REFs viability vs. different hydrogel substrates at different time points as result 
of the WST essay, mean ± SEM, *P<0.05, One-Way ANOVA, Dunnett’s multiple 
comparisons test vs. plate control at 3h from seeding (ctrl-D0). 
 

3.2.2 Conclusions. 
 

The multi-responsive hydrogels fabricated by iCVD  here proposed performed their 
dynamic swelling response to aqueous environments and in response to UV light. 
This latter behavior is caused by the photoisomerization of azobenzene 
functionalization upon UV light exposure and was demonstrated both in aqueous 
and humid environment. The hydrogel biocompatibility was also tested. REF cells 
showed the same growth rate and morphotype that was shown by the same cell line 
on the control plate. I do believe that the reversible stimuli responsiveness of the 
material can definitely be used for biotechnology, light-controlled cell growth, or 
light-controlled drug delivery. 
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3.3 Materials and Methods. 
 
Microfluidic phantoms.  

 
The PDMS phantom is a custom PDMS microfluidic device composed of six parallel 
channels with sizes varying from 50 to 500 μm (in particular, 50, 100, 200, 300, 400, 
and 500 μm) and a thickness of 50 μm. The device was prepared by standard soft 
lithography. PDMS (Sylgard 184, Midland, Michigan, US) was prepared by mixing 

the prepolymer and the curing agent at a ratio of 10∶1, pouring it into a custom-
made microstructured mold, degassing to remove air bubbles, and baking at 80°C 
for 1 h.  

The replica was cut with a scalpel and removed from the master mold, and 
fluidic accesses to the microchannels were set up using a 0.75 mm Harris Uni-Core 
puncher. Subsequently, the floor of the channels was created by sealing the device 
to a glass coverslip. This process was done by activating the two surfaces using 
oxygen plasma (25 s, 1.4e-1 mbar, 10 W for the PDMS and 60 s, 1.4e- 1 mbar, 100 W for 
the glass) and bringing them in conformal contact immediately after the treatment. 

A covalent bonding was formed in ∼1 h, preventing leakages of liquid during liquid 
actuation.  

The PDMS phantom with microfluidic patterns could be cleaned with water 
and some acidic or organic solvents, but due to the micrometric channels, we cannot 
exclude a residual contamination, particularly when using nano-sized materials, 
such as GNRs. 

The TM-PDMS phantom was fabricated by adding TiO2 (0.73 mg ∕mL) to 

the curing agent and India ink (0.25 mg ∕mL) to the silicone. 
Both PDMS and TM-PDMS were stable over the duration of testing (approximately 
one month). 
Gold Nanorods. 

 
The GNRs presented in this chapter section were produced by the group of Dr. 
Ratto as described in detail in reference [198]. 

The GNRs were fabricated by autocatalytic reduction of chloroauric acid 
using ascorbic acid in combination with cetrimonium bromide, silver nitrate and 
gold nuclei. The nanoparticles were then grafted with poly (ethylene glycol) (PEG) 



 44 

in a 100 mM acetate buffer (pH 5.0) containing 50 µM alpha mercapto omega 
methoxy PEG strands (molecular weight of ~5000 g mol-1). Finally, the particles were 
transferred into ultrapure water at a nominal concentration of 20 mM Au (116 nM 
nanoparticles). 
Hydrogel synthesis and characterization.  

 
The polymer coatings here presented were fabricated and characterized by the 
group of prof. Coclite as described in detail in reference [82]. 
Briefly, p2-Hydroxyethyl methacrylate (HEMA, 97%, Aldrich, Germany) and 
Ethylene glycol dimethacrylate (EGDMA, 98%, Aldrich, Germany) with a top layer 
of Pentafluorophenyl Acrylate (PFPA, 98%, TCI, Germany) were deposited in a 
custom-build iCVD  chamber on Silicon wafer.  
Then the copolymer of HEMA and EGDMA (p-HEMA-co-EGDMA) was deposited 
up to a nominal thickness of 200 nm. Later, the flow of HEMA and EGDMA were 
turned off and the PFPA one was opened. Different deposition times of the p-PFPA 
layer were used, which turned in different nominal thicknesses of the PFPA layer, 
estimated from laser interferometry. 

A post-deposition functionalization was performed on all the samples, to 
substitute the pentafluorophenyl groups with azobenzene moieties. For this 
purpose, the samples were immersed for 24h in a 20 mM solution of 4-
Aminoazobenzene (Sigma Aldrich) in ethanol and then rinsed with ethanol and 
water to eliminated unreacted chemicals. 
The chemical composition and structure of the polymers were evaluated by Fourier 
transform infrared (FT-IR) spectroscopy in transmission. The atomic composition of 
the polymers was determined by XPS.  

The UV-Vis absorption spectra of the samples containing azobenzene were 
measured with a spectrometer before and after illumination at 365 nm with a blue 
LED to measure the isomerization trans-cis. After this, the samples were 
illuminated with green LED and positioned in the spectrometer to measure the 
kinetics of the stimulated cis-trans isomerization. The film thickness and the 
swelling in water and humidity were measured with spectroscopic ellipsometry. 
The increase in thickness upon water immersion was measured for 4-5 min with a 
time resolution of 2 s, before and after sample illumination with a LED light. The 
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swelling in humidity was measured by flowing water vapor at RH=85%. Also in 
this case the data were collected with a time resolution of 2s. 
Cell culture and viability tests.  

 
In order to perform biocompatibility tests, the hydrogels were deposited directly on 
WillCo plates (GWST-3522) and sterilized for 10 minutes under UV tissue culture 
hood.  

Rat Embryo Fibroblast cell line (REF cells) were seeded on top of three 
different types of hydrogels at density of 10 × 103 cells cm−2 and cultured under 
standard cell culture conditions (see other details in reference [82]. 

REF cell viability was evaluated at 3 h (D0), 24h (D1), 72h (D3) and 92h (D4) 
after seeding was measured by the 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-
5-(2,4-disulfophenyl)-2H-tetrazolium-monosodium salt (WST-8) assay (Sigma, 
#96992). REF cells were incubated in a 10% WST-8 solution (in medium) in a 
CO2 incubator for 3 hours. The supernatant was carefully aspirated, transferred to a 
new plate, and the absorbance of each well was observed by a plate reader at a 
wavelength of 450 nm. The absorbance of formazan produced was directly 
proportional to the number of living cells.  

 

Bright field Microscopy.   
 

In order to confirm REF cells healthy behavior, we seeded REF cells at the same 
concentration on three types of hydrogels grown on top of WillCo dishes and then 
imaged at four different times (3h-96h). An Eclipse Ti inverted microscope (Nikon, 
Japan) equipped with a perfect focus system, an incubating chamber (Okolab, Italy) 
and a CCD ORCA R2 (Hamamatsu, Japan) was used with an 40x oil objective (N.A.: 
1.30). 
 
Statistical analysis.  

 
All the experiments were repeated at least three times independently for each 
condition. Data are reported as the average value ± the standard error of the mean 
(mean ± SEM). Data were statistically analyzed by using GraphPad Prism 
commercial software (GraphPad Prism, 6.05 version). The mean values obtained in 
each repeated experiment were assumed to be normally distributed about the true 
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mean. One-way ANOVA (Dunnett’s multiple comparison test) analysis was used, 
unless differently stated, to compare light-responsive hydrogels to the plate control 
condition. Statistical significance refers to results where P < 0.05 was obtained.  
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4 Intermediate Molds for Nanoimprint Lithography. 
 
Thermal nanoimprint lithography (NIL) is a high-throughput and low-cost soft lithography 
technique by which a surface pattern on a typically hard mold is physically imprinted into a 
thermoplastic material, which is often a polymer. Usually, high-resolution and large-area 
NIL molds are expensive and difficult to fabricate. Even though they are typically made of 
silicon or other hard materials like nickel or quartz, after a small number of imprinting 
cycles, they start cracking and, therefore, become unusable. Hence, one of the major 
challenges to date is increasing mold lifetime. In fact, high pressure and heating and cooling 
cycles cause stress and wear on NIL molds. 

In this chapter I will introduce the concept of flexible and hydrophobic polymeric 
molds as intermediate molds, fabricated to preserve the initial mold and to improve the 
replica process throughput. To this end, I show an innovative two-step NIL process based 
on the use of a perfluoropolyether (PFPE) intermediate mold, to replicate sub-100 nm 
features from a silicon mold to the final thermoplastic material, Cyclic Olefin Copolymer 
(COC).  
 

4.1 PFPE intermediate molds for high-resolution Thermal NIL.  
 
Intermediate molds are replicas of the original mold that are themselves used as 
molds to transfer micro or nanotopographies to the final material. This type of 
molds is mostly produced in plastic or soft materials by soft-lithography techniques 
and must guarantee high-fidelity copies and a sufficiently high number of processes 
before undergoing degradation [6]. Beyond the ease of fabrication, elastomeric 
materials can ensure good elastic adaptation and conformal contact with the 
substrate, which leads to intimate contact without voids [17]. 
The use of soft molds in replica molding processes has garnered much interest as a 
ubiquitous and versatile nanofabrication technique. 

PDMS is widely used as soft-mold material because of its low surface energy 
and mechanical properties, which allow conformal contact and easy release from 
the initial mold and the final imprinted film [56], [210]. PDMS is also UV-
transparent and has a very low Young’s modulus (1.5 MPa) which gives it the 
flexibility required for a conformal contact, even over surface irregularities, without 
the risk of cracking [211]. However, the low Young’s modulus of PDMS often limits 
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the replica process if the topographies are very small (i.e. hundreds of nm or less) 
and with high spatial density, which results in the feature collapses, for the most 
commonly used commercially avaible form of this material (Dow Corning Sylgard 
184) [211]. Furthermore, PDMS often degrades after a few cycles of patterning [56], 
[207] and, more in general, PDMS-based elastomers swell significantly when 
exposed to most oil-soluble organic compounds [212].  

Resistance to swelling is critically important in nearly all soft lithographic 
techniques where a mold is brought into contact with a small amount of curable 
organic monomer or resin and  many of the organic liquids desirable to be molded. 
As the last drawback, PDMS exhibits poor solvent resistance and requires 
fluorination steps to allow for mold release [211].  

Several types of PDMS materials have been developed to improve soft mold 
performances and overcome the disadvantages associated with Sylgard 184. 

Schmid et al. first developed a higher modulus h-PDMS (E ∼ 9 MPa). Though the 
h-PDMS showed better resolution than the traditional Sylgard 184 for μCP, the 
molds were brittle and susceptible to cracking and delamination.  On the other 
hand, Rogers et al. developed a photocurable version of PDMS (UV-PDMS) to 
overcome deformations associated with thermal curing of stamps. UV-PDMS mold 
materials successfully replicate 300 nm width by 300 nm spacing by 600 nm height 
lines that could not be replicated in either Sylgard 184 (feature collapse failure) or 
h-PDMS (fracture failure) [213], but this requires two subsequent steps of 
fabrication.  

In addition to siloxane-based polymers, a variety of polymeric stamp materials have 
emerged that show increased resolution and material compatibility: 

• Campos et al. recently reported the use of a photocurable poly[(3-
mercaptopropyl)-methylsiloxane] (PMMS) thiolene-based mold to pattern 
sub-100 nm structures using a nanoimprint technique [214]; 

• Williams et al. report the use of a nanoimprint composite molding technique 
that features a high-modulus acrylate-based molding material used to 
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pattern 15 nm features separated by ∼90 nm. The flexible composite molds 
were also used to pattern 100 nm lines onto curved surfaces [215].  

Even though these newly-developed mold materials represent exciting alternatives 
to traditional siloxane-based elastomers, the acrylate and PMMS based molds still 
require fluorine functionalization for nondestructive release. Additionally, the 
acrylate-based molds cannot be used to pattern acrylate-based photoresists, and 
require a cumbersome mold fabrication procedure .   

As already mentioned, in replica molding is quite common to functionalize the 
surface of the master mold to lower the surface energy and to allow the release of 
the mold without feature desruption [216]. 

PFPE-based elastomers are a unique class of fluorinated polymers whose structure 
is formed by linear chains based on multiple strong carbon-fluorine bonds, which 
entail high stiffness and temperature resistance. Prior curing, fluoropolymers are 
viscous liquids at room temperature and are characterized by very low surface 
energy. This facilitates the filling of nanoscale cavities and guarantees an anti-
adhesive behavior [216].   

PFPEs are inert and exhibit high durability and toughness, high gas 
permeability, and low toxicity [217], with additional features of chemical and 
thermal stability. These characteristics minimize degradation under use and 
provide good lubricity, which reduces the contact surface wear. PFPE-based 
elastomers are, therefore, promising for NIL but only very rarely used to this end. 
In particular, the De Simone laboratory pioneered the use of PFPE materials as an 
alternative to PDMS for microfluidic and soft lithography applications [211], [218].  

  
Moreover, in recent literature it was found that PFPE replica was exploited as 
intermediate mold as spun film on a silicon substrate. The authors found that PFPE 
molds could successfully transfer the grating pattern and also replicate the 
roughness present along the 100 nm-width ridges. For this reason, they speculated 
that PFPE could in principle be suitable for features with dimension far beyond 100 
nm. 



 50 

Here, it was illustrated and characterized the two-step process based on the use 
of a free-standing patterned film of PFPE employed as intermediate mold. 
Moreover, we compared standard molds made of PDMS with PFPE elastomeric 
molds, which demonstrate better resolution and fidelity of the replica process. 
Lastly, test PFPE molds were tested for transferring isolated grooves and ridges 
with sub-100-nm lateral dimension on COC [219]. 

 
4.1.1 PFPE intermediate mold: fabrication protocol. 

 
The initial mold fabrication step starts mixing PFPE resin and a photo-initiator, then 
pouring the mixture on top of the mold. Following UV-light crosslinking, the PFPE 
intermediate molds are obtained in less than three minutes (Figure 4.1). 

       
Figure 4.1 Schematic illustration of PFPE intermediate mold fabrication. 

 

Our fabrication protocol provides PFPE elastomeric replicas of » 3 mm thickness 
with a Young’s modulus of about 10 MPa [220]. This value made it suitable for 
standard imprinting protocols (pressures of tens of bars) and did not lead to 
cracking issues during mold-replica detachment. If necessary, the final thickness of 
PFPE is customizable by varying the volume of the mixture poured on top of the 
mold.  

Moreover, PFPE wettability was evaluated by performing water contact 
angle measurements. The contact angle was 93 ± 5°, which was in line with what 
was reported by other authors for PFPE substrates [221]. 
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4.1.2 PDMS and PFPE as Intermediate Mold: a performance comparison. 
 
As already stated, PDMS is often used as an elastic stamp to transfer micro-patterns 
or nano-patterns using NIL or soft lithography techniques. It is well known that 
features of several hundreds of nm in close proximity and with high spatial density 
are challenging to be replicated over large areas in elastomeric materials. For this 
reason, this kind of pattern was chosen to compare PDMS and PFPE performances. 
Figures 4.2 a–c report representative scanning electron microscope (SEM) images 
of the initial mold and of PDMS and PFPE replicas, respectively.  

 
Figure 4.2 Scanning electron microscope representative images of the 600 nm-periodic 
nano-grating pattern: a) initial mold, b) the PDMS replica, and c) the PFPE replica. Scale 
bar: 5 µm. Yellow arrows highlight the presence of defects in the PDMS replica. Inset of b) 
zoomed image of a representative area with defects, scale bar = 1 µm. 
 
As highlighted in Figure 4.2 b, the nanograting could not be successfully 
reproduced in PDMS. More specifically, it was noticed a widespread collapse of 
subsequent ridges and the presence of many hole-cracks along the grating lines 
(ridge width = groove width = groove depth = 300 nm, yellow arrows and inset in 
Figure 4.2 b).  
Expected failure in replicating patterns with PDMS can be caused by its rather low 

Young’s modulus (» 1.5 MPa) [222], which can lead to lateral collapse by merging 
and buckling dense imprinted structures when the features have lateral dimensions 

that are generally smaller than » 500 nm and have a high aspect ratio (greater than 

» 1) [56]. These issues can be avoided with PFPE, which has a higher Young’s 

modulus (» 10 MPa) [220]. As depicted in Figure 4.2 c, the PFPE replica shows 
nanograting profiles over the whole cm2 area without the imperfections or damages 
that were found in those made of PDMS. Typically, two forces exerted during the 
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detachment of the replica from the mold must also be minimized to enhance 
replication fidelity and extend mold lifetime: friction forces applied to the pattern 
side-walls and adhesion forces between the two surfaces [223]. Having PFPEs lower 

surface energy than PDMS (typical values are »12.7 mJ/m2 [220] for PFPE and »25 
mJ/m2 for PDMS [224]), these materials can reduce the mentioned friction and 
adhesion forces, which proves overall better performance with respect to PDMS.  

Given the results presented in this study and due to its rigidity and low 
surface energy, PFPE was selected as the material of choice for intermediate molds 
for thermal NIL.  
 

4.1.3 COC Thermal Nanoimprinting via PFPE Intermediate Molds. 
 

With the final aim to perform thermal NIL, PFPE intermediate molds were 
employed (instead of the initial ones) to transfer the pattern to COC foils. 

COC thermoplastic material is frequently exploited as an optical support for 
high-resolution microscopy and cell culturing. This polymer is widely used for its 
high transparency, chemical stability and compatibility with thermal NIL (Tg=134 
°C) [216]. COC is flexible, resistant and gas permeable, therefore suitable to be the 
sealing layer of closed culture environments, where gas exchange has to be 
preserved (e.g. bioreactors or leak-proof culture dishes). 
As already mentioned, the use of an intermediate mold can significantly enhance 
the throughput of the replica process without damaging the initial mold. In order 
to characterize the fidelity of the complete two-step transfer process, it was used a 
pattern specifically designed to test the process with extreme geometries.  

