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Abstract 

 

 
 
The advent of biodegradable polymers constituted an important development tool for the 

realization of modern systems that can be used in biomedicine. Biodegradable polymers are 

essential when it is necessary to have easily workable materials with suitable properties to obtain 

an excellent biological response, for this reason they found applications in a wide range of tissue 

engineering and drug delivery systems. The main limitation of biopolymers is however in the 

properties of the materials themselves, sometimes too poor compared to the application field in 

which they need to be used to provide efficient support or therapy. 

 

The fabricated systems exposed in this thesis work, aim to provide useful tools not only for the 

improvement of previously developed polymeric systems but also for the achievement of new 

objectives in the field of neuronal cultures and controlled drug release. 

Specifically, Chitosan (CHI) has been used as a bulk material to produce engineered neuronal 

networks both at the two-dimensional level and, in the currently essential passage towards 

biologically more relevant models, at the 3D one. 

Gold nanorods (GNRs) have been used thanks to their good interaction with chitosan to provide 

thermo-plasmonic properties to a composite ink developed to be able to be printed using a 

commercial ink-jet printer, with the aim of creating a platform for simple and scalable neuronal 

networks stimulation for potential studies to better understand brain diseases (such as epilepsy). 

Moreover, chitosan was used to manufacture porous microparticles by means of air-assisted 

jetting technique and phase inversion gelation. These systems can be used in various fields such 

as tissue engineering, as a bottom-up 3D scaffolds, or in drug delivery for local drug release.  

Precisely in these two directions I worked during my PhD research activity to develop systems 

that, by using Chitosan as a base, exploited the interactions with other materials to improve the 

properties of the biopolymer. Interactions between CHI and graphitic materials have been 

exploited to provide to scaffolds, formed by assemblies of neurons and chitosan microspheres, 

electrical conductivity, mechanical strength, and degradative resistance in physiological and/or 

injury conditions. With this in mind, graphite oxide and graphite nanoplatelets were used both 

as filler and by electrostatic surface interaction, evaluating the different impact on the bulk 

properties of CHI and on the material-cell interface. 
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Afterwards, with a conservative approach, I used CHI microparticles as a potential carrier for 

drug release in the gastrointestinal tract. The poor degradative resistance of CHI in harsh 

conditions made it necessary to apply a surface coating. The biocompatible synthetic polymer 

already widely used in drug delivery Poly-(styrene-co-maleic anhydride) (PSMA), thanks to the 

strong grafting reaction with CHI, made it possible to obtain a system with a limited burst effect 

in the release of molecules in the first hour of administration. 

 

The overall findings of this thesis support the efforts in making novel bio-fabricated systems as 

greatly promising tools for tissue engineering and controlled drug delivery. Specifically, the 

interaction between biopolymers and synthetic polymers can introduce interesting innovations 

in the fields of drug delivery, while interactions between biopolymers and carbon-based 

materials could be a key point for the next years perspective in neuro-engineering. 

 



 

 

 

 

 
 

Thesis structure 

 
This thesis reports the conceptualization, the attempts and the results obtained in my research 

work to realize engineered biopolymeric systems for tissue engineering and drug delivery 

applications.  

Biopolymers, intended as polymers of natural extraction, with relevant and well documented 

biomedical applications, have constituted the bulk material of all the systems developed, acting 

as a perfect support for the interaction with materials such as noble metals, carbon-based 

materials, and synthetic polymers. Great space in this thesis has been occupied by the choice 

and use of different manufacturing techniques to move from two-dimensional to three-

dimensional structures, seeking a continuous control of the most suitable geometries for each 

application of interest. This thesis therefore constitutes not only a summary of the works I did 

in my doctorate research period but also an overview of the different fabrication techniques 

applied each in a precise way to the most suitable function.  

 

The individual chapters are briefly summarized below to facilitate faster access to the individual 

topics covered in the manuscript. 

Chapter 1 describes the state of the art of in vitro neuronal cultures, making a digression 

between the classic 2D structures up to the most recent 3D proposals. A focus refers to the 

chitosan polymer, of which its unique properties and versatility are described, as a driving 

element in the transition of the models described. Chitosan will be the key element to unite the 

following chapters. 

Chapter 2 will describe the realization of a proof of concept, i.e. the construction of a platform 

for drug screening and network dynamic analysis, based on the local control of the geometry 

of the neuronal network and on the temporal control of its electrophysiological activity. To do 

this, the interaction between Chitosan and Gold nanorods was used in order to create a 

printable ink. 

In Chapter 3, the need to pass from classic two-dimensional models to 3D scaffolds is proposed 

through the creation of beads-based scaffolds in which the graphitic materials increase the 

properties of the chitosan biopolymer. The characterization of the composite scaffolds 

fabricated is combined with an analysis of the electrophysiological activity of the neuronal 

networks and a multi-physics model, all aimed at effectively validating the proposed models. 

 

 

 



 

 

 

Chapter 4 instead it describes the state of the art of another application field of biopolymers: 

drug delivery. It describes the role and potential of biopolymers such as chitosan and alginate, 

in the controlled release of drugs, opening to interaction with synthetic polymers and to modern 

fabrication and 3D-printing techniques. 

In Chapter 5, the interaction between chitosan and a biocompatible synthetic polymer, namely 

Poly(styrene-co-maleic anhydride) (PSMA), is used to create microparticle systems capable of 

achieving a controlled release of drugs.  

Finally, Chapter 6 introduces the use of 3D printing for the realization of an implantable system 

based on Alginate and PLGA microspheres for the treatment of glioblastoma. The interesting 

composite system of a biopolymer and the FDA approved synthetic polymer, is presented as yet 

another paradigm of this work in which the theme of fabrication using composite systems allows 

to achieve properties and constructs suitable for application needs. 
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1.1. In vitro cell cultures 
 

In vitro cell cultures are an essential tool for the discovery and study of biochemical and biomolecular 

processes that allow us to shed light on the functionality of our organism and how this varies with the 

onset of a disease and its treatment with drugs [1]. Cell cultures applications cover a wide range of 

areas, such as tissue engineering, biomedical research, regenerative medicine, and industrial 

practices. Precisely in these areas their use is still essential for their reliability, simplicity, and the 

important implications in high-throughput screening processes [2]. Usually, standard 2D cell culture 

is based on adherence to a flat surface, such as a petri dish, made of polystyrene or glass, to provide 

a proper substrate for cell adhesion. The advantages of 2D cell cultures lie in the fact that cells, 

growing in single layers, can proliferate and develop in a homogeneous way, above all thanks to the 

fact that each cell is subjected to the same supply of growth factors and metabolites [3]. Although the 

advantages are evident, the main limitation that is criticized of 2D cultures lies in the fact that it is 

not possible to have a precise control of the shape of the cells, which could assume structures that are 

not observed in vivo, not showing characteristics therefore essential for in vitro model reproduction, 

for example of pathologies [4]. To control cell shape in 2D cell culture over time, numerous research 

studies have focused on precise patterning of substrates, such as micropillars [5], cell-adhesive islands 

[6], or microwells [7]. All these geometries were created to control the morphology and the 

bidimensional shape of cells, to reduce the randomness of the experiments and to study how cell 

shape influenced biological processes [3]. 