Two new molds were produced, which are both composed by arrays from 
isolated ridges and grooves defined by electron beam lithography (EBL) on a 
PMMA film deposited on a silicon substrate.  
The first mold, named Mold100, has lines with nominal width of 100 nm. The 
process was further tested by the fabrication of the second mold, named Mold50, 
with a nominal linewidth of 50 nm, with sub-100-nm features.  

In both cases, the lines were 1-mm-long, separated by 1 µm, and the line 
aspect ratio (height/depth over width) was 2 and 1 for Mold100 and Mold50, 
respectively. As already mentioned, isolated grooves and ridges were chosen to test 
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the process on topographies that can represent basic building blocks for more 
complex layouts.  

After having fabricated the PFPE intermediate molds as previously 
described, thermal NIL was performed to transfer the nanostructures on COC foils. 
The process parameters were previously optimized for this copolymer as follows: 
Timprint =150 °C, t = 300 s, P = 50 bar, Tcool-down = 80 °C), as depicted in Figure 4.3. The 
characteristic of low surface energy of PFPE also helped in this case, thus facilitating 
the final detachment of the imprinted plastics. 

 
Figure 4.3 Schematic representation of thermal NIL process made by using the PFPE 

intermediate mold to reproduce nanometric features on top of a thermoplastic material. 
The features used in this study are ridge and grooves fabricated on Mold100 and Mold50; 
the thermoplastic material in this case is COC. 

 
The process was quality-checked by Atomic Force Microscopy (AFM) and by 
acquiring 3D images of the initial mold, PFPE intermediate mold and the COC 
replica.  
Starting from 5 × 5 μm2 AFM images, linear profiles were extracted across ridges 
and grooves to measure their lateral dimension. In particular, the Full Width Half 
Maximum (FWHM) was used as a parameter to quantitatively compare the original 
nanostructures present on the mold and the ones on the PFPE intermediate and, 
more importantly, the ones on the COC final replica.  

In case of Mold100, mold ridges (M-R) and mold grooves (M-G) had FWHM 
values of 122 ± 4 nm and 124 ± 2 nm, respectively. COC Ridges (C-R) and Grooves 
(C-G) showed equivalent width values (124 ± 2 nm for C-R, 122 ± 3 nm for C-G) 
(Figure 3a), which demonstrates that the process can successfully transfer isolated 
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features with a lateral dimension of the order of 100 nm and aspect ratio = 2, as 
shown in Figure 4.4. 

 
Figure 4.4 Full Width Half Maximum measurements of Mold100 ridges (M-R) and 
grooves (M-G), and respective COC replica ridges (C-R) and grooves (C-G). The replica 
process was demonstrated to be successful, replicating COC ridges and grooves with 
equivalent FWHM values. Data are mean ± SD. 
 
3D AFM reconstructions in Figure 4.5 show a larger view of the topographies, 
which confirms the satisfactory compliance of each transfer step to the previous and 
highlights the consistent profiles of the original mold and COC replica. Owing to 
the possibility to fabricate more copies of the same initial mold and to the fact that 
a single PFPE intermediate mold can sustain tents of thermal imprint cycles without 
cracking or affecting the final feature resolution, the entire process yield is 
considerably increased. 
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Figure 4.5 Representative 3D AFM images for ridges and grooves of the Mold100, PFPE 
intermediate mold and COC final replica. The yield of total transfer process is enhanced, 
without affecting the final resolution of the single feature, because a single PFPE 
intermediate mold can sustain tents of imprint cycles without cracking. 
 

Mold50 was then tested in order to find the process resolution limit. In this case, it 
was measured a FWHM of 52 ± 1 nm for M-R and 48 ± 4 nm for M-G, while an 
enlargement was measured for the COC replica. More specifically, the FWHM was 
80 ± 2 nm for C-R and 63 ± 3 nm for C-G (Figure 4.6). Sub-100 nm topographies 
were, therefore, transferred to COC. This experiment also suggests that lines of 

lateral dimension of » 80 nm (for ridges) and » 60 nm (for grooves) and with an 
aspect ratio = 1 can be considered as the minimum feature size allowed by our two-
step replica process.  
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Figure 4.6 FWHM of Mold50 ridges (M-R) and grooves (M-G), and respective COC replica 
ridges (C-R) and grooves (C-G). The two-step replica process here developed doesn’t allow 
pattern transfer of lines of lateral dimension of 50nm from the Mold50 to the COC. In fact, 
ridges of lateral dimension of » 80 nm and grooves of » 60 nm with an aspect ratio = 1 can 
be considered as the minimum feature size allowed by the use of PFPE interm. Data are 
mean ±SD, */**P<0.05/0.01, unpaired t-test. 
 

4.1.4 Conclusions. 
 

In this chapter I have introduced and characterized an innovative two-step 
thermal NIL process, based on the use of intermediate molds made of PFPE to 
replicate sub-100 nm features from a silicon mold to a final thermoplastic material 
(COC). 

After a careful evaluation, I found that isolated lines of lateral dimension of » 

80 nm (in case of ridges) and » 60 nm (in case of grooves), and with aspect ratio = 1, 
can be considered at the moment as the minimum feature size that can be replicated 
from an initial mold to the thermoplastics by the use of the new method to employ 
PFPE in thermal NIL. 

Given the results and the possibility to increase the rigidity of PFPEs by adding 
chemical groups or tailoring the PFPE/crosslinker mix, I believe that it would be 
possible to obtain sub-50 nm resolution and beyond.  
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4.2 Materials and methods. 
 
Mold fabrication.  

 
Mold100 and Mold50 were obtained in PMMA by EBL starting from commercial p-
doped silicon wafers (SYLTRONIX, France). Briefly, each mold was initially 
processed by EBL to generate arrays of ridges and grooves of 100 mm2 area into a 
50-nm-thick PMMA film. PMMA was spun over a 5 nm-thick titanium layer 
previously deposited on the silicon wafer by thermal evaporation. After cleaning 
with nitrogen flow, the molds were systematically characterized by optical 
microscopy and atomic-force microscopy.  

The 600-nm-period grating mold was fabricated by laser interference 
lithography (LIL). SPR220 (Microposit (Shipley European Limited, UK) was spun 
onto a silicon wafer with a spin speed of 4000 rpm for 30 s. The sample was exposed 
to a 50 mW helium cadmium (HeCd) laser, emitting a TEM00 single mode at a 325 
nm light source with a beam incidence angle of 165.7° and an exposure dose of 77 
mJ/cm. Resist developing was performed by immersing the sample in a 
MF319/Milli-Q water (10:1) solution for 15 s [225]. 

 
PDMS intermediate mold fabrication.  

 
The precursor PDMS polymer (SYLGARD 184, USA) was mixed with its curing 
agent at a ratio of 10:1 and poured onto the nanostructured mold. The uncured 
replica was then left resting for 10 min to reduce surface inhomogeneities, then it 
was baked in an oven for 2 hours at 80 °C. After thermal curing, the replica was 
gently removed from the master using scalpel and tweezers. 
 
PFPE intermediate mold fabrication.  
 
In order to fabricate the intermediate molds, PFPE resin (FLUOROLINK® MD 700, 
Solvay Specialty Polymers, Bollate, Italy) was mixed with 3% w/w photoinitiator 
Darocure 1173 (C10H12O2, 405655 Sigma Aldrich), poured on top of the PMMA 
surfaces, and crosslinked by UV-light (365 nm, 25 mW·cm-2). The exposure was 
performed in two steps: briefly, the samples were kept for 180 s in nitrogen 
atmosphere, then for 60 s in air. After curing, the PFPE films were easily peeled off 
and cleaned with nitrogen flow.  
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COC nanoimprinting.  

 
COC foils (thickness 140 µm, Microfluidic ChipShop GmbH, Jena, Germany) were 
imprinted using an Obducat Nanoimprint 24 system (Obducat, Lund, Sweden) with 
the PFPE intermediate molds. After cleaning with 2-propanol, the COC substrates 
were placed on top of the molds and softened by raising the temperature up to 150 
°C. A pressure of 50 bar was then applied for 300 s before cooling down to 70 °C, 
i.e. below the glass transition temperature of the copolymer (Tg = 134 °C). Finally, 
the pressure was released and the mold was detached from the imprinted COC with 
a scalpel. 
 
PET replicas.  

 
PET foils (thickness: 250 µm, Coexpan, Montonate, Italy) were thermally imprinted in two 
steps: after 2-propanol cleaning, flat PET foils were placed on top of COC replicas, then 
warmed up at 75 °C. A pressure of 20 bar was then applied for 300 s, then the system was 
brought below the PET glass transition temperature (Tg = 75 °C), down to 50 °C and the 
pressure was finally released. A nitrogen flow was applied between the PET replica and the 
correspondent COC mold to easily detach one from the other. 
Scanning Electron Microscopy.  

 
Molds, intermediate molds and final replicas were analyzed with a LEO 1525 field 
emission scanning electron microscope. In order to enhance the topography of 
substrate surfaces, image acquisition was carried out by using an Everheart-
Thornley detector. 
 
Contact Angle Measurements.  

 
Substrate wettability was evaluated by contact angle measurements acquired with 
a CAM 200 instrument (KSV Instruments, Helsinki, Finland). A deionized water 
drop was deposited on top of each substrate through a micro-syringe. All these 
measurements were performed in air at room temperature. Data are reported as 
mean ± SD. 
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Atomic Force Microscopy.  
 

Sample topographies were characterized by an atomic force microscope (Veeco 
Innova Scanning Probe Microscope, Veeco Instruments Inc., Santa Barbara, CA, 
USA), operating in tapping mode.   The scan frequency was set at 0.977 Hz, the 
scanning areas were 5 ×5 μm2

. At least 3 areas were analyzed per sample (512 
point/line each). At least three PFPE intermediate mold and COC replicas were 
imaged for each topography type. A silicon nitride tip with a nominal spring 
constant in the range of 0.2-0.8 N/m and a resonant frequency of 45–95 kHz was 
used. All the measurements were performed in air at room temperature and raw 
scan data were leveled by surface subtraction to remove possible sample tilts. Data 
were analyzed by the Gwiddion software (Gwiddion 2.47 version, “Profile” tool), 
and reported as mean ± SD. Full Width Half Maximum values were measured from 
the AFM profiles by the “Analysis: Peaks and Baseline: Multiple Peak Fit- Gaussian 
fit” tool of the software Origin (https://www.originlab.com, version 9.0). 
 
Statistical analysis.  

 
Data are reported as average values ± the standard deviation (mean ± SD). Data 
were statistically analyzed by the GraphPad PRISM 6.1 program (GraphPad 
Software, San Diego, CA, USA). Student’ t-test (unpaired) analysis was used to 
compare distributions; the mean values obtained in each repeated experiment were 
assumed to be normally distributed about the true mean. Statistical significance 
refers to results where P < 0.05. 
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5 Interaction between cells and nanotopographies. 
 
Artificial scaffolds with controlled micro/nano-topographies have proved to be extremely 
effective to the study of the cell response mechanisms to external stimuli, with obvious 
advantages for tissue engineering and regeneration applications. Notably, in the field of 
neuroscience it has been demonstrated that nanostructured surfaces can modulate neuronal 
and glial cell differentiation, polarity migration, neurite orientation and even stem cell fate. 

In this chapter I will introduce the use of perfluoropolyether (PFPE) intermediate 
molds to replicate a new type of anisotropic nanostructures, named nanoripples [226]. 
Moreover, I will show their effects on Schwann Cells (SCs), in view of their possible use for 
nerve-repair applications. 
In the case of PC12, I will demonstrate that loss of neurite guidance occurs in nanogratings 
(NG) with periodicity below 400nm, correlating with a loss of FA lateral constriction and 
spatial organization. I found that YAP/TAZ intracellular localization is modulated by the 
presence of NGs, but it is not sensitive to their periodicity.  

 

5.1 Multi-scaled Structured Germanium Nanoripples as Templates for 
Bioactive Surfaces. 

 
Ion beam bombardment at a few tens of keV energy can lead to the spontaneous 
formation of periodic ripples or dot nanopatterns on the surface of semiconductors, 
metals and insulators [227]. As a single-step method to fabricate regular patterns 
over large surface areas, it can potentially overcome the limits of conventional 
lithographic methods, mainly related to size reduction and high-throughput 
production capability [228]; hence, the nano-pattern formation has been 
investigated for different applications, such as electronic-[229]  and bio-devices 
[230]. 

The possibility of a multiscale structuring of a germanium (Ge) surface by 
ion implantation, aimed at merging into a single step self-organized ripple patterns 
of a few hundred nanometer periods, and sponge-like structures of about ten 
nanometer size that lie especially on the ripple crests, is new and envisages its 
importance in various applications of advanced functional surfaces. In this work, 
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this kind of multi-scale topology was obtained by bombarding a Ge surface with 
Au+ ions. 
In order to further help the rational engineering of scaffolds for, but not limited to, 
the regeneration of the nervous system, smaller spatial scales of ECM topography 
interaction is one of the possibilities to be investigated.  

To this aim, the self-organized periodic ripple nanopatterns with the 
superimposed nanowired structure obtained by ion implantation have been used in 
a new two-step pattern-transfer process, producing a final replica onto a COC 
substrate. This result allows the investigation of the mechanotransduction from 
artificial regular geometries characterized by a periodicity of about 300 nm after a 
subsequent thermal NIL cycle, after transferring nanoripples to PET foils. 

 

5.1.1 Germanium sample characterization. 
 

The effects on the topography of the increase of the irradiating ion dose, with 
constant energy and incidence angle of 60°, are shown in Figure 5.1, where the 
surfaces of the sample irradiated with the lowest ion dose (Ripple Low-Dose RLD, 1 
x 1017 ions/cm2) and of that irradiated with the highest dose (Ripple High-Dose RHD, 4 
x 1017 ions/cm2) are shown.  

 
Figure 5.1 AFM 2D topographic images obtained from nanoripple samples a) RLD, sample 
irradiated with the lowest ion dose, and b) RHD, the one irradiated with the highest dose of 
Au+ ions bombarding Ge surface. Scale bar: 1 µm. 

Moreover, the corresponding one-dimensional height-height autocorrelation 
functions (ACFs) indicate that the long-range regularity sensibly increases with the 
ion dose. For RHD, the fundamental ripple spacing (wavelength λ), given by the first 
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peak position of the ACF of is λ=291.0 nm 95% c.i. [289.0, 292.0]. Consistently, for 
RLD, the fundamental ripple spacing is λ= 331.0 nm 95% c.i. [330.0,333.0] nm, higher 
than the value measured for RHD. 
To estimate the ripple amplitude, described as the mean peak-to-valley excursion, 
the mean roughness depth RZ was calculated. For sample RHD, the result is 87.0 nm ± 
13.0 nm, comparable to RLD excursion, whose value is 89.0 nm ± 15.0. 

The long-range correlation of the rippled pattern is confirmed by the SEM 
image taken at the lowest magnification (Figure 5.2). A high-magnification image 
of the patterns is reported in Figure 5.2 b-inset, which shows the presence of the 
multiscale structure: the ripples are not compact, rather they show a nanowired 
structure along the ridges. The same multi-scale structure was also visible for the 
RLD sample (Figure 5.2 a-inset) [226]. 
 

 
Figure 5.2 SEM topographic images obtained from nanoripple Ge molds a) RLD and b) RHD 
(Scale bar: 2 µm) and relative insets (scale bar: 500 nm). The multiscale structure is clearly 
visible, for both the different type of nanoripples. 

 

5.1.2 Fabrication and characterization of PET rippled surfaces 
 

Rippled multiscale topographies were fabricated by an innovative three steps 
fabrication process onto PET surfaces (Figure 5.3) starting from the two Ge molds, 
RLD and RHD. In fact, PET is a thermoplastic polymer, very stable in water [231], [232], 
well suitable for high-resolution hot-embossing [233]. It is currently used in many 
biological applications thanks to its properties such as biocompatibility, high light 
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transmittance, low coefficient of thermal expansion, stable mechanical properties, 
good chemical resistance and durability [234]. Owing to its mechanical strength, 
easy manipulation and bio-stability, PET is also widely used for cell culture 
substrates (as Thermanox® or Mylar®), surgical suture material, vascular grafts 
(e.g. Dacron®) and ligament prosthesis [235]. 
A mixture of PFPE resin and a photo-initiator was poured on Ge top of the molds 
and, following UV-light crosslinking, two PFPE intermediate molds were obtained, 
one for each type of nano-rippled mold (Figure 5.3 a). After PFPE substrates 
fabrication, we decided to produce a second intermediate mold to be used for the 
final PET embossing.  

To this end, the PFPE surfaces were thermally embossed onto COC foils, 
obtaining a second set of intermediate molds (Figure 5.3 b). As already stated, since 
the glass transition temperature of COC (Tg=134 °C) is much higher than that of PET 
(Tg= 75 °C), the PET replicas were produced by the use of these substrates as molds 
(Figure 5.3 c) by exploiting the low-temperature hot-embossing process specifically 
developed for PET.  

The final PET RLD and RHD surfaces displayed a high degree of conformity 
upon the three fabrication steps, as shown by the AFM characterization reported in 
Figure 5.3. The uniformity of the patterns was preserved for the whole 1 cm2 area, 
with a ripple periodicity of 270 ± 40 and 290 ± 30 nm for the RLD and RHD structures, 
respectively. 

 
Figure 5.3 Schematic description of the fabrication process and the correspondent AFM 
images. a) PFPE intermediate molds obtained by UV-Crosslink process for both RLD and RHD 
periodic nano-rippled features; b) Thermal NIL process with PFPE intermediate mold to 
obtain COC replicas; c) PET nano-rippled replicas obtained by thermal NIL. Scale bar: 1 µm. 

Furthermore, the directionality of the nano-rippled PET surfaces was evaluated by 
an FFT analysis of 2×2 µm2 AFM images (see Materials and Methods for details). 
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Indeed, the dispersion (σ) parameter for these substrates decreased to σRLD = 7.8 ± 
2.4° and σRHD= 4.9 ± 2.7°, while σFlat = 32.9 ± 9.1°. Particularly, σRHD was significantly 
reduced with respect to σRLD: this difference shows that RHD is more directional than 
RLD (Figure 5.4, */**** P<0.05/<0.001, One-Way ANOVA Kruskal-Wallis test, 
#P<0.05, Mann-Whitney test). 

 
Figure 5.4 Nano-ripples directionality analysis. a) AFM images of Flat, RLD and RHD 
periodic nano-rippled PET surfaces; scale bar = 300 nm.  b) Representative image of fast 
Fourier transform (FFT) of RHD topography.  c) Directionality (α) and d) dispersion (σ) 
parameters calculated for the different substrates: */***/**** P<0.05/0.001/0.0001, One-
Way ANOVA Kruskal-Wallis test; # P<0.05 RLD vs. RHD, Mann-Whitney test. Data= mean 
± SD. 
 
The surface roughness was then evaluated by measuring the average roughness 
(Ra), the maximum vertical distance (Rmax) and the Surface Area Difference (SAD) 
parameters (see Materials and Methods for parameter definition) along different 
directions (starting from 0° with incremental intervals of 22.5° with respect to the 
main pattern orientation, as shown in Figure 5.5-inset) on 3×3 μm2 AFM images.  

Nano-rippled PET surfaces resulted rougher than the Flat control: the 
presence of nano-ripples induced an increase of Ra (average Ra values: Flat= 1.0 

a)

b)

c) d)



 65 

nm, RLD =7.2 nm and RHD =14.1 nm) (P < 0.0001, Tukey’s test; Figure 5.5 b), SAD 
(average values: Flat= 0.4%, RLD= 6% and RHD=7%) (P < 0.01 / 0.001, Tukey’s test; 
Figure 5.5 c) and Rmax (average Rmax values: Flat= 8.5 nm, RLD= 36 nm, RHD= 63 nm; 
§§§§P < 0.0001, Tukey’s test; Figure 5.5 d) for both RLD and RHD. It is worth noting that RHD 

was significantly rougher than RLD. 
The positive effect of surface roughness on neural cell attachment and growth has 
been previously investigated in literature, though not on hierarchical nano-ripples.  
 

 
Figure 5.5 Surface characterization of the RLD and RHD PET periodic nano-rippled substrates. 
a) Contact angle measurement, along the parallel (=) and perpendicular (┴) direction with 
respect to the main direction of the pattern; * P < 0.05, One-way ANOVA, Dunnett’s test vs. 
Flat. b) Average roughness Ra (nm); c) Surface Area Difference (SAD) (%); d) Rmax 
roughness. The roughness parameters (b-d) were calculated from three 3×3 μm2 different 
areas for each nano-rippled and Flat replicas along five different directions, starting from 0° 
to 90° with respect to the main direction of the pattern. Data= mean ± SD; c) */** P < 0.05 / 
0.01, One-way ANOVA, Dunnett’s test vs. Flat; b-d) §§§§ P < 0.0001, One-way ANOVA, Tukey’s 
multiple comparisons test. 
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The roughness values of RLD and RHD (around 10-20 nm) falls in the optimum roughness 
range, as shown in Figure 5.5 b. This so-called moderate roughness regime [236], 
characterized by Ra roughness values within the nanometric scale 10-45 nm, has 
influenced also Schwann cells (SC) behavior, enhancing their adhesion and growth. 
For the sake of example, a surface average roughness of 23 nm enhanced the SC 
growth and spreading on collagen-type-IV-containing Matrigel electrospinned 
fibers [237]. Not surprisingly these roughness values, similar to that obtained for 
the RHD (Ra= 14 nm), mimic the features of the lamina densa pits (20 nm in depth) of 
mouse sciatic nerve [238]. 

In the case of our substrates, the sponge-like structure present on nano-
ripples [60] is partly responsible for the overall surface roughness, possibly 
contributing to the observed enhancement of cell adhesion. Therefore, those data 
found support in the literature, where roughness in the nanoscale range is 
considered as one of the main factors that influences neural cells, and in particular 
SC adhesion and proliferation.  
Since wettability importantly affects cell adhesion, in order to further characterize 
these surfaces, water contact angle measurements were performed (Figure 5.5 a) 
along both the parallel and perpendicular direction with respect to the main rippled 
pattern orientation. Both the RLD and RHD resulted more hydrophobic than the Flat 
control (* P < 0.05, Dunnett’s test), for both directions. This result finds confirmation 
in the Wenzel model, which states that roughness affects the contact angle 
hysteresis and that, if the surface is chemically hydrophobic, it will become even 
more hydrophobic when surface roughness is added [239]. 

In general, hydrophilic surfaces display better affinity for cells but lower 
adsorption for proteins than the hydrophobic ones [240]. In fact, hydrophilic 
materials promote a weak and reversible adsorption of proteins, whereas 
hydrophobic ones induce an irreversible adsorption of high-weight proteins [241]. 
However, this last behavior can also lead to the opposite effect on cell adhesion. 
According to this scenario, the measured SC enhanced adhesion might also have 
been favored by the nano-ripple increased hydrophobicity. 

Overall, it was developed a novel three-step thermal embossing process to 
produce biocompatible and transparent thermoplastic substrates having 
directional, periodic nano-rippled structures on their surfaces. These PET nano-
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ripples have a typical spatial period of 270 ± 40 nm for RLD and 290 ± 30 nm for RHD, 
respectively and both topographies exhibited an increased hydrophobicity and 
roughness with respect to Flat controls. 

5.1.3 Cell spreading and viability tests.  
 

Given the moderate wettability of RLD and RHD, the PET substrates were coated with 

poly-D-lysine and laminin (100 and 50 µg ´ mL−1, respectively) to allow good SCs 
adhesion and proliferation.  

In order to study how SCs attach and spread on these substrates, cell 
adhesion was quantified after three hours from seeding. To this end, bright field 
microscopy images were acquired and the percentage of cells that underwent full 
adhesion and spreading (Figure 5.6 a, first row) was measured.  
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Figure 5.6 Schwann cells spreading and viability tests. a) Bright field images of Schwann 
cells cultured on Flat, RLD and RHD periodic nano-rippled PET replicas after 3h, 24h, and 48h 
from seeding. Scale bar: 50µm. Arrows indicate the nano-ripple direction b) Percentage of 
spread cells at 3h. c-e) SC cell viability at 24h,48h and 96h after seeding. Data= mean ± SEM, 
n ≥ 3; * P < 0.05, One-way ANOVA, Dunnett’s test vs. Flat.  f) Representative confocal images 
of SCs cultured for 7 days on Flat, RLD, and RHD, and immuno-stained for S100 (green), actin 
(red) and nuclei (blue). SCs proliferated and reached confluence on nano-ripples and flat 
surfaces. Scale bar: 50 µm; white arrows: ripple direction. 
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The qualitative analysis of these images confirms the cytocompatibility of PET 
surfaces, being the cells well adhered and showing their natural spindle-like shape 
on all the substrates. Remarkably, cell spreading was promoted on nano-ripples, 
and this effect was particularly pronounced on RHD (P < 0.05 vs. Flat, Dunnett’s test; 
Figure 5.6 b). 

With the aim to test how SCs grow on the substrates, SCs were incubated up 
to 96 h and their amount was measured by a cell proliferation test. As shown by the 
microscopy images reported in Figure 5.6 a, SCs were viable and proliferated, 
showing their typical morphology. After 24 h, the amount of SCs was increased on 
the rippled patterns, in particular on RHD (P < 0.05, RHD vs. Flat, Dunnett’s test; Figure 
5.6 c). After 48 hours, SC proliferation was similar among all the substrates (Figure 
5.6 d); after 96 hours, SCs reached high-density and their viability remained similar 
among all the substrates (Figure 5.6 e). Finally, SCs were cultured up to one week 
on all the different substrates, showing to maintain their typical spindle-shape, 
healthy morphology, and to reach complete confluence (Figure 5.6 f). 

All together these data demonstrate that nano-rippled PET substrates are 
suitable for SCs, determining an increased short-term cell adhesion (3 h) and 
viability (24 h), in particular on RHD; at longer term (48 and 96 h and 1 week), SC 
proliferation rate and viability were comparable to that of the control flat condition.  

 

5.1.4 Cell morphological analysis. 
 

In order to quantitatively investigate how the SC morphology was affected by the 
nano-ripples, after 48 h of culture the cells were immunostained for S100 (SCs 
marker) and DAPI (nuclear marker) and a set of cellular morphological parameters 
(area, elongation and orientation; see Materials and Methods of this chapter for 
definitions) was evaluated from fluorescence microscopy images (Figure 5.7 a).  

RLD and RHD did not determine a change in SC area with respect to those 
cultured on Flat surfaces (Figure 5.7 b). Cell elongation (reported as aspect ratio; 
Figure 5.7 c), instead, resulted markedly enhanced on RHD compared to the flat 
condition (P < 0.01 vs. Flat, Dunnett’s test). Conversely, SCs elongation on RLD 
showed intermediate values, with not so pronounced SC spindle-shape.  
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Figure 5.7 Schwann cells morphological analysis. a) Confocal microscopy images of 
Schwann cells on Flat, RLD and RHD nano-rippled PET stained for S100 (green) and nuclei 
(blue). Scale bar: 100µm. Arrows indicate the nano-ripple direction. b-c) SC morphological 
characterization: cell area (b) and aspect ratio (c) for the different substrates. d) Cell angular 
distribution (0° is the nano-ripple direction) for the different patterns. Data= mean ± SEM, 
n=3; fig. 4c: ** P < 0.01, One-way ANOVA, Dunnett’s test vs. Flat. 

It was noticed that SCs showed the tendency to arrange along the perpendicular 
direction with respect to the ripple pattern lines (Figure 5.7 a). In order to 
characterize this phenomenon, the percentage of SCs aligned along different angles 
(between 0 and 180°, in 10° steps) was quantified with respect to the pattern 
direction (= 0°).  

This measure confirmed our visual observations: both rippled surfaces led 
to a clear asymmetry of the cellular angular distribution, with a pronounced peak 
at 90° (Figure 5.7 d). Notably, in the case of RHD, more than the 50% of SCs disposed 
perpendicularly (i.e. with an alignment angle between 60° and 120°) to the pattern 
lines (marked with a white arrow in Figure 5.7 a). Perpendicular orientation was 
also observed after seven days of culture, as shown in Figure 5.7 f.  
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All together, these data demonstrate that SCs actively interact with nano-
rippled topographies, and polarize in a perpendicular direction with respect to the 
pattern lines. This effect become more evident on RHD, the rougher substrate. 
Despite the vast majority of examples in literature, not all types of cells exhibited 
parallel alignment to directional topographies. In different experiments, SH-SY5Y 
human neuroblastoma cell line [242] and hippocampal neurons [243] grew mainly 
parallel to nano- and micro-grooved surfaces (with period between 0.5 and few µm, 
and sub-micrometer groove depth). Conversely, perpendicular alignment was 
shown for rat hippocampal neurites on shallow grooved substrates (1 µm wide 
grooves with depths ranging from 14 nm to 1.1 µm) [106] and for central nervous 
system (CNS) neuroblasts on quartz micro-grooves (1µm-groove-width, depths 
between 300 and 800 nm) [244]. 

To the best of our knowledge, no reports were made of PNS neurons 
perpendicularly aligned to directional topographies before our study with 
hierarchical nanoripples. 
  In order to better analyze the interaction mechanism between the nano-
ripples and SCs, SC filopodia and lamellipodia by were imaged SEM (Figure 5.8).  
 

 
Figure 5.8 Representative Scanning Electron Microscopy images of SCs on Flat, RLD and 
RHD a) Low-magnification images showing whole cells. Scale bar: 10µm; b) High-
magnification images showing Filopodia and lamellipodia orientation; white stars mark 
filopodia parallel to the ripples. Scale bar: 2µm. 
 
Unexpectedly, in the case of SCs orientated perpendicularly to the pattern lines, 
filopodia followed the ripples on both RLD and RHD; in case of Flat surfaces, no 
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preferred spatial orientation was found for filopodia, which explored their 
surrounding at 360° with random orientation (Figure 5.8 b).  

The only experiment studying filopodia alignment on nano-ripple 
substrates is that by Pedraz et al. [245],  where neural stem cells were cultured on 
nano-rippled glass surfaces and emitted filopodia mainly in parallel direction, 
consistently with our observation.  

No body alignment was instead reported. Authors explained that the contact 
area between filopodia and the substrate was in this way maximized, thus leading 
to optimal adhesion. 

It is actually not straightforward to make a causative hypothesis between 
the orientation of filopodia and cell bodies, since chemical cues might also 
contribute to this contrasting behavior other than the physical characteristic of the 
substrate, as the Prof. Murphy’s group demonstrated for epithelial cells and micro-
grooved surfaces [246]. 

They indeed showed that perpendicular and aligned cell orientations, and 
filopodia sensing are determined by the cooperation of different chemical (e.g. 
culture medium) and physical (e.g. substrate topography) stimuli, and are cell-kind 
dependent.  
While some studies, as the one just mentioned, searched for differential molecular 
cell signaling mechanisms to explain contact guidance, Albuschies’s group recent 
work indicates that contact guidance might be a filopodia traction force-mediated 
peeling process. The cell is guided only in the direction where the geometrical 
constraints allow the filopodial contacts to mature by forming a maximal number 
of adhesive bonds [247]. 

Filopodia are excellent devices to sense the line substrate since they are rigid, 
rod-like structures that cannot bend and adhere to the grooves of the pattern, and 
have similar size features than our pattern periodicity (filopodia width = 200–500 
nm [248]). They might thus discern if they are aligned or not on the pattern by 
evaluating the contact area between the filopodia and the pattern. Non-aligned 
filopodia stochastically scan the line substrate through a process that occurs on a 
timescale of a couple of minutes, and consists of cycles of protrusion–retraction 
events that are coupled with a back and forth lateral motion. This is repeated until 
a filopodium aligns on the pattern ridge which subsequently leads to the assembly 
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of a robust F-actin network and an extensive contact zone with the pattern.This then 
enables to switch off the dynamic unstable behavior observed in non-aligned 
filopodia, allowing to filopodium stabilization for hours, and ultimately leading to 
steady neurite outgrowth. The two distinct filopodial behaviors most likely depend 
on different levels of coupling between the substrate and the cytoskeleton as 
proposed in the molecular clutch model [249]. 

The picture is indeed very complicated, and a deep understanding of the 
molecular pathways determining the switching between the two behaviors is still 
very debated by the research community.  

 

5.1.5 Actin cytoskeleton organization analysis 
 

Furthermore, it was examined how the nanoripples can influence SC cytoskeleton 
organization by actin fiber staining and confocal fluorescence microscopy.  
SCs displayed cortical actin and well-developed actin stress fibers (Figure 5.9 a). 
The actin high-resolution fluorescence images confirmed the high degree of 
perpendicular SC polarization induced by both the rippled topographies.  

By comparing the actin content in cells with different alignment, it was 
found that the presence of the nanoripples might have induced actin enrichment in 
cells oriented perpendicularly with respect to those that showed parallel alignment. 
Since actin cooperates in determining cell contractility and adhesion maturation, 
this cytoskeleton configuration probably led to an angle-dependent cell selection 
with the depletion of the population of cells expressing less actin. 

In order to understand if the actin cytoskeleton was involved in mediating 
perpendicular SC orientation, the average intensity of the fluorescent actin was 
quantified in whole-cell bodies and in the cell protrusion tips. 
 In particular, two categories of cells were selected: those with perpendicular 
orientation (i.e. with alignment angle ≥ 60° vs. pattern direction) and those with 
parallel orientation (i.e. with alignment angle ≤ 30° vs. pattern direction. 

Figure 5.9 b shows that that the presence of the nanoripples might induce 
actin enrichment in cells aligned perpendicularly with respect to those that show 
parallel alignment.  
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Figure 5.9 Actin cytoskeleton organization analysis. Representative confocal images of SCs 
on Flat, RLD and RHD and immuno-stained for S100 (green, specific SC marker), actin fibers (red) 
and nuclei (blue); images in the first row show the perpendicularly-oriented SCs, while in 
the second row the SCs with parallel orientation (white arrows mark ripple direction). Scale 
bar: 20µm. b) Intensity ratio between the actin signal of perpendicularly-oriented cells and 
that of cells with parallel alignment, for each topography. c) FFT actin directionality (°) for 
perpendicularly-oriented SCs (^; i.e. with alignment angle ≥ 60° vs. pattern direction) and 
SCs with parallel orientation (=; i.e. with alignment angle ≤ 30° vs. pattern direction). Actin 
fibers follow the orientation of the cell body, in particular for the SCs oriented in 
perpendicular direction with respect to the nano-rippled one. n ≥ 3. Data= mean ± SEM: #P 
< 0.05, Student t-test, unpaired. 
 
In order to evaluate the actin organization, the actin signal was also analyzed by 
image FFT, which returns the actin fiber dispersion and directionality (see Materials 
and Methods of this chapter for further details).  

The actin directionality (an indicator for the overall degree of actin 
orientation vs the nano-ripple main direction) was considerably affected by both RLD 
and RHD topographies.  

In fact, actin stress fibers mostly followed the orientation of the cell bodies, 
with directionality of (63 ± 12)° and (71 ± 5)° for SCs perpendicularly oriented on RLD 
and RHD, respectively. The same holds for SCs with parallel alignment on RLD 
[directionality = (24 ± 7)°, P=0.05 vs SC perpendicular], while on RHD this behavior is 
significantly less pronounced [directionality = (39 ± 20)° (Figure 5.9 c)]. The actin 
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dispersion parameter (an indicator for the angular spread of the actin fluorescence 
signal) was instead almost the same on all the tested substrates, showing an average 
value of (13 ± 3)°. 