In this thesis, I focused precisely on exploiting the possibilities offered by cellular patterning to study 

how in vitro neuronal networks respond to morphological guides and external stimuli. The 

technologies offered by current microfabrication systems have opened the doors to a wide range of 

manufacturing possibilities to obtain patterned substrates with ever higher precision and definition 

[9]. In the next paragraphs are reported not only the main techniques that can be used but also how 

this methodology can be exploited in neuro-engineering. 

 

1.2 Patterned substrate fabrication 

 

Cell-substrate interactions play a crucial role in designing new generation biomaterials and 

integrating implants with tissues. Several factors, including substrate surface chemistry, topography 

and stiffness, guide and influence cell adhesion, cell shape and fate [10].  
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Recently, technological advances have made it possible to precisely design the geometry and 

chemistry of the substrate surfaces allowing the control of the interaction between cells and the 

substrate. Some of the more commonly used surface engineering methods are: 

 

• Lithography: which includes three basic phases: coating of a substrate with a polymeric layer 

sensitive to radiation (resist), exposure of the "resist" to radiation (UV rays in the case of 

photolithography, electron or ion beam) through a transparent mask or a scan of the electron 

or ion beam focused on a point from a designed model, and the etching of the substrate after 

developing the "resist" with a suitable chemical substance [11].  

• Hot embossing: which uses thermoplastic polymers. Heating is applied to the polymer to 

raise it above its transition temperature and the polymer softens. A rigid mold on which the 

desired pattern is made (master) is then pressed onto the hot polymer. Once cooled, the master 

is removed [12].  

• Soft lithography: which includes various techniques that have in common the use of an 

elastomeric mold, typically made of silicone (polydimethylsiloxane, PDMS) with a micro or 

nanostructured relief on the surface. Photopolymerization, micro-molding and soft-molding 

consist of transferring the topography of the PDMS to the polymer substrate, while 

microcontact printing, microfluidics and laminar flow patterning allow the deposition of 

bioactive materials or cells on 2D polymer surfaces in a predefined pattern [13].  

• Ink-jet printing: which includes two types of technologies for the formation and deposition 

of drops with desired volume: the thermal printer and the piezoelectric printer. The first 

depends on the pulsed heating of a small resistor to create a vapor bubble that expels a drop 

of ink from the nozzle. The second depends on a pressure impulse generated by a cantilever 

or a bending membrane. A combination of short forward and backward pulses causes the drop 

to eject [14]. 

 

1.3  Ink-Jet printing 

Inkjet printing is considered an important technology for many applications, such as organic 

electronics, nanotechnology, and tissue engineering, due to its ability to accurately deposit small 

volumes of solutions and suspensions, in order to create well-defined geometries. The “direct write” 

capability eliminates the need for masks, resulting in cost savings, efficient use of materials and 

reduced waste.  
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Furthermore, since ink-jet printing is a contactless deposition method, it allows to work even in sterile 

conditions, minimizing any possible contamination. The number of functional polymers that have 

been successfully printed using ink-jet printing is continuously increasing [15]. Drop-on-demand 

(DOD) piezoelectric technology is now the leading standard for biopolymer printers on the market 

[16]. Two systems for drop release are possible (Fig. 1.1A). The first is based on the electrostatic 

effect: the drops are generated by directly modulating the electric field. When the flow of ink crosses 

the electric field, it confers charges on the drops [17].  The piezoelectric ink-jet printer is characterized 

by a carriage, on which the cartridge containing the ink is fixed, which moves over the substrate and 

projects the ink drops onto the substrate through the nozzles. Each nozzle features a channel 

surrounded by a piezoelectric crystal. The operating principle is based on the piezoelectric effect, 

which consists in the deformation of the piezoelectric crystal when a voltage is applied. In this case, 

the piezoelectric crystal produces a deformation of the print nozzle causing pressure on the ink to 

emit the drop from the printhead (Fig. 1.1B). 

 

Figure 1.1: Schematic representation of ink-jet printing techniques: continuous mode (a) and drop-

on-demand (DOD) mode (b). From [121]. 

 

The ink-jet printer produces highly uniform droplets with an error radius of less than 1%. By varying 

the drive voltage, it’s possible to control the size of the drop and the speed with which it leaves the 

print head. The speed of the drop depends on the amount of kinetic energy transferred, with the initial 

speed of a drop having to be several meters per second to overcome the decelerating action of the 

ambient air [18]. Van Dam et al. [19] described the impact of the drop on the substrate in three phases: 
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• the drop hits the substrate. 

• the radius of the drop-substrate interface expands to an order of magnitude greater than that 

of the radius of the drop in flight, which is radially outwards. 

• in the third phase, the fluid stops after an initial rebound and a series of inertial oscillations 

dampened by viscous dissipation. 

 

The fluid behavior most encountered during ink-jet printing of polymer solutions is not Newtonian 

[20]. Typically, a micro-drop of polymer solution remains attached to the nozzle by an elongated 

filament for several hundred microseconds. Regarding the properties of the fluid, viscosity is a 

limiting factor since the expulsion of the drops depends on the propagation of the pressure waves. 

Finally, ink-jet printing lends itself well to the preparation of thin films of polymers, polymer blends 

or composites to be used in combinatorial research of materials in which parameters such as chemical 

composition or film thickness can be systematically varied [21]. 

 

1.4 Patterned neuronal cultures 

Different topographic structures have been used to replicate the discontinuous nature of the natural 

environment of a neuron in a quantifiable way [22]. The interaction between neurons and substrate 

topography varies according to the origin of the neuron, the size and geometry that characterize the 

substrate itself [23]. The combination of the effectiveness of the material and geometry result in an 

engineered surface that influences cell growth and morphology and promotes a specific and desired 

response from the cells. Bellamkonda et al. [24], identified that the geometry of the substrate has a 

strong impact on directionality and cell orientation: neurons respond to anisotropic patterns (such as 

grooves, ridges, grids) by aligning and stretching in the same direction of the modeled structure, with 

the neurites following the axis of the topographic model and the soma showing an elongated 

morphology. Similarly, mouse neuroblastoma N2a cells cultured on substrates patterned with linear 

SiO2 ridges have extended their neurites following linear micro traces [25]; recent studies have 

evaluated the positioning and orientation of Schwann cells on substrates characterized by strips of 

laminin alternating with strips of bovine serum albumin [26]. After 24 hours the Schwann cells show 

a fully elongated shape on the laminin strips, a high degree of alignment with the underlying pattern 

and connections are established only along the lines; while on substrates without material, i.e. 