The actin-rich filopodia/lamellipodia located at the tip of SC protrusions 
were analyzed in the same way, but their actin cytoskeleton was not evidently 
influenced by the presence of the nanoripples. 
Overall, these data demonstrate that PET nano-ripples can effectively tune the 
spatial organization of SC actin cytoskeleton, and suggest that on these substrates 
the actin content can be increased in cells with perpendicular alignment with 
respect to those with parallel alignment. 
 

5.1.6 Conclusions. 
 

In this part of Chapter 5 I have illustrated the effects of multiscale periodic 
structures on SCs behavior by pure contact interaction.  

I have developed a new three-step fabrication process, which employs the 
use of PFPE intermediate mold technique to replicate RLD and RHD hierarchical nano-
rippled structures. The entire transfer process was finely tuned to replicate the 
nanoripples topographies from germanium substrates onto the final PET surfaces.  

Overall, PET RHD nano-ripples emerged as the most effective scaffold in 
regulating SCs adhesion and growth. Remarkably, SCs oriented perpendicularly 
with respect to the main direction of the nano-rippled patterns, probably thanks to 
an actin fiber mediated selection process.  
Since topographical modification of the cell/substrate interface is an important 
regulator of cellular adhesion and function, these results provide information on 
the possible use of hierarchical nanometric elements for tissue engineering 
applications. 
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5.2 Neuronal contact guidance and YAP /TAZ signaling on ultra-small 
nanogratings. 

 
Previous studies conducted by my group have demonstrated that plastic 
nanogratings (NGs, i.e. alternating lines of sub-micron grooves and ridges, in the 
range between 500 and 2000 nm in linewidth) can promote neurite alignment and 
bipolarity of PC12 neuronal cells upon administration of NGF, simply by the contact 
guidance mechanism [250], [251]. In these studies, adhesion on the ridges imposes 
a geometrical and directional constraint to FAs that results in neuronal polarization 
via the ROCK-mediated pathway [105], [252], [253], [254]. As already mentioned, 
after nerve injury the axons need to regrow back to their targets and regain 
functions; otherwise, axon degeneration would hamper nerve tissue regeneration. 
SCs, together with tissue macrophages and inflammatory cells, remodel the 
environment to make it more suitable for axonal regrowth [255]. Furthermore,  
myelinated SCs can secret various neurotrophins such as nerve growth factor (NGF) 
to induce neurite elongation and regeneration [255].  

In this category, an active area of research involves the development of a 
biodegradable conduit which contains SCs for the promotion of axonal 
regeneration. Therefore, mass production of pure SCs within a short period of time 
is a prerequisite to achieve this aim.  Nonetheless, isolation and purification of SCs 
is usually a complex process. This complexity is caused by fibroblast contamination 
which is due to the higher and faster proliferation rate of fibroblasts than SCs [256].  

Hence, for in vitro nerve regeneration research, PC12 cells were widely used 
as the model cells due to their ability to be passaged and easily differentiated into 
neuron-like cells. Cell lines that are capable of continuous replication and that 
display differentiated properties have long been recognized as useful model 
systems for studies of differentiation and function.  

The development of neuronal cell lines poses particular challenges. Since 
mature neurons are nondividing, a maximally useful neuronal model should be 
modulable between a state in which it can replicate and a state in which it is 
nondividing as well as neuronally differentiated [257]. Among the most striking 
properties of the PC12 line, there is its capacity to respond to the SCs-secreted NGF, 
a protein that profoundly influences the growth and development of sympathetic 
and certain sensory neurons [258]. Despite that the behavior of the PC12 cells can 
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been affected by culture conditions, horse serum, which may inhibit NGF 
responses, and by high plating density, which inhibits NGF responses [259], the 
overall effect of NGF on PC12 cells is to convert them from the population of the 
replicating chromaffin-like cells to a population of nonreplicating sympathetic-
neuronlike cells [257]. 
The best results for PC12 neurite alignment and bipolarization were obtained with 

NGs having 1 µm periodicity (i.e. 500 nm linewidth) [105]. However, in literature 
there are only few studies about cellular behavior in response to NGs with lateral 

period smaller than 1 µm.  
Recent studies have emphasized the involvement in mechano-sensing of 

Yes-associated protein (YAP) transcription factor [260], [261]coupled with its 
transcriptional coactivator (TAZ), with a crucial role in correlating external 
mechanical stimuli with changes in gene expression [94], [262], [263].  More 
specifically, changes in ECM stiffness can determine modifications in cytoskeleton 
organization and tension, shuttling the YAP/TAZ complex to the nucleus [99] and 
influencing the mechanotransduction process at FA level [264], in a feedback loop 
between cytoskeleton and nucleus. Nowadays, the influence of substrate stiffness 
on YAP localization is known [99], but the effect of nanotopography on the 
activation and intracellular localization of YAP has not been yet deeply explored.  

This section of the Chapter 5 is dedicated to the elucidation on neuronal 
contact guidance on ultra-small NGs. Substrates with lateral period from 1000 nm 
(considered as a reference substrate owing to its known ability to exert excellent 
contact guidance) down to 200 nm were fabricated in COC by a two-step NIL 
process starting from molds produced by electron beam or laser interferometric 
lithography. The impact of ultra-small NGs on cell morphotype, neurite alignment, 
FA development and YAP/TAZ activation was investigated in NGF-differentiating 
PC12 cells by confocal and total internal reflection fluorescence (TIRF) microscopy, 
and at molecular level. It was also explored the use of blebbistatin and nocodazole, 
two pharmacological treatments targeting cell contractility, to tune and recover the 
guidance where less effective. 
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5.2.1 Ultra-small thermoplastic Nanogratings. 
 

Ultra-small NG topographies (i.e. anisotropic patterns of alternating lines of ridges 
and grooves) were developed with the aim to study the interaction between cells 
and anisotropic features with controlled nanometric periodicity, towards the typical 
dimensions of ECM cues.  
To this end, a complete set of NGs was fabricated with 50% duty cycle (i.e. ridge 
width / period = 0.5) and period 1 µm (named T1, groove depth = 350 nm), 600 nm 
(named T600, groove depth = 300 nm), 400 nm (named T400, groove depth = 200 
nm) and 200 nm (named T200, groove depth = 100 nm). Given our previous results 
[40], the T1 geometry was here considered as the gold standard guidance topography 
for our neuronal cell model. 

NG patterns were replicated from initial molds into biocompatible and 
transparent COC thermoplastic polymer foils by exploiting perfluoropolyether 
(PFPE) intermediate molds, as described in Materials and Methods and in [219]. 
Briefly, PFPE intermediate molds were obtained by pouring a PFPE dispersion on 
top of each initial mold, and then crosslinking with UV light (Figure 5.10 a). The 
final NG replicas were produced via the PFPE molds into COC films by NIL (Figure 
5.10 b).  

As shown in Figure 5.10 c, both ridges and grooves retained their width after 
the two replica processes. In particular, ridges were laterally squared and straight, 
thus maintaining the grating initial profile and dimensions. NGs did not present 
discontinuities as holes or cracks along the ridges, thanks to the correct calibration 
of NIL process in terms of working temperature and applied pressure. Moreover, 
the use of a soft mold instead avoided nano-feature disruption during NIL, 
ensuring the nanopattern continuity on the whole patterned area [219]. 

The nanopatterns were further characterized by AFM measurements 
(Figure 5.10 d), allowing to calculate their aspect ratio (defined as the ratio of ridge 
height over width). The following periodicities were then measured: 610 ± 20 nm 
for T600 (ridge width = 300 ± 30 nm, ridge height = 300 ± 20 nm, aspect ratio = 1.0± 
0.1); 400 ± 10 nm for T400 (ridge width: 210 ± 20 nm, ridge height:  200 ± 20 nm, 
aspect ratio = 1.0± 0.2); 200 ± 10 nm for T200 (ridge width: 110 ± 20 nm, ridge height:  
95 ± 15 nm, aspect ratio = 0.9± 0.2). As reference, T1 showed 1000 ± 30 nm periodicity 
(ridge width: 505 ± 25 nm, ridge height 350 ± 30 nm, calculated aspect ratio 0.7± 0.1; 
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(all dimensions are mean ± SD, calculated using at least ten profiles extracted from 

3.5 µm ´ 3.5 µm AFM measured area for each NGs). 
By a Fast Fourier Transform (FFT) analysis on the AFM profiles the 

directionality of the different NGs was estimated (see Materials and Methods for 
details). Directionality amplitudes (normalized to the value measured for T1) were 
0.52 ± 0.03 for T600 (peak centered at 1.67 ± 0.05 µm-1), 0.19 ± 0.01 for T400 (peak 
centered at 2.43 ± 0.01 µm-1), 0.14 ± 0.01 for T200 (peak centered at 5.14 ± 0.01 µm-1) 
and 0.01 ± 0.01 for the flat substrate (peak centered at 0.34 ± 0.06 µm-1). All NGs 
showed a higher directionality if compared to flat surfaces (P<0.001 T1-T600-T400-
T200 vs. Flat, Tukey’s test), as expected. Among the different NGs, it was found an 
increasing trend with the period (P < 0.001 T1 vs. T600, T1 vs. T400, T1 vs. T200; P < 
0.001 T600 vs. T400, T600 vs. T200; P<0.05 T400 vs. T200, Tukey’s test). 

It is noteworthy that directional signal decreases in intensity with the 
decrease of the NG periodicity (Fig. 5.1d); therefore, PC12 perceived a different 
direction stimulus on the different NGs. This reduced substrate directionality signal 
may take part in the neurite alignment process when the periodicity is downscaled 
[265]. 
Given that a good surface hydrophilicity generally promotes cell adhesion and 
spreading, in order to further characterize the substrate surface properties, water 
wettability was evaluated by performing water contact angle measurements (Figure 
5.10 f). As shown in Figure 5.10 f, T600, T400 and T200 were more hydrophilic than 
the T1 and Flat (P < 0.001, Tukey’s test), showing contact angles of 82 ±1 °, 80 ± 2 ° 
and 78 ± 3 °, respectively. 

In summary, biocompatible thermoplastic NGs were fabricated with lateral 
periodicity ranging from 1 µm down to 200 nm, with aspect ratio between 0.7 (T1) 
and 1 (T600, T400 and T200). These nanostructures were replicated by a thermal 
embossing process, using PFPE intermediate molds to preserve the original molds 
and enhance the fabrication process yield. For all ultra-small NGs, the topographies 
were preserved during the entire two-step replica process. 
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Figure 5.10 Ultra-small nanograting fabrication scheme and surface characterization. a) 
PFPE intermediate mold (in yellow) fabrication via UV-crosslink process and b) its use for 
the subsequent thermal NIL process to produce COC replicas (in light blue). c) 
Representative Scanning Electron Microscopy images (with high magnification insets) of the 
COC NGs T600, T400 and T200. d) AFM measurements of NG final COC replica, for 3.5´3.5 
µm2 areas. e) NG directionality signal amplitude by FFT analysis: the reported values were 
normalized to T1 value. *** P < 0.001 T1 vs. T600, T400, T200 and T600 vs. T400, T200; * 
P<0.05 T400 vs. T200; One-way ANOVA Tukey’s test. f) Contact angle measurements of 
COC NGs. *** P < 0.001 T1 vs. T600, T400, T200 and Flat vs. T600, T400, T200 (One-way 
ANOVA, Tukey’s test). All data are mean ± SD. 
 
5.2.2 Neurite contact guidance 

 
In order to address the neuronal guidance on NGs with very small periodicity, PC12 
cells were seeded on the complete set of NGs (periods from 1 µm down to 200 nm), 
and neuronal differentiation was induced by NGF stimulation (100 ng/ml) (Figure 
5.11 a). The emission of neuronal protrusions (neurites) was influenced by the local 
substrate nanotopography, and this effect was quantified by measuring two neurite 
morphological parameters – neurite alignment (the average angle between neurites 
and NG direction) and length – at t = 24 h by bright-field optical microscopy (Figure 
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5.11 a). As expected, neurites interacting with T1 extended along the pattern 
direction (neurite alignment = 6 ± 1°). Neurite alignment was maintained on T600 
(8 ± 1°) and T400 (8 ± 2°) (P>0.05 vs. T1, P<0.001 vs. Flat; Tukey’s test); instead it was 
observed a significant alignment loss by decreasing the period down to 200 nm (23 
± 2°) (P<0.001 T200 vs. T1/T600/T400; Tukey’s test) (Figure 5.11 b).  

However, T200 directionality could still be retrieved by PC12, inducing a 
partial neurite alignment if compared to the random neuritic distribution that was 
measured on Flat substrates (44 ± 2°; P<0.001 T200 vs. Flat; Tukey’s test).These 
results indicate that NGF-induced differentiation is not inhibited by the NGs, and 
that neurite alignment is sensitive to ultra-small NGs and their directionality signal, 
despite neurite guidance is reduced on T200 substrates. 

 
Figure 5.11 Neurite alignment along NGs. a) Bright-filed images of PC12 neuronal cells on 
T1, T600, T400, T200 and Flat, at 24 h; the arrows indicate the NG direction; scale bar = 10 
μm. b) Neurite alignment on NGs. *** P< 0.001 (One-way ANOVA, Tukey’s test); at least 
300 cells - 450 neurites- were analyzed for each substrate (n ≥ 6). 
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5.2.3 Focal adhesion maturation is modulated by ultra-small nanogratings. 
 

It was previously shown that in PC12 cells the induction and growth of neurites 
along 1-µm-period gratings were critically controlled by the establishment and 
maturation of FAs [105], [252], [253]: here, in fact, FAs were squeezed and grew 
directed along ridges. Ultra-small NGs were also expected to importantly affect FAs 
because their typical length-scale still is of the order of that of ECM protein clusters. 

In order to validate this hypothesis, PC12 cells were transiently transfected 
with EGFP-Paxillin, a signal-transduction protein present in early and mature FAs 
[93], and differentiated by NGF on the ultra-small NGs. Paxillin was then selectively 
visualized at the cell basal-membrane by TIRF microscopy (Figure 5.12 a) and FAs 
were analyzed by measuring their alignment (°) with respect to the NG direction 
(Figure 5.12 b) and quantifying their number per cell (Figure 5.12 c). The 
progressive reduction of NG periodicity induced a decrease in the overall percentage 
of FAs alignment, reported here as the percentage of FAs with an alignment angle ≤ 
15° vs. NG direction (Figure 5.12 b), as it was already found for neurite guidance 
(Fig. 2b). At first sight, FA alignment loss started on T400 (56 ± 1 %) and it further 
increased on T200 (42 ± 4 %). The percentage of FA alignment was indeed 
significantly lower if compared to that measured for T1 (70 ± 4%) and T600 (71 ± 
4%) (P<0.001 T200 vs. T1 and T600, Tukey’s test). However, T400 and even T200 
could still partially polarize the FA development along NGs in comparison to 
isotropic Flat substrates (17 ± 2%) (P<0.001 T400 vs. Flat, P<0.01 T200 vs. Flat; 
Tukey’s test; Figure 5.12 b).  

The decrease of NG periodicity also induced a progressive increase in the 
number of FAs/cell (Figure 5.12 c). Interestingly, the number of FAs developed by 
each cell increased from 9 ± 1 on T1 and 13 ± 2 on T600 to 20 ± 1 on T400 and 23 ± 2 
on T200, with values similar to those obtained for the Flat surface (26 ± 3) 
(P<0.05/P<0.001 T1 vs. T400, T200 and Flat; P<0.05/0.01 T600 vs. T200 and Flat; 
Tukey’s test, Figure 5.12 c). Overall, FA spatial organization and number per cell 
were progressively affected by decreasing the period of ultra-small NGs, well 
correlating with neurite guidance. T400 behaved such as a “border land” substrate 
between FA alignment and misalignment regimes. 
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Figure 5.12 Impact of reduced NG periodicity on FA assembly and spatial distribution. a) 
EGFP-Paxillin rich adhesions on NGs imaged by TIRF microscopy; scale bar = 10 μm. b) FA 
alignment on different NGs, reported as the % of FAs with alignment ≤ 15°. **/*** P< 
0.01/0.001 (One-way ANOVA, Tukey’s test). c) Number of FAs per cell on different 
substrates. * P<0.05, ** P<0.01 and *** P<0.001 (One-Way ANOVA, Tukey’s test); at least 30 
cells or 400 FAs were analyzed for each sample (n ≥ 4). 
 

FA maturation was then analyzed on the different substrates (Figure 5.13). FAs 
were classified as aligned (in case of alignment angle ≤ 15°) or misaligned (in case of 
alignment angle > 15°). Even if the overall average FA size did not show major 
changes by reducing the NG periodicity, the maturation of the aligned FA was 
progressively impaired by the reduction of NG periodicity (Figure 5.13 a), 
progressively becoming indistinguishable from the misaligned ones. The size of 
aligned FAs was larger on T1 (i.e. the substrate with the best neurite guidance 

behavior, 1.7 ± 0.1 µm2) with respect to those developing on substrates with less 

neurite-guidance abilities, in particular on T400 (1.2 ± 0.1 µm2) and Flat (1.3 ± 0.1 

µm2) (for Aligned FAs: P<0.05 T1 vs. T400 and Flat, Tukey’s test; Figure 5.13 a-left 

panel). Moreover, aligned FAs were larger than the misaligned ones (Figure 5.13  a-

right panel) for cells on T1 (1.7 ± 0.1 µm2 and 1.0 ± 0.1 µm2, respectively) (P<0.001, 

Size FA Aligned vs. Misaligned on T1, Student’s t-test), T600 (1.5 ± 0.1 µm2  and 1.1 
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± 0.1 µm2) (P<0.01, Student’s t-test) and on T400 (1.2 ± 0.1 µm2  and 1.0 ± 0.1 µm2) 
(P=0.05, Student’s t-test).  