“unpatterned”, the cells appear more rounded, randomly distributed, and undirected.  

The modeled substrates have a critical influence on the neuritic development process, which includes  
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neuritogenesis, neuritic elongation and branching, and therefore on the appropriate formation of 

neuronal networks.  Polyamide walls 20-60 μm wide on coverslips influenced several neuritic growth 

properties of PC12 cells: neurites growing on these micro-channels showed a significant increase in  

total neuritic length compared to the same cells grown on unmodeled substrates, while the number of 

branching points and the number of neurites originating from the soma decrease [27]. Dorsal root 

ganglia (DRG) were cultured on 2D patterns of parallel strips of laminin spaced 50 μm [28]: the total 

number of neuritic processes on the micro-patterned substrate is half the number of neuritic processes 

on the uniform substrate, while the neurite length is greater on micro-patterned substrates. 

Furthermore, on micro-patterned substrates, more than 90% of neuritic segments extend in the 

direction of the patterns, while no alignment is observed in control 2D cultures, where neurons 

randomly extend across the surface. Neuronal cultures on well-defined patterns have proved 

important for studying long-term electrophysiological activity and for interfacing with external 

microelectronic circuits. In standard cultures, the random distribution and overlap of neurites makes 

this goal difficult. Several studies [29,30] have observed that by limiting neuronal networks to a 

simple grid pattern it is possible to obtain a drastic reduction in the complexity of the network 

compared to networks that develop on homogeneous substrates: nerve cells adhere to the model and 

develop connections only between adjacent neurons, as opposed to control substrates. In another 

study [31], rat hippocampal neurons were grown on grid patterns of PDMS, neuritic growth is well 

delimited along the permissive pathways of the micropattern and ordered neuronal networks develop, 

while on control substrates the network is very denser. Some researchers [32] made recordings of the 

spontaneous electrophysiological activity of rat hippocampal neurons confined in parallel lines of 

adsorbed poly-D-lysine that overlapped the array of microelectrodes. Electrophysiological activity 

was recorded from 6 days in vitro to one month. Chang et al. [33] compared the differences in the 

electrophysiological activity of random neural networks and patterned networks (parallel lines) grown 

in a serum- and glia-free culture medium. The results revealed that neurons establish connections 

with each other, and that pattern improves the level of activity of the network. The difference in 

activity levels (between random and modeled cultures), measured by the number of active electrodes, 

is statistically significant with modeled cultures having a higher activity level. Furthermore, it has 

been observed that surface patterns increase the differentiation rate of stem cells and lead to distinct 

gene expression and changes at the protein level. For example, adult neural stem cells (ANSC) [34] 

showed a significant 13.67% increase in neuronal differentiation on linear micro-patterned substrates 

compared to control, and an 8.4% increase on circular micro-patterned substrates with respect to 

control. 
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1.5 Chitosan 
 

After having introduced the main techniques of deposition of polymers on substrates and their use in 

neuroengineering, in this paragraph I would like to introduce the material on which I mainly focused 

on my research activity of this thesis. 

Chitosan is a biopolymer obtained from the deacetylation of the polysaccharide chitin, which is 

extracted from the exoskeleton of crustaceans, insects, and fungi, and is the second most widespread 

natural polysaccharide after cellulose. Chitin (1,4-2-acetamido-2-deoxy-D-glucan) is a polycationic 

biopolymer with a structure very similar to cellulose having as a monomer unit glucosamine linked 

by β (1-4) glycosidic bonds, which has a high degree of N-acetylation [35]. Chitosan (1,4-2-amino-

2-deoxy-β-D-glucan) is a linear cationic polysaccharide composed of D-glucosamine and N-acetyl-

D glucosamine, connected by β (1-4) bonds which has amino and hydroxyl groups.  

It is obtained by partial deacetylation of the amine groups of chitin through enzymatic preparations 

or chemical hydrolysis [36]. The two polymers have a different behavior as regards solubility: 

chitosan is insoluble in water but soluble in slightly acidic aqueous solutions while chitin is insoluble 

in water and in most organic solvents. 

 

Figure 1.2: representation of the chemical structure of chitin and chitosan. From [122].  

 

The microstructure of chitosan depends on how the chitin deacetylation reaction is performed, which 

can take place under heterogeneous or homogeneous conditions. This structural difference is very 

important in determining some properties of chitosan, such as solubility. The chitosan obtained under 

heterogeneous conditions is not soluble in water, although it becomes soluble at acid pH, while the 

chitosan obtained under homogeneous conditions is soluble in water. For this reason, it is possible to 

find on the market many types of chitosan that differ from each other in molecular weight, degree of 

deacetylation and animal/vegetable origin.  
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Chitosan can be chemically modified thanks to the presence on its repeat unit of NH2 and OH groups, 

giving rise to the formation of numerous derivatives which are used to prepare versatile formulations 

for different fields of applications such as the medical, agricultural, and industrial sectors. The 

glycosidic bond of chitosan is hemiacetal and therefore it is not stable and in an acid environment 

(pH <6.3) it can be hydrolyzed, with a consequent decrease in viscosity and molecular weight (MW) 

[37]. 

Modification and adjustment of mechanical properties are of particular importance in the fabrication 

of scaffolds. The formation of hydrogels from natural and synthetic biomaterials can be induced by 

chemical, physical, ionotropic, or enzymatic crosslinking. As for chitosan, the modification of the 

mechanical properties, with consequent formation of hydrogel, can be carried out through a chemical 

crosslinking, adding it to genipin, a natural non-toxic cross-linker derived from the fruit of gardenia 

jasminoides ellis, or to glutaraldehyde, a low aliphatic dialdehyde. molecular weight and water-

soluble which establishes a bond between its aldehyde groups and the amino groups of chitosan 

[38,39]. The materials crosslinked with genipin and glutaraldehyde exhibit excellent thermal and 

mechanical stability in aqueous solutions, thus stabilizing the biopolymer [40]. 

An example of ionotropic crosslinking of chitosan is that obtained by crosslinking with TPP, sodium 

tripolyphosphate, belonging to the group of compounds known as polyphosphates deriving from the 

condensation of molecules of orthophosphoric acid. TPP is characterized by a limited toxicity, by a 

high gelling power and if dissolved in water this polyphosphate dissociates, releasing hydroxide and 

phosphoric ions. The ionotropic crosslinking is based on the formation of electrostatic interactions 

between the amino groups of the chitosan and the negatively charged groups of the tripolyphosphate, 

it is a simple process and carried out in an aqueous medium [41]. Hydrogels can also be obtained 

starting from chitosan through pH-dependent physical crosslinking processes, avoiding the potential 

toxicity and the change in the intrinsic properties of the material due to the addition of a crosslinking 

element. Chitosan polymer chains have been shown to physically self-assemble at pH above 6.5 of 

the aqueous solution in which it is dissolved [42]. 

Two key parameters that must be considered when studying chitosan solutions are deacetylation 

(DDA-Degree of Deacetylation), which distinguishes chitosan from chitin, and molecular weight 

(MW). The percentage of deacetylation (DDA) is important in determining some properties of 

chitosan. When the DDA is greater than 40%, the polymer is soluble when diluted in acidic solutions 

and is defined as chitosan. This behavior is associated with the fact that the protonated amino group 

of the residual glucosamine in acid solution breaks the hydrogen bond between the chains and creates 

more favorable solvent/polymer interactions.  
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The pKa of chitosan, a negative value of the logarithm to base ten of the acid dissociation constant 

Ka which represents the strength of an acid in solution, is close to 6.5 when the DDA is greater than 

75%, this means that chitosan with a DDA value above 75% is soluble in a solution with a pH value 

below 6.5, ignoring the effects of MW. The degree of deacetylation also affects the viscosity of a 

chitosan solution since it determines its conformation; for example, a high degree of deacetylation, 

which implies that the molecules are very charged, gives the chitosan an elongated and therefore very 

flexible conformation, which results in an increase in viscosity [43]. 

From thermodynamics, an increase in molecular weight can lead to a decrease in the solubility of a 

natural polymer. In the case of chitosan, the possibility of association between the chains by hydrogen 

bond plays an additional role. When the PM increases, the aggregation between the polymer chains 

becomes favorable and the ionic strength becomes sufficiently high to favor the condensation of the 

counter-ions. In addition to this phenomenon, an increase in PM always results in an increase in the 

viscosity of the solution. Furthermore, the decrease in PM could potentially increase the concentration 

of the solution and improve the solubility of the polymer [44]. Chitosan, thanks to its properties of 

biodegradability, biocompatibility, bioadhesiveness, immunoadjuvant, non-toxicity with 

antimicrobial activity, has the advantage, in addition to having low production costs, of being able to 

be processed in different forms such as sponges, membranes, hydrogels, microparticles, nanoparticles 

and nanofibers for a large variety of biomedical applications [45,46]. 

 

1.6 Gold Nanorods (GNRs) 

Although chitosan, as described in the previous paragraph, has excellent properties in terms of its 

relationship with biological systems, nevertheless, to obtain advanced properties it is necessary to 

enrich it using other materials with specific properties for the purpose that researchers want to 

achieve. Among these certainly of great interest are the gold nanoparticles, due to their optical 

properties, which in a composite with chitosan can generate a stimuli-responsive material [47]. 

At the nanoscale level, the chemical and physical properties of materials change radically and often 

exhibit dimension-dependent properties that are unique to the bulk material. In fact, gold in colloidal 

form, possess electronic and optical properties that are vastly different from its "bulk" form, deriving 

from the phenomenon of Plasmon Resonance of Localized Surface (LSPR). In physics of matter, the 

plasmon is a collective excitation of plasma electrons contained in a finite system of charges when 

they are excited by an oscillating electromagnetic field. Considering the surface of a solid as a system, 

if the excitation remains limited to the surface this is called surface plasmon resonance (SPR) [48]. 
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The SPR is the phenomenon of the collective oscillation of the electrons of metal particles with a 

specific resonance frequency, it occurs when the specific frequency of the incident light coincides 

with the resonance frequency of the electrodes confined to the surface [49,50]. 

 

Figure 1.3: Schematic representation of localized surface plasmon resonance (LSPR) effect for 

GNRs, longitudinal and transverse electron oscillation are highlighted (a). Absorption peaks of 

GNRs: oscillation along the two axis is highlighted (b). From [123].  

 

Localized surface plasmon resonance (LSPR) is localized to individual particles and depends on the 

composition, size and shape of the material. By controlling these characteristics, it is possible to tune 

the LSPR absorption region on the visible spectrum or even in the near infrared (NIR) region. The 

width, position, and number of LSPR peaks are determined by the shape and size of the GNPs and 

the reduction of the aspect-ratio is an effective method to modify their plasmon resonance spectrum 

[51,52,53]. To date, it is possible to produce gold nanoparticles (GNP) with the most varied shapes 

and sizes. Among the colloidal structures based on gold there are in fact pure constructs such as 

nanospheres, nanorods, nanocubes, nanotriangles, nanostars and hybrid systems such as nanoshells, 

nanorices and many others. 

This thesis focuses on the synthesis and use of Gold Nanorods (GNRs). GNRs are of great interest in 

many biological applications, such as photothermal therapy for drug delivery, disease targeting and 

imaging. Many of these applications are enhanced by the ability to manipulate the aspect ratio of the 

GNRs, which allow to tune the wavelength in the near infrared (NIR) range. Thanks to the 

transparency of the tissue in this optical range (800-1100 nm), they can be used in photothermal 

applications with laser irradiation and biological imaging that penetrates biological tissues. 

Furthermore, the surface of GNRs can be modified with thiol groups, allowing conjugation with 

specific biomolecules for targeting or administration. Gold Nanorods exhibit two distinct plasmon 

resonance bands: one longitudinal and one transverse. The surface plasmon resonance band of the 
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longitudinal axis is the most interesting as the resonance can be adjusted in the Near Infrared (NIR) 

area which is the biologically preferred range for tissue penetration. NIR light can penetrate deeper 

into biological tissues with less absorption and scattering than visible light. 

The synthesis of GNRs with controlled dimensions has been investigated for a long time and today 

there are various chemical and electrochemical methods to obtain them; the most common and also 

the most used is the so-called seed mediated growth method [54]. This method is the most used 

because it manages to provide a high yield and a well-controlled aspect ratio of the rods. It is mainly 

divided into two synthetic steps which respectively involve the nucleation of spheroidal structures 

with a diameter of a few nanometers (2-8 nm) and their growth following the deposition of gold on 

the newly formed nuclei, under controlled reduction conditions. The first synthesis with seed 

mediated growth dates to 1989 but the current concept of this method originated in 2001 by Jana, 

Murphy and Gearheart [54] and then improved in 2003 by El-Sayed and Nikoobakht [53]. Although 

it allows for high yields, the seed mediated growth method is an extremely delicate approach in which 

the variation of critical parameters, such as the concentration and degree of purity of the reagents, the 

temperature and the growth time will lead to the production of GNRs with significantly different 

shape, size, yield and LSPR characteristics [55,56]. 

The surfactant used during the synthesis is hexadecyltrimethylammonium bromide, commonly 

known as CTAB. It is a cationic surfactant that plays an important role in controlling the directional 

growth of the rod structure. The CTAB consists of a hydrophobic head and a hydrophilic tail that can 

create CTAB micelles by binding the gold chloride ions with the hydrophobic head and creating the 

seed particles. The major problem that arises with the use of CTAB is its high cytotoxicity: this has 

been demonstrated several times in various studies and with various biological tests, which have 

shown how cell viability is almost completely zeroed in the presence of CTAB or GNRs-CTAB at 

concentrations below 0.5 mM of the surfactant [57]. 