Considering misaligned FAs, a general trend could not be identified 
although T200 and Flat showed the tendency to allow more effective maturation 
(Figure 5.13  a-right panel). In summary, these experiments demonstrated that the 
reduction of NG periodicity modulated FA maturation. T1 and T600 patterns could 
favor the maturation of aligned FAs while reducing misaligned-FA development. 
T400 represented the limit geometry where aligned FAs could develop larger in size 
than the misaligned ones, while on T200 they did not.  

These findings lead as to the concept of the minimal critical size of FAs in 
cells. Some studies in literature sustain the idea that proteins within FAs assemble 

into higher order structures on the ∼100 nm length scale [266]. Because of pure 
physical patterns in the ~ 100 nm range dimension are difficult to fabricate, most of 
the studies on FA size reported in literature have been performed on biochemical 
or nanopillar patterns. Human endothelial cells (HUVEC) showed compromised 
and no pattern-specific adhesion on fibronectin nanodots smaller than 100 nm [267]. 
Arnold et al. produced adhesive patches of RGD peptides with side lengths ranging 
from 100 to 3000 nm and showed that rat embryo fibroblasts (REF) adhered on 
patterns below 500 nm bridging multiple adjacent ligand domains via individual 
actin fibers [268]. In the case of MDCK epithelial cells cultured on polymeric NOA-
61 nanopillars [269] (diameters ranging from 200 nm to 700 nm), the size of the FAs 
was confined by the size of the nanopillars. As in the present case, the number of 
FAs increased and the total FA area decreased as the size of nanopillars decreased. 
However, the FAs formed on the 200-nm nanopillars were larger than those formed 
on the 400-nm nanopillars.  

Although the spatial limitations of the nanopillars prevented the maturation 
of focal complexes to focal adhesions, cells exerted considerable force on the 200-
nm nanopillars, leading to bending of the nanopillars to form larger focal adhesions 
from adjacent focal complexes. Similarly NIH 3T3 fibroblasts cultured on PMMA 
nanopillars with diameter of 70 nm formed very small adhesions, which led to a 
higher cells motility [270]. 

In order to better highlight this effect, all FAs were sorted in three categories 
(Figure 5.13 b-c): small (FA area ≤ 1 µm2), intermediate (1 µm2 < area ≤ 2 µm2), and 
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large (> 2 µm2), corresponding to different maturation stages [252]. For aligned FAs, 
lowering NG periodicity led to an increase of the small-FA population (from ~ 33% 
on T1 to a maximum of 57% on T400; P<0.01 T1 vs. T400 and P<0.05 T1 vs. T200, 
Dunnett’s test), and reduction of large FAs (from ~ 30% to 14%; P<0.01 T1 vs. T400 
and T200, P<0.05 T1 vs. Flat, Dunnett’s test; Fig. 4b). Interestingly, the number of 
large FAs developing aligned on T1, T600 and T400 was much greater than that of 
large misaligned FAs (# Aligned FAs (%)- Large vs. Misaligned FAs (%)-Large: P< 
0.01 for T1, P< 0.05 for T600 and T400, Student’s t-test; Figure 5.13 b-c, darker 
columns). No evident trends were instead identified for misaligned FAs (Figure 5.13 
c). These data demonstrate that differentiating PC12 cells actively respond to the 
reduction of NG periodicity through the variation of FA development and spatial 
maturation. Overall T400 represents a limit substrate to control the directional 
development of FAs and the subsequent neurite guidance. 
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Figure 5.13 Impact of reduced substrate dimensionality on FA maturation. a) Average FA 
area (µm2) is reported for aligned FAs (i.e. with alignment ≤ 15°; left panel) and for misaligned 
FAs (i.e. with alignment between 15° and 90°; right panel), on the different substrates. 
Aligned FA area vs. misaligned FA area: ### P<0.001, ## P<0.0, # P=0.05 (Student’s t-test). 
Aligned FA area: * P<0.05 T1 vs. T400 and Flat (One-Way ANOVA, Tukey’s test). b) 
Distribution of FA size NGs. Size distribution of aligned (0 - 15°) FAs, as function of the 
substrate. The % of small (area ≤ 1 µm2), intermediate (1 µm2< area ≤ 2µm2) and large (area > 
2 µm2) FAs is reported in light, normal and dark pink color, respectively. Small FAs: */** 
P<0.05/0.01 vs. T1; Large FAs: */** P<0.05/0.01 vs. T1; (One-Way ANOVA, Tukey’s test). c) 
Size distribution of misaligned (15 - 90°) FAs as function of the substrate. The % of small 
(area ≤ 1µm2), intermediate (1 < area ≤ 2µm2) and large (area > 2µm2) FAs is reported in light, 
normal and dark blue color, respectively. Large-Aligned FAs (%) (darker pink columns-in b) vs. 
Large-Misaligned FAs (%) (darker blue columns- in c): ## P< 0.01 for T1, # P< 0.05 for T600 
and T400, Student’s t-test. At least 30 cells or 400 FAs were analyzed for each sample (n ≥ 4). 
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Because of FAs mediate neurite outgrowth and the integration of topographical 
information into cytoskeletal signaling [265], the effects of ultra-small NGs on the 
FA pathway were investigated at molecular level, focusing on the activation of FA 
kinase (FAK), and on the levels of a set of FA scaffold proteins: Talin, Vinculin and 
Zyxin (Figure 5.14). In particular Zyxin is one of the focal adhesion components that 
are absent from focal complexes [271] and are recruited to adhesion sites after 
application of mechanical stress [272], [273], when FAs enlarge and mature. The 
activation of FAK was not affected by the NGs, as well as the levels of Talin and 
Vinculin (P>0.05). The total levels of Zyxin, which is present only in mature FAs, 
showed instead a decreasing trend by lowering the NG dimensionality, and it was 
significantly reduced on T200 (P< 0.05 T1 vs. T200, Dunnett’s test) (Figure 5.14 d).  

 

 
Figure 5.14 Activation of the FA pathway in PC12 cells growing on ultra-small NGs. 
Representative Western-blot panels and blot analysis of phospho-FAK/ FAK (a), talin (b), 
vinculin (c), and zyxin (d) levels. Results (normalized to GAPDH levels) were reported in % 
in respect to T1 levels. d) * P < 0.05 T1 vs. T200 (One-Way ANOVA, Dunnett’s test); n ≥ 4. 
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5.2.4 Pharmacological tuning. 
 

It was previously demonstrated that PC12 contact guidance on NGs requires 
myosin-II / Rho-mediated contractility, and that the tolerance to topographical 
noise can be tuned by pharmacologically interfering with this signaling pathway 
[265]. 

Therefore PC12 cells grown on ultra-small NGs were exposed to nocodazole 
(Noco), a microtubule depolymerizing agent that can activate the RhoA-mediated 
cell contractility [274] and improve neurite contact guidance on noisy NGs [265], 
and to blebbistatin (Bleb), a myosin-II-contractility inhibiting drug, that was shown 
to impair neurite contact guidance [252], [265] (Figure 5.15). 

In line with the previous results, Bleb treatment impaired neurite guidance 
along T1 (P<0.05 T1-Ctrl vs. T1-Bleb, Student’s t-test), with a similar trend on T600 
and T400. We then measured neurite alignment in presence of nocodazole: Noco 
had not detectable effect on the “well-guiding” NGs T1, T600 and T400. However, 
Noco induced a light improvement in the neurite alignment along T200: there was 
in fact a reduction of the average neurite alignment angle (i.e. better guidance) on 
T200+Noco (Figure 5.15), from 23 ± 2° on T200 Ctrl to 16 ± 3° on T200+Noco, 
although this difference was not statistically significant (T200 Ctrl vs. T200+Noco, 
P=0.08). Neurite growth and length were not affected by both drugs’ treatments. 
These results confirm the key role of the cell-contractility machinery in 
topographical guidance also on ultra-small NGs. 
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Figure 5.15 Neurite alignment along ultra-small NGs: role of cell contractility. Bright-filed 
images (Top panel) of PC12 neuronal cells on different NGs, in control conditions and in 
presence of blebbistatin 25 µm (Bleb) and nocodazole 10 nM (Noco); the arrows indicate the 
NG direction; scale bars = 10 μm. Neurite alignment on NGs: # P< 0.05 T1-Cont vs. T1-Bleb, 
Student’s t-test. Data are reported as mean ± SEM (At least 300 cells - 450 neurites- were 
analyzed for each substrate in control conditions (n ≥ 6), and 110 cells - 180 neurites- for each 
substrate with drugs’ treatments (n ≥ 3). 
 

5.2.5 YAP/TAZ signaling. 
 
It was finally investigated the involvement of YAP/TAZ signaling in neurite contact 
guidance on ultra-small NGs. As first, it was measured the YAP level, which 
resulted unaffected by the presence of the nanotopography (Figure 5.16 a). Once 
activated, YAP concentrates into the nucleus. It was thus performed 
immunostaining for YAP to investigate its intracellular localization (Figure 5.16 b), 
with the aim of testing if the different guidance performance could be linked to 
different activation of the YAP/TAZ pathway. The nuclear/cytoplasm localization 
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ratio was similar on the different NGs (Figure 5.16 c). Nevertheless, YAP was more 
activated and localized in the nucleus of cells cultured on NGs (1.80 ± 0.04) with 
respect to those on Flat (1.5 ± 0.1, P<0.01 NGs vs. Flat, Student’s t-test; Figure 5.16 
d). The expression of YAP was not influenced by substrate nanotopographies, 
whereas its localization (and therefore likely its activation) was.  

The nuclear localization of YAP/TAZ complex has been attributed to 
different factors, including low cell density [275], mechanical stretching and 
substrate stiffness [99]. Here, the cell density (low) was the same on all our NGs, as 
well as their substrate stiffness (2.5 ± 0.2 GPa [105]), therefore it was envisioned that 
the YAP nuclear localization is induced in PC12 cells by the NG topography itself, 
likely via cytoskeleton remodeling and mechanical stretching. It is, in fact, well 
known that NGs activate cell polarization and cytoskeleton via the Rho-mediated 
pathway [105], [253], [265]. 
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Figure 5.16 Activation of the YAP/TAZ pathway in PC12 cells differentiating on ultra-
small NGs. a) Representative Western-blot panels and blot analysis of YAP 1 expression 
levels. Results (normalized to GAPDH levels) were reported in % in respect to T1 levels; n ≥ 
3. b) Confocal representative images of Yap1 (green, first column) and actin fibers (red) with 
nuclear (blue) staining in PC12 cells on different substrates; scale bars =10 µm. c) YAP/TAZ 
intracellular localization: YAP activation is reported as YAP/TAZ nuclear/cytoplasmic ratio 
on different; at least 25 cells were analyzed for each sample (n ≥ 3). d) YAP/TAZ 
nuclear/cytoplasmic ratio on NGs and Flat surfaces: #P<0.01 NGs vs. Flat (Student’s t-test). 
 

It was finally tested the effect of drugs acting on cell cytoskeleton, Noco and Bleb, 
on YAP/TAZ intracellular localization, taking into account that blebbistatin has 
been reported to block YAP/TAZ activation [99]. Three different substrates were 
chosen for these experiments: T600 as good-guidance substrate, T200 as impaired-
guidance substrate, and Flat as control substrate. PC12 cells were differentiated in 
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the presence of Noco or Bleb and we measured YAP intracellular localization by 
immunostaining (Figure 5.17 a). Overall the YAP nuclear/cytoplasm ratio was not 
changed by either Noco or Bleb treatments on both T600 and T200 (Figure 5.17 b). 
On the Flat a slight increase was instead visible on the treated samples. 

 

 
Figure 5.17 Effect of contractility targeting drugs on the activation of the YAP/TAZ 
pathway. a) Confocal representative images of YAP1 (green, first column) and actin fibers 
(red) with nuclear (blue) staining in PC12 cells on T600, T200 and Flat substrates in control 
conditions and after treatment with Blebbistatin (25 µM) and Nocodazole (10 nM); scale bars 
=10 µm. b) YAP/TAZ intracellular localization after drug treatments: YAP activation is 
reported as YAP/TAZ nuclear/ cytoplasmic ratio on T600, T200 and Flat; at least 25 cells 
were analyzed for each sample (n ≥ 3), for both control and treated conditions. 
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It is known that the substrate stiffness tightly controls the subcellular localization of 
YAP/TAZ [99], in fact if cells grow on hard substrates, YAP/TAZ complex 
translocate to the nucleus. Moreover, the activation of YAP/TAZ in hMSCs cultured 
on soft PEG hydrogels was dependent on the previous culture time on stiff tissue 
culture polystyrene (~ 3 GPa) [276]. The COC substrates, both ultra-small NGs and 
Flat, have a stiffness over 2 GPa [105], which was above the stiffness value able to 
activate YAP/TAZ in other cell types, and it may result in a “basal” YAP/TAZ 
nuclear translocation in our experimental model which may partially mask 
drugs’action, in particular on NGs.  

Taken together, these data demonstrate that PC12 cells have an increased 
YAP nuclear localization (and hence YAP/TAZ activation) is cultured on NG 
topographies. However, pharmacological tuning by nocodazole or blebbistatin had 
no major effects on YAP nuclear localization. 
 

5.2.6 Conclusions. 
 

In this part of Chapter 5 I have shown the neurite contact guidance performances of 
PC12 cells on ultra-small NGs, with the aim to investigate the lower limit in 
dimensionality for proper neuronal contact guidance, and the molecular 
mechanism mediating this process, at the level of FA and YAP/TAZ pathways. 

 I fabricated ultra-small NGs by a new two-step fabrication process, to 
replicate NG with periodicities below few hundreds of nanometers with high 
fidelity and yield. Overall, the T200 NG emerged as the NG where neurite contact 
guidance was compromised, in terms of neurite alignment, FAs spatial distribution 
and maturation level. Finally, it was demonstrated that nocodazole can improve 
neurite contact guidance when it is not optimal.  

I found that YAP/TAZ sub-cellular localization significantly shifted 
towards nucleus on all NG patterns with respect to Flat surfaces, suggesting that 
nanotopographical guidance response in cells can activate YAP/TAZ.  
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5.3 Materials and Methods. 
 
Fabrication processes. 

 
Germanium mold preparation.  

Two specimens of 1×1 cm2 area, obtained from a commercially available bulk Ge 
<100> wafer, were irradiated at room temperature with Au+ ions at 26 keV energy 
and at an angle of incidence of 60° with respect to the surface normal. Two ion 

fluences were used, namely 1×1017 ions×cm-2 for samples named Ripple Low-Dose 

(RLD), and 4.3×1017 ions×cm-2 for samples named Ripple High-Dose (RHD). 
 

Ultra-small nanogratings molds fabrication. 

Ultra-small NGs topographies (i.e. anisotropic patterns of alternating lines of ridges 
and grooves) were fabricated from initial molds by nanoimprint lithography with 
the following characteristics: T1 (period 1 µm, depth 350 nm), T600 (period 600 nm, 
depth 300 nm), T400 (period 400 nm, depth 200 nm), T200 (period 200 nm, depth 
100 nm); period = ridge width + groove width.  

T1 silicon mold was obtained by means of EBL and reactive ion etching (RIE) 
starting from commercial p-doped silicon wafer (SYLTRONIX, France), as 
previously reported [250]. 

T600 and T400 polymeric molds were fabricated by Laser interference 
lithography (LIL). A SPR220-1.2: PGMEA solution (2:3) was spun onto a silicon 
wafer with a spin speed of 4000 rpm for 30 s; SPR220-1.2 photoresist was purchased 
from Microposit (Shipley European Limited, UK), while PGMEA (propylene glycol 
monomethyl ether acetate) from MicroChem Corp (Newton, MA, USA). The sample 
was exposed to a 50 mW helium cadmium (HeCd) laser, emitting a TEM00 single 
mode at a 325 nm light source, with a beam incidence angle of 166° for T600, and of 
24° for T400, and an exposure dose of 77 mJ/cm2. The resist developing step was 
performed by immersing the samples in a MF24A/Milli-Q water (10:1) solution for 
20 s [225]. The exposure and process parameters (i.e. beam incidence angle, 
exposure, developing time) were chosen in order to obtain gratings with a period 
of 600 and 400nm, 50% duty cycle.  



 95 

The silicon T200 mold was purchased from ThunderNIL Srl (Basovizza, 
Trieste, Italy). Finally, flat control molds were obtained by silanization of 2x2 cm2 
flat silicon wafer. 

PFPE intermediate molds.  

PFPE resin (FLUOROLINK® MD 700, Solvay Speciality Polymers, Bollate, Italy) 
was mixed with 3%-wt photoinitiator Darocure 1173 (C10H12O2, 405655 Sigma 
Aldrich, Gallarate, Italy) and poured on top of the Ge rippled surfaces, then 
crosslinked by UV-light (365 nm, 25 mW·cm-2). The exposure was performed in two 
steps: first, the sample was kept 180 s in nitrogen atmosphere, then 60 s in air. After 
curing, the PFPE film was peeled off and cleaned with nitrogen flow [219]. 
 

COC replicas.  

COC foils (thickness 140 µm, Microfluidic ChipShop GmbH, Jena, Germany) were 
imprinted using an Obducat Nanoimprint 24 system (Obducat, Lund, Sweden) 
using the PFPE molds. After cleaning with 2-propanol, the COC substrates were 
placed on top of the molds and softened by raising the temperature up to 150 °C. A 
pressure of 50 bar was then applied for 300 s before cooling down to 70 °C, i.e. below 
the glass transition temperature of the copolymer (Tg = 134°C). Finally, the pressure 
was released and the mold was detached from the imprinted COC with a scalpel. 
 

PET replicas.  