This phenomenon is due to the surfactant nature of CTAB which is therefore able to bind with 

phospholipid cell membranes, open them and consequently cause cell death. It is true that although 

the excess of CTAB used during the synthesis can be removed by centrifugation, but a complete 

elimination would lead to aggregation of the same GNRs due to the lack of the stabilizing agent with 

consequent precipitation. A certain percentage of CTAB must therefore remain adsorbed on the gold 

surface but once the GNRs are placed in the cellular cultural medium this is able to desorb it from the 

surface thus causing cell death in any case. The polymeric agent that has found most widespread use 

in the surface modification of gold colloids for biomedical use is PEG-thiolated polyethylene glycol 

(PEG-SH).  
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Given its hydrophilic nature, PEG gives biofouling properties and increases plasma circulation times 

and the cytocompatibility of nanoconstructs. The surface of gold colloids, given the high surface / 

volume ratio exhibited, is also able to physically adsorb molecules and macromolecules in a non-

specific manner, as in the case in which protein coatings with hydrophobic domains are used. It has 

been shown by Smith et al. [58] that by using this type of coating, cell survival is not impacted. 

Another method used to make GNRs less cytotoxic is to centrifuge and wash the nanoparticles with 

deionized water three times to remove unbound CTAB. Furthermore, they demonstrated that CTAB 

bound to nanorods does not cause toxicity [59]. 

 

1.7 Chitosan-Gold Nanorods Composites 

 

Continuous innovation in the field of nanomedicine has led to the formulation of new materials that 

are able to combine the intrinsic functionality of inorganic nanoparticles and the biological interface 

that natural polymers can furnish. On the one hand, these composite hybrid materials can be designed 

to perform a specific function that depends on the characteristics of the inorganic nanoparticles and 

on the other hand, the material can be adapted to the biosystem thanks to the biocompatibility and 

low cytotoxicity guaranteed by a polymeric matrix [60]. Among inorganic nanoparticles, metal 

nanoparticles, with regard to gold-based ones, are a promising tool in the field of nanomedicine due 

to their electrical and optical properties [60]. In particular, gold nanorods have been used in the 

biomedical field for photothermal therapies, drug delivery and biosensory [61]. The problem with 

these systems is their limitation in in vivo applications due to the high rate of toxicity. In the literature, 

various methods have been proposed to modify the surface of GNRs to replace and/or cover the 

CTAB, however these protocols often suffer from low biocompatibility and increase in size. For these 

reasons, polysaccharides are the ideal candidates to replace CTAB due to their biocompatibility, low 

cost and workability and ease of modification [62-64]. Among these modification methods, the PEG 

coating showed the best performances both in terms of toxicity and photothermal effect both in vitro 

and in vivo, but the circulation time is reduced [65]. To avoid this problem, CHI has recently been 

proposed as a coating for nanoparticles, which thanks to its properties of biocompatibility, 

biodegradability and solubility in water is an excellent substitute for CTAB. The coating can be 

carried out by covalently binding the chitosan with the organic molecules present on the surface of 

the GNRs, or by chemically modifying the chitosan chains with organic molecules characterized by 

functional groups that are able to bind to the thiol groups present on the GNRs. This type of coating 

has been reported in the literature for applications in tumor targeting [66,67].  

 



28 

 

 

 

Another application in which the integration of GNRs with chitosan has been seen is the one proposed 

by the group of Alkylani et al. [68] for tissue repair under laser irradiation. In this application, a hybrid 

system is manufactured consisting of a polymeric matrix consisting of chitosan that surrounds the 

nanoparticles creating a protective barrier against the physiological environment in order to improve 

their stability, durability and biocompatibility thanks to the elimination of the cytotoxic agent present 

on the surface of nanoparticles [69,70]. 

 

1.8 From 2D to 3D cell cultures 
 

Up to the last decade standard two-dimensional (2D) cultures have been used, with excellent results, 

to study cellular behavior in vitro, the response to drugs and external stimulations. What stated in the 

previous paragraphs will be used in the chapter to exploit in the application field all the advantages 

that this technology is still able to provide. However, an ever-growing movement, supported by 

concrete data, has raised the question about the fidelity of these in vitro models. In fact, it has been 

shown that, in some circumstances, the cellular behavior in these simplified systems deviates 

considerably from that observed in vivo [71]. Furthermore, more and more efforts and investments 

have been focused on the in vitro development of systems that could then be implantable in vivo, thus 

making it necessary to develop new models suitable for regenerative medicine [72]. To better mimic 

the conditions in vivo, 3D models have therefore been developed both based on cell assemblies, 

sometimes also called organoids or spheroids, and by the assembly of cells and biomaterials, 

exploiting the latter as a support to develop the tissue in vitro also in the third dimension [73]. In 

many cases, the new developed models proved higher capacity of inducing in vivo-like cell fates for 

the specific cell type and processes under study. 

This result is mainly due to the fact that by increasing the cell surface exposed to the extracellular 

matrix (ECM), both through the concentration of the cells between them, and through the use of 

biomaterials with characteristics capable of mimicking the ECM, this had as affect a higher cell 

proliferation and adhesion thus increasing cell survival and the response to external chemical and 

mechanical stimuli [74]. From this point of view, hydrogels constitute a fundamental tool for the 

development of 3D models [75]. The fact of possessing high porosity and aqueous penetration, which 

allows cell spreading and development and the diffusion of chemical species [76], combined with 

soft mechanical properties [77] in line with the preferences of cells in vitro and the possibility of 

incorporating spheroids [78], has prompted bioengineering research to pay great attention to these 

materials.  
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Precisely in this thesis work, specifically in Chapter 3, I will focus on the development of hydrogel-

based scaffolds. Below in the next paragraph are the bases on which a 3D scaffold should be designed 

and the possible usable materials. 

 

1.9 Scaffold design 

The construction of an engineered tissue begins with the design and construction of a structure, called 

a scaffold, which supports the differentiation, growth, proliferation and reorganization of cells, 

without inducing adverse phenomena. The main function of the scaffold is to emulate the extracellular 

matrix (ECM), temporarily making up for the functional characteristics of which the forming tissue 

is deficient; as the tissue regenerates, the artificial support must degrade to leave space for new cells 

[79]. 

 

To perform these functions the scaffold must satisfy a series of properties: 

• Biocompatibility: the material used must not cause any type of alteration in the tissues it 

comes into contact with. Biocompatibility is a fundamental requirement linked to the need to 

improve and/or restore a certain biological function, without interfering or interacting in a 

harmful way with the physiological activities of the organism. 

• Biodegradability: this property does not require subsequent operations to remove the 

material, as the degraded parts are not toxic to the body and are expelled through the natural 

disposal routes, furthermore the ideal degradation rate should correspond to the rate of 

formation of the new fabric. 

• Bioactivity: the material used establishes direct biochemical interactions with the biological 

tissue. 

• Porosity: the pores of the scaffold must be large enough to ensure that even the innermost 

parts are reached by nutrients, thus favoring proliferation in every region of the structure; 

furthermore, these pores make it possible both the vascularization and the transport of waste 

[79]. 

• Structural: the mechanical properties of the scaffold must emulate those of the tissue in vivo, 

thus offering the new tissue the appropriate stresses to favor adhesion, differentiation, and 

evolution towards the specific phenotype. 

• Surface: the morphology and chemical functionality of the surface are two important factors 

that influence cell adhesion, migration and intracellular signaling in vitro. 

• Sterilizability: scaffolds must be easily sterilized to prevent infections. 
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• Processability: the material must be easily workable assuming the desired morpho-

dimensional characteristics through a reproducible process, in order to guarantee the 

necessary scale-up of the technology developed [80]. 

Figure 1.4: Key parameters for designing a suitable 3D scaffold for neural applications. From [124].  

 

Among all the possible candidate materials for the manufacture of scaffolds, polymers, materials 

having macromolecular subunits with a known structure called monomers, connected by chemical 

bonds to form a chain, are those that have shown characteristics most similar to the ECM.  

Polymers could be divided into synthetic and natural. Synthetic polymers are obtained by chemical 

synthesis, through polyaddition and polycondensation reactions, and their properties, strongly linked 

to the chemical structure, can vary considerably. Synthetic materials can be reproducible on a large 

scale and be transformed into a three-dimensional matrix in which the structure, mechanical 

properties and rate of degradation can be controlled and manipulated. The major disadvantage of 

synthetic materials is the lack of specific signals for cell recognition. Among the most used synthetic 

polymers for the formation of scaffolds we find three biocompatible, biodegradable and 

bioabsorbable thermoplastic polyesters: polyglycolic acid (PGA), polylactic acid (PLA) and 

polycaprolactone (PCL). PGA is a crystalline polymer, obtained from the opening of the glycolic acid 

ring, having a glass transition temperature between 25 ° C and 65 ° C and a melting point between 

185 ° C and 225 ° C.  
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Many studies in the field of tissue engineering have been conducted using PGA nanofibers as it is or 

combined with other polymers such as collagen and hyaluronic acid. PGA has been shown to be an 

excellent material for the fabrication of scaffolds suitable for cartilage regeneration while also 

promoting tissue vascularization [81]. PLA is a synthetic polymer derived from renewable resources 

with physico-chemical properties largely dependent on the enantiomeric nature of lactic acid, it has a 

glass transition temperature of about 60-65 ° C and a melting point in the range of 160-180 ° C, it has 

been widely used in tissue engineering in various forms, such as porous membranes, nanoparticles, 

nanofibers, and microcapsules [82]. PLA in the form of nanofibers has also been used in combination 

with other materials such as hydroxyapatite and chitosan, which by coating the polymer fibers create 

a scaffold with structural and biological properties like bone, making it an excellent construct for 

regeneration. bone tissue [83]. PCL is a semi-crystalline synthetic polymer obtained by opening the 

ε-caprolactone ring, having a melting temperature of about 58-63 °C and a glass transition 

temperature of -60 ° C. PCL has been widely used in tissue engineering in particular in the form of 

nanofibers added to other materials such as hydroxyapatite and polyvinyl alcohol (PVA) creating a 

scaffold suitable for the regeneration of cartilage and bone tissue [84]. Natural polymers, unlike 

synthetics, are extracted from substances present in nature, they are biocompatible, well tolerated by 

the body, but being taken from human tissues, animals, or plants, are not available in large quantities 

and have poor reproducibility and workability. Natural polymers can be of protein origin, such as 

collagen, gelatin and elastin or polysaccharide such as chitosan, alginate, hyaluronic acid, dextran, 

and cellulose derivatives. Collagen has a repeated fundamental unit, called tropocollagen, each made 

up of three left-oriented polypeptide helices wound together to form a ternary right-handed 

superhelix. Tropocollagen molecules covalently associate to form staggered parallel rows that form 

fibrils, which associate with each other along one direction to form collagen fibers. The most 

important mechanical properties of collagen are stiffness and tensile strength. One application of 

collagen was Apligraf, the first bio-engineered skin approved by the Food and Drug Administration 

(FDA), made up of layers of collagen gel seeded with human fibroblasts and keratinocytes [85]. From 

the collagen, through partial hydrolysis, gelatin derives which has a lower immunogenicity although 

maintaining some adhesive domains for the cells [83]. Alginate is a linear anionic polysaccharide 

obtained from brown algae formed by blocks of mannuronic acid (M) and glucuronic acid (G) linked 

by α (1-4) glycosidic bond. The regions consisting of G-type blocks form hydrogels by adding 

divalent cations (typically calcium) in aqueous solutions at room temperature; this feature is exploited 

to encapsulate drugs, growth factors and/or cells.  

Alginate, in addition to being widely used in the food industry as a gelling agent, is also used in tissue  
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engineering and for drug delivery in particular by the oral route as it is not attacked in the stomach 

and intestines but only in the bacterial flora. of the colon [86]. In neuroengineering, alginate gels can 

be used in the form of microspheres; mouse neuronal stem cells grown in calcium alginate beads have 

been shown to maintain their differentiation capacity into neurons and glial cells [87].  

Hyaluronic acid (HA) is an unbranched linear polysaccharide consisting of a base unit of two 

monosaccharides, glucuronic acid and N-acetyl-glucosamine. It belongs to the class of 

glycosaminoglycans and is found in connective tissue, synovial fluids, in the vitreous body of the eye 

and is produced by fibroblasts. It is a biocompatible, biodegradable gel, partially soluble in water and 

with lubricating properties obtained from various natural sources, such as, for example, from 

cockscombs. Its structure can be modified by means of esterification reactions, obtaining a semi-

synthetic biopolymer with different physico-chemical properties, without however altering its 

biocompatibility. It is widely used in tissue engineering in the treatment of superficial wounds [83-

88]. Chitosan is a cationic linear polysaccharide and is the deacetylated form of chitin, the second 

most widespread natural polysaccharide after cellulose extracted from the exoskeleton of crustaceans, 

insects, and fungi. Chitosan has been used in tissue engineering for the creation of scaffolds of 

microbeads, which aggregates have been shown to accommodate a three-dimensional neuronal 

culture, hydrogel or to cover polymeric structures, while exploiting the structural and mechanical 

characteristics of synthetic polymers and excellent interaction properties between chitosan and 

cellular tissue [83-89-90]. When the chosen material varies, different manufacturing techniques can 

be used which are divided at a macroscopic level into traditional techniques and innovative 

techniques. Traditional techniques are based on the creation of scaffolds with random pores, among 

these we find, for example, fiber bonding, electrospinning, and aerodynamically assisted bio-jetting; 

differently, scaffolds with non-random pores are created through innovative 3D printing techniques, 

designed through rapid CAD/CAM prototyping [91]. 