PET foils (thickness: 250 µm, Coexpan, Montonate, Italy) were thermally imprinted 
in two steps: after 2-propanol cleaning, flat PET foils were placed on top of COC 
replicas, then warmed up at 75 °C. A pressure of 20 bar was then applied for 300 s, 
then the system was brought below the PET glass transition temperature (Tg = 75 
°C), down to 50 °C and the pressure was finally released. A nitrogen flow was 
applied between the PET replica and the correspondent COC mold to easily detach 
one from the other. 
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Surface characterizations. 
 
SEM measurements.  

COC replicas of ultra-small NGs were imaged by SEM after coating them with a 5-
nm thick gold layer by thermal evaporation. The metal layer was shorted to the SEM 
sample holder to avoid electron charging during the imaging characterization. The 
substrates were then loaded into a LEO 1525 field emission SEM and image 
acquisition was carried out by secondary-electron detection with the Everheart-
Thornley detector in order to enhance the topography of substrates. 
 

AFM measurements.  

Topography and roughness were evaluated by AFM (Veeco Innova Scanning Probe 
Microscope, Veeco Instruments Inc., Santa Barbara, CA, USA), operating in tapping 
mode. Set scan frequency: 0.977 Hz; scanning areas (at least 5 per nanoripple 
sample, 3 per ultra-small NGs) of 5×5 μm2 and 10×10 μm2 (1024 samples/line each) 
in nanoripples case, 3,5 ×3,5 μm2 and 10×10 μm2 (512 samples/line each) for ultra-
small NGs. At least three PET and COC replicas were imaged for each topography.  

A silicon nitride tip with a nominal spring constant in the range of 0.2-0.8 
N/m and a resonant frequency of 45–95 kHz was used. All the measurements were 
performed in air at room temperature and raw scan data were leveled by surface 
subtraction to remove possible sample tilts.  

In the nanoripples case, roughness values were evaluated along different 
directions (0°, 22.5°, 45°, 67.5° and 90° with respect to the main direction of the 
pattern) by measuring the average roughness (Ra), the maximum vertical distance 
(Rmax) and the surface area difference (SAD) parameters on 3×3 μm2 AFM images.  
Ra is defined as the arithmetic average of the absolute values of the surface height 
deviations measured from the mean plane within the area, Rmax represents the 
maximum vertical distance between the highest and lowest data points in the image 
following the surface subtraction on the area, and the SAD parameter is defined as 
the difference between the image three-dimensional surface area and the two-
dimensional projected surface area. These three parameters allow the 
discrimination of differences among surfaces with comparable Ra values.  
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The scanned images were elaborated with the Nanoscope Analysis (9.0 version) 
software tool. Height and periodicity values were instead quantified by the use of 
the Gwiddion software (Gwiddion 2.47 version, Profile tool). Data are reported as 
mean ± SD 

Substrate directionality evaluation.  

Nano-ripple substrate directionality was quantified by analyzing the AFM images 
with the “Directionality” tool of the software FIJI (http://fiji.sc/Fiji) 
This plug-in returned a directionality histogram by exploiting image FFT 
algorithms: isotropic images generate a flat histogram, whereas oriented images 
give a peaked histogram. These histograms were finally fitted by Gaussian curves 
that returned two parameters, dispersion (σ) and directionality (α) (the standard 
deviation and the center of the Gaussian curve, respectively), the first (σ) 
representing the degree of orientation of the image, the second (α) the direction in 
which it is oriented. We analyzed at least 12 fields per sample; image dimensions 
were kept fixed to 2 × 2 μm2. Data are reported as mean ± SD. 

For ultra-small NGs substrates, directionality was quantified by analyzing 
the AFM profiles with the “Signal Processing: FFT” tool of the software Origin. We 
selected only the FFT main peak, correspondent to the peculiar NGs periodicity. We 
analyzed at least 12 profiles (length 10 μm) for each NG image (image dimensions 
were kept fixed at 10 × 10 μm2). We used AFM images of COC replicas for T400 and 
T600 substrates to extract the NGs profile, while AFM images of the initial silicon 
mold for T200 substrates, to avoid noisy peaks in the T200 profile caused by 
electrostatic interactions between the COC foil and the AFM tip. For all conditions 
(Flat, T600, T400 and T200) FFT signal amplitude values were normalized to the T1 
values. Data are reported as mean ± SD. 
 

Contact angle measurements.  

Substrate wettability was evaluated by contact angle measurements acquired with 
a CAM 200 instrument (KSV Instruments, Helsinki, Finland). A deionized water 
drop was deposited on top of each substrate through a micro syringe.  
To evaluate the wettability in both parallel and perpendicular directions with 
respect to the pattern orientation, the samples were rotated by 90° and three 
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different measurements were acquired for each direction, for both RLD and RHD PET 
replicas.  

In the case of ultra-small NGs, the direction of the pattern did not influence 
the contact angle values, therefore data were reported as single values, without 
specifying the direction of measurement acquisition. All these measurements were 
performed in air at room temperature. Data are reported as mean ± SD. 

 
Cell cultures. 

 
SC Culture. 

Primary SC cultures were established from sciatic nerves of adult Wistar rats. SCs 
were cultured in the presence of glial growth factor (GGF 63 ng mL−1; SRP3055, 
Sigma) and Forskolin (10 × 10−6 M; F3917, Sigma) in Dulbecco’s modified eagle 
medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 4 × 10−3 M L-
glutamine and antibiotics. Cells were routinely immunodepleted by anti-rat CD90 
antibody (1:500, MCA04G; AbD Serotec) to reduce the presence of fibroblasts.  

Control experiments to check the fibroblast contamination levels were also 
performed with the anti-CD90 antibody (1:250; AbD Serotec). Before cell culturing, 
PET samples were sterilized with absolute ethanol (for 15 min at least) and then 
rinsed with H2O. The resulting PET nanostructured surfaces were first coated with 

poly-D-lysine (100 μg×mL −1, at room temperature for 30 min; P4832, Sigma) and then 

with laminin (50 μg×mL −1, at 37 °C for 30 min) for proper cell adhesion. SCs (within 
the tenth passage) were seeded on PET nano-rippled scaffold at density of 35 × 103 
cells cm−2 and cultured up to 7 days. 

 
PC12 Cell Culture. 

PC12 cells (CRL-17210, ATCC) were grown in RPMI medium supplemented with 
10% HS, 5% FBS, 2 mM glutamine, 10 U/ml penicillin and 10 mg/ml streptomycin 
(Thermo Fisher, Waltham Massachusetts, USA) and were maintained in standard 
conditions (37°C, 95% humidity, 5% CO2).  

Cells (within the 15th passage) were cultured until sub-confluence, then 
harvested for cell tests, pipetted to obtain a single cell suspension (through a 10 ml 
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syringe with G21 needle), and seeded onto the NGs at a final concentration of 104 
cells/cm2. Before cell culturing, the imprinted dishes were sterilized by treatment 
with ethanol and then rinsed twice with H2OmQ.  

For in vitro experiments, PC12 were seeded on substrates (50000 cells/ cm2 
or 100000 cells/ cm2 – for western blot) and neuronal differentiation was induced by 
treatment with nerve NGF, 100 ng/ml. PC12 cells were allowed to adhere for 7-8 h 
before stimulation with NGF. 

For contractility experiments during PC12 differentiation, PC12 were treated 
with nocodazole (Methyl-[5-(2-thienylcarbonyl)-1H-benzimidazol-2-yl]-carbamate, 
dissolved in DMSO, 10 nM; Noco) or blebbistatin (1-Phenyl-1,2,3,4-tetrahydro-4-
hydroxpyrrolo[2,3-b]-7-methylquinolin-4-one, dissolved in DMSO, 25 µM; Bleb); 
DMSO concentration never exceeded 0.5% v/v and the corresponding solvent 
concentration was added to the untreated condition. Nocodazole, a microtubule 
destabilizer, was added after 6h from NGF treatment, while blebbistatin, an 
inhibitor of myosin II, was added 30 min before NGF stimulation. 
 
Cell analysis and tests. 

 
SCs spreading and viability. 

SCs were cultured on different substrates placed on the bottom of WillCo-dishes 
(GWST-3512, WillCo Wells) for different times (3h-96h), under standard cell culture 
conditions. SCs spreading (3 h) was investigated by bright-field imaging. An 
inverted microscope Leica DMI 4000 B (Leica Microsystems, Wetzlar, Germany) 
with 20x objective was used to monitor the cells. We have considered cells as 
“spread” if they flattened onto the surfaces; spread cells were reported as 
percentage over the total number of cells per sample. At least 300 cells were 
analyzed per condition, in three independent experiments (n = 3).  

SC cell viability (at 24, 48 and 96h) was measured by the 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium-monosodium 
salt (WST-8) assay, according to commercial instructions (Sigma, #96992). SCs were 
incubated in a 10% WST-8 solution (in medium) in a CO2 incubator for 3 h. 
Afterwards, the supernatant was carefully aspirated, transferred to a new plate, and 
the absorbance of each well was observed by a plate reader at a wavelength of 



 100 

450 nm. The absorbance of formazan produced was directly proportional to the 
number of living cells. Data are reported as mean ± SEM; at least three independent 
experiments (n ≥ 3) were carried out for each substrate showing consistent results.  

 
PC12 Neurite guidance imaging and analysis. 

Living-cell imaging was performed after 24 h from seeding using a Leica CTR 4000 
microscope (Leica, Microsystems, Wetzlar, Germany); at least 15 transmission 
images (40x) were acquired for each sample. 

PC12 neurite response to NGs and Flat substrates was quantified by 
measuring neurite alignment along the NG direction, length (in µm) and straightness 
(ratio between the distance from the initial and end point of the neurite and its 
length), at 24 h, in untreated conditions and after drug treatments. 
Morphometric data were collected using ImageJ (National Institute of Health, USA). 
The NG direction was measured as an angle by ImageJ angle tool; FLAT substrates 
were given a 0 grating angle. 

Neurites were semi-automatically segmented (from the point of origin at the 
perimeter of the cell body to the tip of the neurite growth cone) using NeuronJ, a 
plugin of ImageJ designed for neurite tracking. The presence of neurites was 
evaluated and the alignment quantified by measuring the angle of each neurite with 
the direction of the NG (or with a randomly chosen direction for cells on flat 
substrate). Only protrusions originating from the cell body and longer than 10 µm 
(about one average cell body diameter) were counted as neurites. Only neurites 
which terminated in a free end or with growth cones cleanly abutting neighboring 
cells were considered. A file containing the tracks was exported and loaded in 
Matlab (MathWorks) where a custom program calculated the neurite length (the 
distance of the traced neurite path), straightness (ratio between the distance from the 
initial and end point of the neurite and its length) and alignment (measured by 
approximating the neurite as a straight line from the initial to end point and taking 
the angle of this line versus the NG orientation), for each time point. 

It was analyzed at least 300 cells (450 neurites, n ≥ 6) for each sample in 
control conditions, while at least 110 cells (180 neurites, n ≥ 3) for each sample in 
drug-treated conditions. 
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PC12 FAs experiments and TIRF microscopy. 

PC12 cells were transfected with EGFP-Paxillin construct (gift from Juergen 
Wehland, Helmholtz Centre for Infection Research, Braunschweig, Germany) by 
electroporation by Neon transfection system (Thermo Fisher, Waltham 
Massachusetts, USA). Neuronal differentiation was induced by treatment with 
NGF, and after 24h (and > 16 h from NGF administration), single PC12 cells 
adhering to the NGs substrates and to flat control substrates were imaged.  

TIRF imaging was performed using an inverted Leica AF6000 microscope 
with an oil immersion 100x 1.46 NA TIRF objective. For each region, two bright-
field (focused on the cell and on the nanostructure), an epifluorescence and a TIRF 
(depth 150 nm) images were acquired. 

For FA analysis, TIRF images were loaded into ImageJ and inverted. FAs 
were manually drawn using the ‘freehand selection’ tool. Then measurements of FA 
area (in µm2) and alignment angle versus NG direction were then obtained using 
the ‘measurement’ and ‘angle’ tools of ImageJ, respectively. The angle of each FAs 
was measured with respect to the NG direction choosing the cell soma center as 
origin; a random reference direction (0°) was chosen for the flat surfaces. FAs were 
considered aligned if the angle is between 0 and 15° and misaligned if between 15 and 
90°. The number of FAs per cell was also registered. We analyzed at least 30 cells or 
400 FAs for each sample, with n≥ 4. 

 
PC12 Western blot. 

Western blot analysis on PC12 was performed to assess: the activation 
(phosphorylation) levels of effector proteins in FA pathway, such as focal adhesion 
kinase (FAK) and proto-oncogene tyrosine-protein kinase Src (SRC); the expression 
levels of FA proteins talin, zyxin and vinculin; the expression levels of YAP/TAZ, 
looking at YAP1 level. 

PC12 were cultured and NGF-differentiated for 24h on different substrates 
and lysated on ice by RIPA buffer (Sigma-Aldrich, R0278) containing protease and 
phosphatase inhibitors cocktail (cOmplete and PhosSTOP, Roche Diagnostics, 
Basel, Switzerland). Cell lysates were centrifuged (15000 g for 15 minutes, 4°C) and 
then the supernatants were tested for protein concentration by a protein assay kit 
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(Micro BCA™, Thermo Scientific Pierce). The samples were mixed with Laemmli 
buffer containing β-mercapto-ethanol (5% final concentration), boiled for 5 minutes, 
and used for gel electrophoresis (or kept at -80°C). 

HN lysates (10 µg/line) were processed by immunoblot. Briefly, samples 
were resolved by gel electrophoresis (SDS-PAGE) using Gel Criterion XT-Precasted 
polyacrylamide gel 4-12% Bis-Tris (Biorad), transferred to nitrocellulose 
membranes by Trans-Blot Turbo transfer system (Biorad) and probed overnight at 
4°C with primary antibodies. We used the following antibodies against: FAK 
(1:1000; Abcam, Cambridge, UK; ab40794) and phospho(Tyr397)-FAK (1:1000; 
Abcam ab4803); SRC-(pan) (1:1000; Cell Signaling #2123); phospho(Tyr416)-SRC 
(1:1000; Cell Signaling #2101); talin-pan 1-2 (1:1000; Sigma clone 8D4); zyxin (1:1000; 
Abcam Ab71842); vinculin (1:1000; Abcam ab18058); YAP (1:1000, Abcam ab39361) 
and GAPDH (1:3000; Sigma G8795); the antibodies anti-phospho proteins were 
incubated in BSA 5% buffer, while the others in milk 2%. Membranes, after 
incubation with the appropriate peroxidase-linked secondary antibodies (goat anti-
Rabbit/Mouse IgG-HRP Conjugate, Biorad; 1:2500), were developed by the 
SuperSignal West Femto (Thermo Scientific Pierce, #34095) or ClarityTM (Biorad, 
170-5060) enhanced chemiluminescent (ECL) substrates. The chemiluminescent 
signal was acquired by ImageQUANT LAS400 scanner (GE Healthcare Life 
Sciences, Uppsala, Sweden). The density of immunoreactive bands was quantified 
by ImageJ; the results for pFAK and pSRC were normalized to the total FAK or SRC 
protein levels while for other proteins to the GAPDH content, and reported in % 
with respect to T1 levels. 

 
Immunostaining. 

SCs were grown for 2 or 7 days on Flat, RLD and RHD rippled PET replicas, then fixed 
for 15 min in 4% paraformaldehyde in phosphate buffered solution (PBS) at room 
temperature. SCs were stained with anti-S100 primary antibody (Sigma; 1:200, 
rabbit) and phalloidin-Alexa Fluor 647 (Lifetech A22287, 1:30; to stain actin fibers) 
in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 × 10−3 M phosphate 
buffer, pH 7.4) overnight at 4 °C. Samples were then washed in PBS and incubated 
with the AlexaFluor 488-conjugated secondary antibody (Invitrogen; 1:150, anti-
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rabbit) in GDB for 2 h at room temperature. After washing, samples were mounted 
using Vectashield mounting medium with DAPI to stain nuclei (Vector 
Laboratories).  

PC12 cells were cultured, fixed for 15 min with 4% formaldehyde with 4% 
sucrose in PBS at room temperature. Here cells were incubated with primary anti-
YAP antibody (1:500, ab36391) and phalloidin-Alexa fluor 647 (1:40, Thermo Fisher 
A22287) in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate 
buffer, pH 7.4) overnight at 4 °C and then with appropriate secondary antibody 
conjugated to AlexaFluor 488; in the end samples were mounted using Fluorashield 
mounting medium with 4′,6-diamidin-2-fenilindolo (DAPI) to stain nuclei (Sigma, 
F6057). 

 
Confocal Imaging and Cell Morphological Analysis. 

Confocal images were acquired using a laser scanning confocal microscope TCS SP2 
(Leica Microsystems, Germany) with a 40 or 63× oil objective by using UV (405 nm) 
argon (488 and 633 nm) and 375 nm lasers.  
All samples were processed in parallel and the images acquired with the same 
microscope setting. Each reported confocal image was obtained from a z-series 
(stack depth was within 10 μm; steps = 1 μm). The resulting z-stack was processed 
with the ImageJ software (NIH, USA) into a single image using “z-project” and “Max 
intensity” options.  

In the case of SCs, the confocal images of S100 (specific SC marker) were 
used to evaluate cellular morphology by ImageJ. Cell contours were drawn with the 
“Freehand selection” tool and processed with the “Measurement” tool (with the 
options “Area” and “Feret’s diameter”). The orientation of the multiscale patterns was 
measured with the “Feret Angle” ImageJ; for Flat substrates, a random direction was 
chosen. 
 The measured parameters were: SCs area (μm2); SC aspect ratio (the ratio between 
the length of the minor axis and the major axis for the best-fitted ellipse of the cell). 
SCs alignment angle (angles were calculated as the absolute value of the difference 
between the orientation angle of the nano-rippled pattern and the cell major axis).  
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The percentage of SC alignment angles between 0-180° (step: 10 degrees) was 
evaluated for each different pattern by the “Frequency distribution” analysis. At least 
300 cells were analyzed per each substrate type, in three independent experiments 
(n = 3).  