 

1.10 Microbeads based scaffolds 

Microbeads are organic or inorganic spherical particles with a diameter between 1 and 1000 μm which 

have been widely used both for the manufacture of 3D scaffolds and for drug delivery. In the field of 

drug delivery, such systems have the ability to increase the efficacy of the encapsulated drug through 

a high specific surface, controlling its spatial and temporal release [92]. Microbeads can also be 

assembled into scaffolds through three main packaging strategies: random packaging, direct 

packaging, which involves the creation of electrostatic forces, magnetic forces or hydrophobic 

interactions, and rapid prototyping, which allows for layer-by-layer construction of scaffolding  
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through CAD design [93]. Microbead scaffolds can be divided into scaffolds incorporating the 

microspheres and scaffolds based on the microspheres. In the first category, the beads are a 

component of the scaffold and have the role of controlling the release of substances, acting as cell 

transporters, generating a network of pores to facilitate cell growth, accelerate the reabsorption of the 

scaffold and provide mechanical support. The scaffolds that incorporate microbeads are manufactured 

through a multi-step process with a top-down approach, which involves the creation of the support 

matrix and the microspheres separately, followed by the loading of the latter inside the scaffold [143]. 

An example of such an application is the work done by Nath et al. [94] in which simvastatin, a drug 

that enhances osteoblastic activity, was encapsulated within polylactic-co-glycolic acid (PLGA) 

microspheres, immersed in a spongy matrix of gelatin hydrogel and biphasic calcium phosphate, 

ensuring its controlled release over time. The second category of microspheres scaffolds involves a 

bottom-up approach, in which the beads themselves are the only constituent elements of the scaffold 

itself.  The first application of this category of scaffolds dates to 1998, when the Laurencin group [95] 

used a scaffold based on PLGA and hydroxyapatite microspheres for bone regeneration. Subsequently 

this type of scaffold had a rapid development, different materials were used for the creation of the 

beads, such as glass [96], collagen [97], chitosan [98], alginate [99] and poly (lactic-co-glycolic) acid 

(PLGA) [100] and manufacturing techniques, such as emulsion-solvent extraction method [101], 

precision particle fabrication [102] and thermally induced phase separation [103] in order to 

regenerate various types of tissues. As far as neuronal cultures are concerned, in some studies layers 

of glass microbeads pretreated with a mixture of adhesion factors have been used [104], while recently 

chitosan beads have been used [105]. One of the advantages of using the latter material for the 

manufacture of microspheres is constituted by the fact that, even on beads not treated with adhesion 

proteins, the neurons adhere correctly, forming a functional network, guaranteeing both the structural 

and morphological development responsible for stabilizing the 3D structure itself. The use of chitosan 

has made it possible to overcome some problems characterizing the scaffolds of glass microspheres 

which, due to their stiffness, influenced the dynamics of cell growth, synaptic density, and the 

electrophysiological activity of neuronal networks [105]. 

 

1.11 Graphene-Based Materials 

What previously described for the scaffold design, highlights how although hydrogels constitute an 

essential resource for the development of 3D models, however, some limitations still make their 

practical application limited. As previously done with the gold nanorods, in my thesis work I focused 

on enriching the properties of the hydrogel by adding the use of materials that were able to amplify  
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the properties of the construct for specific needs of the model. Since the focus of this thesis is certainly 

neuroengineering for the development of neuronal networks, my studies have focused on graphene-

based materials. 

Nervous systems could be considered as a complex network made of interconnected neuronal cells 

to conduct the transmission of bioelectric signals between the brain all the other organs in the body.  

The nervous system is certainly one of the parts of the body that still have many dark sides to study. 

From the electrical point of view, neurons are classified as excitable cells, which have a voltage 

difference on the membrane, generated from a concentration gradient of specific ions [106]. The 

feature that makes neurons unique as a genus of cell is certainly the ability to produce synapses, thus 

placing as central the topic of electrical conductivity in the context of scaffold design suitable for 

neuroengineering. The intrinsic nature of graphene and its excellent conductive properties combined 

with the clear, although still widely investigated, biocompatibility, certainly make it one of the most 

interesting materials to be used in neuronal development applications [107].  

Numerous studies have focused on graphene as a substrate for the differentiation of stem cells into 

neurons [108]. Interesting results were obtained by Yang et al. [109], who demonstrated a direct 

dependence between the concentration of graphene and the differentiation of embryonic stem cells 

(ESCs) into neurons. Other approaches associated with the functionalization of graphene by binding 

with proteins [110], blending with polymers such as PEDOT [111], or focusing on properties of GO 

such as amphiphilicity and surface treatment [112], have shown interesting results confirming the 

ability of graphene to be as a good candidate for in situ differentiation of stem cells into neuronal 

cells. Characteristics closest to the theme of this thesis, however, are those related to the use of 

graphene-based materials for the realization of neuronal interfaces and bioelectrical recording. The 

use of graphene in fact allows neurons to be placed directly in contact with a latently conductive 

material, avoiding adverse biological response and amplifying the neuronal signal during recording 

or inversely to apply stimulatory gradients and verify their effects [113]. Tang et al. recently 

demonstrated the formation of functional neuronal network on graphene films [114]. This substrate 

increased neuronal signaling (up to 30%) and highlighted oscillations of Ca2+ two times higher than 

the control group. Another approach used by Feng et al. [115] was to exploit the ability of graphene 

to guide axonal development. In fact, they demonstrated how by making GO nanofibers, ultra-thin 

and highly conductive, the neurons showed more neurites that developed faster. Also, in the 

regenerative field graphene can have interesting applications. In case of nerve injuries, it is necessary 

to guide axonal regeneration precisely, to re-establish the connections and speed up the process [116] 

an example was provided by Hong et al. through graphene substrates in two 2 format to simulate 

neuritic structures [117].  
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However, more and more interest are obtaining three-dimensional structures that exploit graphene as 

a bulk element of the constituted structure [118]. Li et al. [119] have created graphene-based foam, 

thus providing a high surface area and porosity that allowed excellent cellular communication and 

passage of nutrients. Recently, the efforts of researchers have instead focused on the most modern 

bioprinting techniques to exploit the characteristics of graphene-based materials also in this 

perspective. 3dprinting makes it possible to create complex structures that make it possible to mimic 

the neural ducts and the brain. interesting results were made by Shah et al. which he created through 

3D printing of the nerve ducts based on GO and PLGA [120]. In conclusion, it is possible to 

summarize that the use of graphene and its derivatives results in the possibility of providing properties 

suitable for allowing differentiation, electrical stimulation, and tissue regeneration in the neuro 

environment. The possibility of effectively realizing 2D and 3D structures therefore makes it a key 

element in the future development of modern systems for neuroengineering. 