For PC12 studies, the confocal images of actin fibers and DAPI staining were 
used to evaluate cellular and nuclear YAP localization levels by ImageJ (“polygon 
selection” tool for cell contours, while “make a binary” and “wand tool” for nucleus 
contours).  

The YAP signal was quantified as follows: the cell or nucleus region of interest 
(ROI) were applied to the correspondent YAP positive images and their intensity 
were measured by the ImageJ “Measure” tool (option “mean grey value”). The values 
were then reported as the nuclear/ cellular ratio; at least 25 cells per each substrate 
type, in at least three independent experiments (n = 3).  
 

Actin cytoskeleton organization analysis. 

SC actin fiber intensity and organization were quantified by analyzing the actin 
fluorescence signal on phalloidin-647 positive images acquired by confocal 
fluorescence microscopy. 

SC actin content was quantified by measuring the average intensity of the 
fluorescent actin for each cell: SC area was first manually selected for each cell as a 
ROI on the S100-positive images; then the ROI was applied the correspondent actin-
positive image and the signal intensity was measured by the ImageJ “Measure” tool 
(option “mean grey value”). Data were reported as the ratio of the fluorescence 
intensity of the perpendicular SCs (alignment angle ≥ 60° vs. the ripple main 
direction) over that of the aligned SC (alignment angle ≤ 30° vs. the ripple main 
direction).  

Actin intensity for SC protrusion tips was also analyzed, as for SC cells. Actin 
directionality was also analyzed for each SC by the Directionality tool of Fiji. This 
plugin returned a directionality histogram by exploiting image FFT algorithms: 
isotropic images generate a flat histogram, whereas oriented images give a peaked 
histogram. These histograms were finally fitted by Gaussian curves that returned 
two parameters, dispersion and directionality (the standard deviation and the center 
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of the Gaussian curve, respectively), the first representing the degree of orientation 
of the image, the second the direction in which it is oriented (here normalized to the 
pattern main direction).  

At least 30 cells or tips were quantified for each substrate, in three 
independent experiments (n=3).  

 
SEM Imaging. 

SCs were cultured on PET substrates, fixed for 15 min in 4% paraformaldehyde in 
PBS at room temperature, and then samples were dehydrated with absolute ethanol 
at different concentrations: 50%, 70%, and 100%. The substrates were then coated 
with a 5-nm thick gold layer by thermal evaporation.  

The metal layer was shorted to the SEM sample holder to allow proper 
electron discharge during imaging. The substrates were then loaded into a LEO 1525 
field emission SEM and image acquisition was carried out by secondary-electron 
detection with the Everheart-Thornley detector in order to enhance the topography 
of cell-substrate interfaces. 
 
Statistical analysis. 
 
Data were reported as the average value ± standard error (mean ± SD) or average 
value ± the standard error of the mean (mean ± SEM), if not differently stated.  

For parametric data (after Shapiro-Wilk normality test), Student’ t-test 
(unpaired, two-tailed) or One-way ANOVA (Tukey’s multiple comparison test or 
Dunnett’s multiple comparison test) analysis was used to compare data. All the cell 
experiments were repeated at least three times independently. 

Data were statistically analysed by using GraphPad Prism commercial 
software (GraphPad Prism, 6.05 version). Statistical significance refers to results 
where P < 0.05 was obtained.
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6 Future perspectives. 
 
In the previous chapter I have introduced micro- and nanotopographies for neural cells 
polarization, discussing the potential benefits of their use in the field of regenerative 
medicine. Although the anisotropic geometries are an important tool to obtain cell contact 
guidance, the regularity of their geometry can be affected by the biodegradation of the entire 
scaffold and, consequently, by a progressive loss of the directional signal provided to the 
cells. Since physiological systems are characterized by the coexistence of overall-ordered 
structures and local-disorder caused by stochastic alterations in tissue composition, the 
finest design of an implantable scaffold must also consider this gradual loss in directionality 
due to topographical deterioration. 

In this chapter, I will introduce a renewed approach to spatially modulate the 
intensity of the directional stimulus by the use of randomly-distributed nano-modifications 
(NMs) applied to nanogratings, with the final aim to study cell collective response to 
directionality gradients. I will describe in detail the design and development of this new kind 
of topographies, that spatially vary from ideal nanogratings to a flat surface. I will finally 
show some preliminary tests on two biological models: the MDCK epithelial cell line, and 
the human dermal Fibroblast (HDF) cell line. These last data were obtained thanks to the 
collaboration with Dr. Aldo Ferrari, during my visiting period at ETH (Zurich, 
Switzerland). 
 

6.1 Introduction. 
 
It is well established that the cell behavior is influenced by geometrical patterns in 
the micrometric and sub-micrometric range. As enlightened in Chapter 5, the 
physical shape of anisotropic nanostructures induces alignment or directional 
growth of cells, the contact guidance phenomenon [277]. In all the aforementioned 
cases, the presence of nanotopography triggers the intensity of the set directional 
signal, thus leading to an on/off topographical activation. This bistable signal 
behavior hampers the possibility to explore the cell response to a partial anisotropy. 
Moreover, ordered micro-/nano-structures coexist, in vivo, with some degree of 
topographical noise due to cellular debris, protein aggregates or scar-tissue 
invasion.  
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The group of my PhD supervisor has previously assessed the role of 
topographical noise on neurite guidance of single PC12 cells [265],[278]. First, they 
have quantitatively defined the intensity of the directional signal delivered to the 
cells by the directionality parameter, as the average ratio between the signal due to 
the periodic component and the low-frequency noise. The relative weight of these 
two components can be easily visualized and quantitatively evaluated by means of 
the Image Fourier Transform (FT) of a given nanopattern, as explained in Meucci et 
al., 2012 [278]. According to this definition, the directionality value is maximum for 
perfectly periodic nanograting and directionality loss stems from the addition of a 
random noise to the periodic nanostructure. As the percentage of randomly inserted 
NMs (the p value) increases, the NMs increasingly impact the overall nanogratings 
organization and reduce the intensity of the peaks in the FT domain meanwhile 
increasing the low-frequency signal, violating the nanograting perfect periodicity.  

Concerning the contact guidance phenomenon, differentiating PC12 cells 
actively respond to the reduction of directionality through the modulation of focal 
adhesion (FA) development. In fact, FA average size decreases with the increase of 
p: this effect mainly inflicts aligned FAs, which progressively become 
indistinguishable from the misaligned ones. High noise levels inhibit FA spreading, 
reducing the average size also compared to the flat condition. As expected, neurite 
straightness is also affected by noise, as extensively discussed in Tonazzini et al., 
2013 [265]. In general, neurites on nanogratings are straight. Increasing p value 
progressively reduce neurite straightness, down to a threshold behavior. 

Overall, contact guidance is also a strong regulator of single and collective 
directional migration, which is established either thorough intrinsic cellular 
mechanisms or driven by external cues such as chemical gradients (chemotaxis) or 
gradients of substrate stiffness (durotaxis). The progressive behavioral response to a 
stimulus is well-established for both the aforementioned mechanisms, and in some 
cases a single cell can act differently from the collectivity, as in the case of collective 
durotaxis, which has recently emerged as a far more efficient mechanism than 
single-cell durotaxis [279]. 

In the following section it will be presented the design and fabrication of a 
new platform of randomly-distributed NMs to obtain spatial gradients of 
topographical directionality. 
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6.2 Rational design of noisy topographical gradients. 
 
As suggested by the literature [278], micro- and NGs, alternating lines of grooves 
and ridges, were taken as reference anisotropic substrates, for which the 
directionality value is the maximum. Typically, a pattern with reduced 
directionality can be designed by randomly interfering with the original anisotropic 

layout. As reference, it was chosen period, duty cycle and depth values of 2 µm, 

50% (i.e. ridge width = groove width = 1 µm) and 1 µm, respectively. This choice 

was based on previous studies, where 2 µm-gratings were successfully employed 
to induce HUVEC endothelialization of targeting substrates [280]  and primary HDF 
migration [281]. The subsequent change in cell phenotype to a fully-polarized shape 
aligned to the grating lines demonstrated that these anisotropic topographies can 
determine a valid topographical stimulus for cells in vitro. Contrarily, flat surfaces 
as those present in standard tissue culture Petri dishes have no directionality and 
were taken as control isotropic substrates. 
 For a rational NMs design, it was taken advantage of previous studies 
concerning cell adhesion and FA maturation on nanogratings. It is well known that, 
in the case of perfect anisotropic substrates, the FA formation is limited to the top 
of the nanostructures, whereas FA development by ridge bridging (i.e. 
perpendicularly to the main grating orientation) is strongly inhibited [282] [277]. In 
order to affect the FA maturation dynamics imposed by the unmodified grating, it 
was chosen to fabricate on the master mold surface one of the two types of 
published NMs, named positive NMs, which is characterized by the presence of a 
gap-unit along the ridges. After the replica transfer process onto 
polydimethylsiloxane (PDMS) and COC surfaces, the positive NMs became 
negative, i.e. bridges between adjacent ridges .  

Consequently, in order to create directionality gradients, it was necessary to 
define the perfect topography master with the highest directionality, and the so-
called “topographical sub-units”, as reported in  [278]. After it was chosen the 2 µm-
grating as master geometry, the grating in two kinds of sub-units was divided: 

ridge-units defined as 1´1´1 µm3 blocks, and groove-units defined as empty spaces 
with the same size. The NMs can be inserted in the master geometry by changing a 
ridge-units into a groove-units or vice-versa. As previously stated, only one type of 
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modification was used in this these studies, named positive nano-modification, which 
is characterized by the presence of a ridge-unit along the grooves, resulting in a 
reduction of the total area available for cell-adhesion on the biocompatible replicas.  

With the final aim to randomly distribute NMs in the starting grating 
geometry,  the original algorithm implemented in Matlab by Meucci et al. [278] was 
modified as follows. More in detail, for each established sub-area value, a binary 
matrix was created, whose elements represented the sub-units of the grating: each 

matrix element corresponds to the 1´1 µm2 block. The matrix-element value 
indicated if the corresponding unit area element was ridge-unit (in this case the 
value is 1) or groove-unit (in this case the value is 0), as an on/off switch for a 
directional signal element (Figure 6.1.a). Then, a subset of these unit elements was 
selected and a chosen fraction (p) of the sub-unit elements was randomly selected 
(ranging from 0 to 100%) and swapped. These modified elements represented the 
NMs. The density of randomly distributed nano-modifications in a master 
geometry modulated its directionality. Finally, a new complete matrix describing 
the noisy nanogratings was generated by incorporating the modified subset of unit 
elements to the starting matrix.  
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Figure 6.1 Nanotopographical noise generation: NMs are applied to nanogratings. a)  
Binary matrix representing the gratings during the pattern generation process. Each element 
of the matrix corresponds to a unit element (w´h) of the nanograting. For the present study, 
I chose w=h=1 µm. The value of the matrix element determines the type of surface: 1 for 
ridges, 0 for grooves. The red and blue squares represent the NMs on the master mold: the 
change is from a ridge-type unit to a groove-type unit. b) After Matlab program translated 
the modified matrices into CAD files, it was possible to obtain a master mold with a fixed 
value of p for the positive noise. Finally, the complementary of this geometry is transferred 
onto the polymeric biocompatible materials (COC, PDMS) by means of replica processes. 
The figure is adapted from [278]. 
 
 
A DXF file (AutoCAD, Autodesk, USA) containing the final design of the noisy 
topography was produced by a custom-made Matlab script (MathWorks, USA) 
[265], [278]. Each pattern was described by the probability p of a modification-event 
(i.e. the insertion of a NMs). This process is very versatile, since the Matlab script 
works in a parametric way, allowing for an easy variation of the final geometry in 



 111 

terms of patterned area, grating-periodicity, relative size of the ridge- and groove-
units and, above all, the p value. 

In order to test the single-cell response to a topographical gradient, two 
types of gradient geometries were fabricated, that were supposed to act on single 
cells, composed by smaller areas of 50 x 50 µm2 and 30 x 30 µm2, (comparable with 
typical fibroblast [281] and epithelial cell areas [283]), for a total gradient area of 50 
x 550 µm2 or 30 x 330 µm2, respectively. The anisotropic signal was progressively lost 
in space by adding an increasing degree of nanotopographical noise. In particular, 
the single areas at constant p were manually arranged alongside following crescent 
p values by the use of KLayout CAD software, avoiding single-area 
superimposition. Figure 6.2 a shows a sketch of a single cell-directionality gradient, 
starting from a perfect grating of 2 µm in periodicity, with a p value of 0%, down to 
flat surface, with a p value of 100% and 10% of difference in p between two 
contiguous areas. 

In the second type of patterned substrates, larger areas (1 cm x 454 µm) with 
a fixed degree of noise (p) were designed and arrange alongside with the final aim 
to create what it was called “mirrored gradient topography” for collective migration 
studies. In fact, the topographic gradient is extended along the two sides of the 
perfect anisotropic grating of 1 cm x 900 µm area, for a total patterned area of 1 cm2.  

 

 
Figure 6.2 Schematic representation of topographical-directionality gradient on silicon 
mold: the single-cell gradient is composed by 11 different percentages of noise starting from 
a 2 μm-periodical NGs down to the Flat control topography. 

 

6.3 Fabrication of the noisy topographical gradients on silicon wafers. 
 
Two sets of silicon molds with p value varying from 0 to 100 % were fabricated 
according to the protocol described in the Materials and Methods section. In 
particular, the molds named “50-30” contain single-cell directionality gradients (20 
areas of 50 x 550 µm2, 17 areas of 30 x 330 µm 2), while the other set of molds contains 
14 “1 cm2” directionality gradients. After, the fabrication of a chromium mask on 
Soda-Lime patterned by laser writing technique, the gradient areas were exposed 
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on a thick layer of AZ 1500 positive photoresist by photolithography. Then, the 
topography was finally transferred on silicon by RIE etching technique. The 
processing was already optimized in order to obtain an etching depth of the order 
of 1 μm.  

All the gradients were finally replicated both in PDMS and in COC, 
according to soft lithography techniques already described in Chapter 2. The replica 
processes were typically fast: in PDMS case for 1 h and 30 minutes at 100°C, in the 
case of COC 10 minutes at 160–180 °C and 50 bar before cooling down to 40°C for a 
full replica molding. In this work, PDMS and COC were chosen because of their 
biocompatibility and optical properties, which make them particularly suitable for 
long-term, fluorescence microscopy with living cells [187], [253]. A representative 
image of a silicon master mold after the RIE process is depicted in Figure 6.3 a; in 
Figure 6.3 b and c high-magnification SEM images show areas of the 0% (the perfect 
anisotropic grating) and the 30% positive noise area on the mirrored gradient 
topography. Despite the round-shape of the angles, the dimension of the NMs was 
maintained with respect to the ones set on the CAD files.  To be sure that the samples 
could be easily detached from the master mold, the silicon was silanized before the 
replica processes.  

 

 
Figure 6.3 Fabricated topographical-directionality gradient: Image of a silicon wafer 
containing 14 “1 cm2 mirrored gradient topography” a). Each of the cm2 patterned area is 
composed by 11 different percentages of noise starting from a 2 μm-periodical NGs down 
to the Flat control topography, where the topographic gradient is extended along the two 
sides of the perfect anisotropic grating. b) and c): high-magnification SEM images of 0% and 
30% noise areas. Scale bar: 1 μm. 
 
By the use of soft lithography techniques, the noisy gradients were replicated on 
two different biocompatible materials (PDMS and COC), and tested them with 
primary HDF and epithelial Madin-Darby canine kidney MDCK cell line. In Figure 



 113 

6.4 a the polymeric mirrored gradient topography is schematically represented, and 
Figure 6.4 b shows an optical image of PDMS replicas of a 70% noise area on the 
mirrored gradient topography. Notably, the uniformity of the patterns was 
preserved for the whole 1 cm2 area. 

 
Figure 6.4 Mirrored gradient topography. Schematic representation of the mirrored 
gradient topography (a) and representative microscopy image of a PDMS replica detail 
where the noise is 70% (b). Scale bar: 10 μm. 
 

6.4 Single-cell studies 
 
Preliminary in vitro tests were made with two different cell lines seeded at low 

density (5*103 cells×cm-2): MDCK (EGFP-nuclei stained) and HDF (far-red siRNA 
nuclei stained). Those cell lines are known to act using a different behavior: while 
MDCK single-cell motility is influenced by neighboring cells and the formation of 
the tight junctions, HDF cells behave more independently [281]. As well known in 
literature, HDF and MDCK have a critical contribution to skin wound healing, but 
normally the epithelial cells grow in confluent monolayers, while fibroblast do not 
form connected monolayers and migrate following individual migratory pathways 
[281], [283][281], [283]. 

Since the replica processes of the directionality gradient were optimized for 
two different biocompatible materials, the cell behavior of both cell lines was 
evaluated on flat surfaces of PDMS and COC. Both cell lines were seeded on Flat 
COC and Flat PDMS replicas with the final goal of evaluating cell speed and track 

a) b) 
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straightness on both materials for 24 h, as shown in Figure 6.4.  For the 
quantification of cell migration, time lapses were acquired and analyzed using the 
particle tracking algorithm of Imaris (Bitplane Scientific Software, Switzerland): the 
fluorescent channels corresponding to cell nuclei (the red  channel for HDF, marked 
with silicon rhodamine fluorophore and the green channel for MDCK, marked with 
EGFP molecule). were contrast-enhanced and an autoregressive motion model was 
applied (average particle diameter 20 μm, maximal displacement between two 
consecutive frames 40 μm). Only detected tracks lasting for more than 360 min were 
considered for migration analysis.  

By the use of the Automatic Tracking tool, it is possible to link consecutive 
time points, resulting in a colored Track, defined as the motion path of a single object 
over time. Values for cell speed (the instantaneous speed of the nuclei between two 
consecutive time points) and track straightness (defined as the ratio between the cell 
track displacement and cell track length) were obtained automatically using the 
Imaris measurement tool. Thanks to this analysis, it was confirmed that cell motility 
was not influenced by the material, for both cell lines, as in [280], [281], and their 
motion was not influenced by the different nuclei staining on the two different 
materials. 

 
Figure 6.5 Cell motility parameters. a) Cell speed and b) track straightness values of MDCK 
and HDF seeded on Flat PDMS and COC replicas. Data sets are reported as mean ± SD. 
 
Thanks to the comparison between the cell motility on these two different materials, 
we decided to choose PDMS instead of COC for the following experiment due to 
the easiness of the fabrication process.  
After the fabrication and characterization of silicon molds and replicas, I have 
started to test the topographical-directionality gradients with time lapse 
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experiments lasting for 24 h, with the final aim to evaluate the motion of single cells 
in terms of direction, speed and straightness. At a glance, MDCKII and HDF seeded 
on top of perfect grating preserved the alignment angle during the whole 
acquisition time, while cells seeded on the higher percentage of noise seem to have 
a random walk, likewise a flat condition. Further studies will quantitatively clarify 
cell motility behavior on those topographical-directionality gradients, at single cell 
level and as collective motion, in order to compare contact guidance with durotaxis 
phenomenon. 

6.5 Conclusions. 
 
In conclusion, I designed, fabricated, characterized and started to validate two types 
of original topographical gradients of directionality made with nanotopographies. 
Starting from fully ordered nanogratings, substrate directionality was gradually 
reduced by adding a controlled density of nano-modifications, the positive type of 
noise, consisting in the introduction of gaps along the ridges of perfect 2 µm-period 
gratings.  

I fabricated two types of single-cell gradient, composed by smaller areas 
comparable to that of a typical fibroblast or epithelial cell, so that the anisotropic 
signal is progressively lost in space by adding an increasing degree of 
nanotopographical noise.  

With the final aim to create a topographical gradient for collective migration 
studies, I designed a total patterned area of 1 cm2, the “mirrored gradient topography”. 
The noisy gradients were then transferred to biocompatible polydimethylsiloxane 
(PDMS) and COC foils by photolithography process first and then by soft 
lithography techniques, and the positive NMs became negative, i.e. bridges between 
adjacent ridges. The silicon master molds were further characterized by SEM 
imaging, and the polymeric replica by optical microscopy.  

Regarding the preliminary in vitro results, the cell behavior of both cell lines 
was evaluated on the flat surfaces of two different biocompatible materials, PDMS 
and COC. Values for cell speed (the speed of the nuclei between two time-points) 
and track straightness (defined as the ratio between the cell track displacement and 
cell track length) were obtained automatically using the Imaris measurement tool. 
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Thanks to this analysis, it was found that cell motility is not influenced by the 
material, for both cell lines. 

Altogether, this Chapter presents a novel and promising approach for the 
design and realization of biocompatible textured substrates, which can be a model 
for the degree of topographical noise due to an in vivo scaffold degradation of a 
perfect nanograting. More in general, future results may provide a better 
understanding of the cell–environment interaction.  

. 
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6.6 Materials and Methods. 
 
Fabrication processes. 

 
Silicon molds. 

Noisy geometries were generated by a custom Matlab program (adapted from 
[278]),  transferred  first on a UV-litho Sodalime and cromium mask by laser-writing, 
then on silicon wafers by UV lithography and Reactive Ion Etching (RIE). Each 
wafer, after the adhesive HDMS coating, is spin-coated with AZ1505 resist 
(Microchemicals GmbH, Ulm, Germany) at 4000 rpm for 40 s, then backed at 110°C 
for 1 minute in order to create a thick film and processed by UV lithography to 
generate a noisy pattern.  

The molds were finally silanized (Silanization solution: 
dimethyldichlorosilane in heptane, Fluka, Sigma-Aldrich, USA) in order to obtain 
low-energy surfaces. In detail, the samples are dipped in the silanization solution 
for 15 min, then rinsed in hexane (15 min), and finally in 1-octanole (15 min). This 
step favored master-replica separation after imprint and improved the fidelity and 
reproducibility of the process. 

 
PDMS and COC replicas. 

Topographical-directionality gradients were replicated on PDMS surfaces by 

mixing the prepolymer and the curing agent at a ratio of 10∶1, pouring it into the 
microstructured mold, degassing to remove air bubbles, and baking at 100 °C for 1 
h  and 30 minutes. The replica was cut with a scalpel and removed from the master 
mold. 

The topographical-directionality gradients were also imprinted on 180 μm-
thick COC foils (Ibidi, Germany) using NIL: COC substrates were placed on top of 
the mold and softened by raising temperature up to 160–180 °C. A pressure of 50 
bar was then applied for 10 minutes before cooling down to 40 °C. Finally, the 
pressure was released and the mold was detached from the substrate with a scalpel. 
Samples were then treated with oxygen plasma (100 W for 30 seconds) to increase 
the hydrophilicity of the surface and to promote cell adhesion.  
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Cell cultures. 
 

All experiments with HDF and MDCK II cells were performed using cells and 
media as previously described [281], [283], [284]. 
 
Live-Cell Microscopy and Image analysis. 

 
Cell migration movies were acquired using an inverted Nikon-Ti wide-field 
microscope (Nikon, Japan) equipped with an Orca R-2 CCD camera (Hamamatsu 
Photonics, Japan) and an incubation chamber (Life Imaging Services, Switzerland) 

to control temperature, CO2, and humidity. Images were collected using a 20´, 0.45 
NA long-distance objective (Plan Fluor, Nikon).  

For the quantification of cell migration, time lapses were analyzed using the 
particle tracking algorithm of Imaris (Bitplane Scientific Software, Switzerland). The 
fluorescent channels corresponding to the cell nuclei were contrast-enhanced and 
an autoregressive motion model was applied (average particle diameter 20 μm, 
maximal displacement between two consecutive frames4 μm). Only detected tracks 
lasting for more than 24 h where considered for migration analysis. Values for cell 
speed, track straightness were obtained using the Imaris measurement tool, as 
explained in [285]. 
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7 Concluding remarks. 
 
In this thesis I presented results on nanofabrication techniques and materials for 
mechanotransduction studies and tissue engineering applications. My work was 
focused on the development and subsequent use of innovative biomaterials and 
nanoimprint lithography processes for biomedical applications. This chapter 
contains a summary of my results and my conclusions. 

I have extensively described the importance of engineered polymers for 
regenerative medicine applications, by detailing fabrication techniques, 
mechanotransduction processes, peripheral nerve regeneration process and neural 
scaffolds technologies, focusing on nanostructured scaffolds (Chapter 2). 

The first topic I focused on was the use of novel materials for biomedical 
applications (Chapter 3). The first example was microfluidic phantoms, which have 
demonstrated to meet the requirements for photoacoustic imaging applications by 
modelling the vascularized structure of tissues. By simply adding titanium dioxide 
and black India ink to the PDMS mixture, those phantoms were tuned in order to 
resemble more closely the biological tissues. In addition, the multi-responsive 
hydrogels fabricated by iCVD here proposed performed their dynamic swelling 
response to aqueous environments and in response to UV light. I have tested the 
hydrogel biocompatibility, ensuring that the reversible stimuli responsiveness of 
the material is not cytotoxic and can definitely be used for biotechnology, light-
controlled cell growth, or light-controlled drug delivery. 

As second topic, I presented the use of high-resolution intermediate molds for 
nanoimprint lithography (NIL) (Chapter 4). First, I showed the optimization and 
use an innovative nanoimprint lithography process based on the use of a 
perfluoropolyether (PFPE) intermediate mold for NIL. In particular, I demonstrated 
that PFPE intermediate molds enhance resolution and fidelity of the replica process. 
 An insight over the applicability of PFPE intermediate mold process is 
contained in Chapter 5, where I described the response mechanisms of neuronal 
cells to nanotopographies. I detailed the fabrication of transparent and 
biocompatible Cyclic Olefin Copolymer (COC) and polyethylene terephthalate 
(PET) scaffolds patterned with two new types of nanostructures: nanoripples and 
ultra-small nanogratings. 
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First, I have tested PET nanoripples with Schwann cells, to investigate their 
successful application as neural scaffolds. In this case I used COC as mold to 
transfer hierarchical nanoripples on PET foils. Then, I have fabricated COC gratings 
with sub-100 nm periodicity and tested them with NGF-differentiating PC12 cells, 
as neuronal model. 

 I believe that such devices, known in literature for polarizing cell bodies and 
migration, could lead to interesting applications for tissue regeneration 
applications.  

Preliminary results on topographical gradients of directionality were 
presented in Chapter 6. In particular, I here have included also experiments 
performed at ETH, Zurich, as visiting PhD student. I have designed and fabricated 
micropatterned structures where the anisotropic signal of the grating was 
progressively lost in space by adding a controlled increasing degree of noise. Then, 
I have studied human dermal fibroblast (HDF) and epithelial cell (MDCK) motility 
on poly(dimethyl siloxane) (PDMS) replicas of the topographical gradients. Further 
experiments are ongoing on these substrates to understand tissue repair 
mechanisms, as well as gather information about cell migration during 
development or cancer invasion. 

In conclusion, during my Ph. D. I designed, fabricated and tested micro- and 
nanostructured scaffolds for biomedical applications. I worked in collaboration 
with researchers with disparate expertise (i.e. physicists, biologists, clinicians), 
trying to achieve an efficient technology translation from research towards the final 
clinical use.  

Concerning the intermediate mold technique, this fabrication method can be 
further employed not only for thermal NIL but also for solvent casting and other 
soft lithography techniques, choosing the appropriate material in function of the 
feature size to be replicated (< 500 nm in PDMS, > 500 nm in PFPE). 

Overall, the micro- and nanofabrication techniques skills I have acquired 
during my Ph.D. research activity will be likely exploited for the fabrication of novel 
large-area silicon molds having anisotropic nanostructures on surfaces, with 
minimum and maximal lateral size in the range 100-1000 nm, and up to 10 μm.   
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One of the future challenges will be the choice of geometries, to compare the well-
established grating layout and a novel zig-zag-ridge pattern. In the latter case, 
several angles (between 0° and 45°) and segment lengths will be tested. This novel 
design may allow the re-growing nerve fibers to be more resistant to the mechanical 
stress stemming from limb movements. 

Another critical issue to be addressed will be the transfer of micro- and 
nanostructures onto new FDA-approved biodegradable materials, such as chitosan, 
PLA, PCL and the PLA/PCL blend. Indeed, all of those polymeric materials bear 
optimal mechanical properties to support nerve regeneration.  
It was recently demonstrated that chitosan nerve guides supplied with a 
longitudinal chitosan film successfully reconstructed 15 mm sciatic nerve defects in 
adult healthy and diabetic rats. 

After a thorough characterization of mechanical strength, degradation time 
and residue product release in vitro of the produced scaffolds, a pivotal step forward 
will be their in vivo assays.  

I do believe that these devices have the potential to achieve clinical 
translation in a medium time, contributing to the improvement of biomedical 
technologies. 
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9 List of acronyms. 
ACFs 

autocorrelation 
functions; 61 

ADSCs 
adipose-derived stem 

cells; 28; 29 
AFM 

atomic force 
microscopy; 53; 54; 
55; 59; 61; 63; 64; 78; 
79; 80; 96; 97 

BMSCs 
bone marrow 

mesenchymal stem 
cells; 28; 29 

CD 
compact disc; 7 

CNS 
central nervous 

system; 24; 71  
COC 

cyclic olefin 
copolymer; 2; 47; 
50; 52; 53; 54; 55: 56; 
58; 59; 61; 63; 77; 78; 
80; 93; 95; 96; 97; 
108; 110; 112; 113; 
114; 115; 117; 119; 
120 

CVD 
chemical vapor 

deposition; 15; 32; 
36; 42; 44; 119;  

DVD 
digital versatile disc; 7 

EBL 
electron beam 

lithography; 52; 57; 94 
ECM 

extracellular matrix; 3; 
16; 17; 18; 19; 20; 21; 
22; 30; 61; 77; 78; 82 

ETFE 
ethylene 

tetrafluoroethylene; 
11 

FA 
focal adhesion; 17; 18; 

19; 76; 77; 82; 83; 84; 

85; 86; 87; 93; 101; 
107; 108 

FDA 
food and drug 

administration; 21; 
24; 27; 121 

FFT 
fast Fourier transform; 

63; 64; 74; 79; 80; 97; 
104 

FT-IR 
Fourier transform 

infrared; 44 
FWHM 

Full Width Half 
Maximum; 53; 54; 
55; 56 

Ge 
germanium; 60; 61; 62; 

63; 75; 94; 
GNRs 

gold nanorods; 33; 34, 
35; 43 

HDF 
human dermal 

fibroblast; 106; 108; 
112; 113; 114; 115; 
120; 

hMSCs 
human mesenchymal 

cells; 31; 93 
HUVEC 

human endothelial 
cells; 84; 108 

LIL 
laser interference 

lithography; 57; 94 
MDCK 

Madin-Darby canine 
kidney cells; 84; 
106; 112; 113; 114; 
115; 118; 120;  

MGE 
metabolic 

glycoengineering; 
30 

MIMIC 
micro-molding in 

capillaries; 5 
mTM 

micro-transfer 
molding; 5; 6 

NG 
nanograting; 2; 77; 78; 

79; 80; 81; 82; 83; 84; 
85; 86; 87; 88; 89; 90; 
91; 93; 94; 100; 106; 
107; 108; 109; 110; 
115; 116; 119; 120;  
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nerve guidance 

channel; 24; 28; 29 
NGF 

nerve grow factor; 29; 
76; 77; 80; 81; 82; 99; 
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NIL 
nanoimprint 

lithography; 2; 10; 
11; 12; 14; 47; 49; 51; 
52; 53; 56; 61; 63; 77; 
78; 80, 117, 119; 120 

NIMP 
nanoimprint by melt 

processing; 14 
NMs 

nano modifications; 
106; 107; 108; 109; 
110; 112; 115 

P2P 
plate-to-plate; 7; 8; 9 

P2R 
plate-to-roll; 7; 8 

PAI 
photoacoustic 

imaging; 32; 33; 34; 
35 

PDMS 
poly (dimethyl 

siloxane); 5; 6; 32; 
33; 34; 35; 43; 47; 48; 
49; 50; 51; 52; 57; 
108; 110; 112; 113; 
115; 117; 119; 120 

PET 
polyethylene 

terephthalate; 2; 58; 
61; 62; 63; 64; 65; 66, 
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67; 68; 69; 70; 75; 95; 
96; 98; 102; 105; 120 

PFPE 
perfluoropolyether; 2; 
11; 47; 49; 50; 51; 52; 53; 
54; 55; 56; 57; 58; 59; 60; 
63; 75; 78; 79; 80; 95; 119 
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poly(glycolic acid); 27; 
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p-HEMA-co-EGDMA 
p-HEMA and 

ethylenglycoldimet
hacrylate EGDMA; 
36; 44 

PLCL 
poly(D,L-lactide-co-e-

caprolactone); 27 
PMMA 

poly(methyl 
methacrylate); 11; 
52; 57; 84; 

PNS 
peripheral nervous 

system; 24; 26; 30; 
39; 71; 

p-PFPA 
pentafluorophenyl 

acrylate;  36; 44 
R2R 

roll-to-roll; 7; 9 
Ra 

average roughness; 
64; 65; 66; 96 

REF 
rat embryo fibroblast; 

39; 40; 41; 42; 84 
REM 

replica molding; 5 
RGD 

arg-gly-asp sequence; 
20; 84; 

RH 

relative humidity; 38; 
45 

RHD 
Ripple High-Dose; 61; 

62; 63; 64; 65; 66; 67; 
68; 69; 70; 71; 74; 75; 
94; 98; 102 

RIE 
reactive ion etching; 

94; 112 
RLD 

Ripple Low-Dose; 61; 
61; 62; 63; 64; 65; 66; 
67; 68; 69; 70; 71; 74; 
75; 94; 98; 102 

Rmax 
maximum vertical 

distance; 64; 65; 96; 
SAD 

surface area 
difference; 64; 65; 96 

SAM 
self-assembled 

monolayer; 5 
SCs 

Schwann cells; 24; 25; 
26; 28; 39; 40; 60; 67; 
69; 70; 71; 73; 74; 75; 
76; 98; 99; 102; 103; 
104; 105 

SD 
standard deviation; 

54; 56; 58; 59; 64; 65; 
79; 80; 97; 98; 105; 
114 

SEM 
scanning elecron 

microscope; 51; 61; 
62; 71; 96; 105; 112; 
115 

SFIL 
step and flash 

nanoimprint 

lithography; 12; 13; 
14 

TAZ 
transcriptional 

coactivator; 19; 60; 
76; 77; 89; 90; 91; 92; 
93; 101 

TE 
tissue engineering; 3; 

16; 20; 21; 22; 
TENG 

tissue engineered 
nerve graft; 24; 27; 

Tf 
melting temperature; 

7 
Tg 

glass transition 
temperature; 6; 7; 8; 
9; 14; 52; 58; 63  

TIRF 
total internal 

reflection 
fluorescence; 77; 82; 
83; 101 

UV 
ultraviolet; 5; 11; 12; 

13; 14; 15; 36; 38; 39; 
42; 44; 45; 47; 48; 50; 
57; 63; 78; 80; 95; 
103; 117; 119 

XPS 
X-ray photoelectron 

spectroscopy; 37, 
38, 44 

YAP 
yes-associated 

protein; 19; 60; 76; 
77; 89; 90, 91; 92; 93; 
101; 102; 103; 104 

µCP 
micro-contact 

printing; 5
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