 

Figure 1.5: Graphene-based nanomaterials, an overview with functionalization opportunities. From [125].  

 

1.12 Mathematical models in tissue engineering 

Another useful tool available for researchers for the design of 3D scaffolds consists of computational, 

mathematical, and multi-physics models, which allow to analyze cell development, the diffusion of  

species and their consumption and the impact of external stimulations on the culture, such as 

mechanical, chemical, and electrical ones. These models can provide important information in the  
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design phase but also provide a useful tool for validating in vitro models based on new materials or 

structures [126].  

In this thesis work, in order to evaluate the possible developments and the scalability of the developed 

in vitro models, I focused on multiphysics models of cell growth and diffusion within a scaffold [127]. 

Two main approaches can be considered in formulating mathematical models of cell cultures. The 

first approach is to formulate a model considering the interactions of individual cells. In this case, the 

position and velocity of each individual cell in the system is considered. The second approach 

considers the system as a continuous domain, in this case the position and rate of proliferation of the 

cells are assumed to be average quantities with a given spatial distribution. Although equivalent, they 

both have different advantages and disadvantages. The modeling based on the single cell allows to 

implement rules that govern its behavior and movement by providing detailed information on the 

dynamics of the cell population.  

Since single cell-based models consider the behavior of each individual cell, these models are very 

complex and can only be solved with numerical techniques. On the other hand, models based on a 

continuous approach can be expressed in terms of coupled partial differential equations (PDE) 

systems, thus resulting in less burden at the computational level at the expense of a loss of precision 

at the local level. Numerous continuous models of different cell cultures have been developed over 

the years [128,129]. Obradovic et al. [130] developed a simple continuous mathematical model to 

study glycosaminoglycan (GAG) synthesis and local oxygen concentration in a polyglycolic acid 

(PGA) scaffold seeded with bovine chondrocytes. The oxygen concentration and GAG were modeled 

using a simple diffusion equation, 

 

𝜕𝑆𝑖

𝜕𝑡
= 𝐷𝑖  ∇2𝑆𝑖  − 𝑄𝑖  (1.1) 

 

where the species i=1 and i=2, respectively represent oxygen and GAG, Si refers to their 

concentration, Di the diffusion coefficient and Qi the consumption of O2 and G. The QO2, which 

represents the consumption term, is modeled by kinetics by Michaelis-Menten and Qg as follows: 

 

𝑄𝑔 =  𝑁𝑔 𝑘𝑔 (1 −
𝑆𝑔

𝑆∞
) 𝑆𝑂2  (1.2) 

 

where Ng is the cell density, kg represents the rate of synthesis of GAG and S∞ is the maximum 

concentration of GAG. The GAG concentrations calculated using the model were qualitatively and 
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 quantitatively consistent with the experimental data. The results obtained led to the conclusion that 

the spatial variation of the oxygen concentration provides heterogeneity in the concentration of GAG 

[130]. In the work of Galban and Locke [131] several mathematical models have been implemented 

for cell proliferation and oxygen diffusion within a scaffold, where cells are distributed both 

uniformly and non-uniformly. The volume averaging method was used to derive a diffusion equation 

of nutrient concentration in a two-phase (cellular and vacuum) system. In the volume averaging 

method, each quantity, such as the concentration of cells or nutrients, is averaged over the entire 

volume. The effective diffusion coefficient and the reaction rate were also determined as a function 

of the local cell volume fraction and the latter is determined as a function of time using the appropriate 

mass balance equation. Particular attention was paid to the diffusion coefficient, which was made to 

vary between regions full of cells and those without, however cell motility was neglected in this work. 

In the model of Malda et al. [132] the change in oxygen concentration in the absence of perfusion 

was considered. For this purpose, a simple diffusion equation was used to model the oxygen 

concentration in the scaffold, identifying its gradient in the construct. It has been found that due to 

the slow diffusion of oxygen and the consumption of oxygen by cells, oxygen gradients occur within 

the scaffold, which are higher in regions of high cellular concentration. A limitation of this model is 

the lack of consideration of cell proliferation. In Coletti et al. [133] a complete mathematical model 

of convection and diffusion in a perfusion bioreactor was developed. The dynamics of the fluid inside 

the bioreactor is described through the Navier-Stokes equations for the incompressible fluid while the 

convection through the scaffold is modeled by Brinkman's extension to Darcy's law for porous 

materials. The rate of nutrient absorption is described by Michaelis-Menten kinetics and cell growth 

is modeled as a function of nutrient concentration through the Contois equation, considering contact 

inhibition. Another work concerning this area is that carried out by Shakeel et al. [134] who developed 

a continuous mathematical model of cell proliferation and nutrient transport in a perfusion bioreactor. 

Their model describes fluid flow, nutrient delivery, cell proliferation, and the resulting change in 

scaffold porosity. Fluid flow is modeled by the Darcy formula and nutrient supply is described by a 

reaction-advection-diffusion equation. A reaction-diffusion equation describes the evolution of cell 

density, in which cell proliferation is modeled through logistic growth and cell diffusion via non-

linear diffusion, which depends on cell density. The effect of shear stress on nutrient consumption 

and cell proliferation was also included. 

In conclusion, although several mathematical models have been proposed to evaluate the influence 

of a scaffold on the development and supply of nutrients on a population of seeded cells, nevertheless 

only one work has focused on neuronal cultures [135]. The limitations of this proposed model are,  

 



38 

 

 

however, the inability to effectively describe the micrometric point geometry of the scaffold and the 

non-consideration of other cellular parameters such as the presence of glial cells and the different 

proliferation of the two different populations, the astrocytic one. and the neuronal one. 
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Chapter 2 

 

 

 
Thermoplasmonic ink-jet 

printed platform for 

neuronal networks 

stimulation 

 

 
 

This chapter was adapted from the journal articles ‘Andolfi, A., Arnaldi, P., Di Lisa, D., Martinoia, S., 

& Pastorino, L. (2021). Ink-jet printed chitosan precise patterning for engineered 2D neuronal 

networks. Biomedical Science and Engineering, 4(s1) and subsequent developments. 
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2.1 Rationale 

 

In the last decade, a growing interest in the research field was attracted to the creation of engineered 

devices capable of reproducing the micro-physiology of brain tissue, to obtain a better knowledge of 

the mechanisms that regulate it and to study neurodegenerative diseases [136, 137]. The possibility 

of simultaneously stimulating the in vitro neuronal cultures and recording the electrophysiological 

activity has always been a point of great interest among neuro researchers, in the design process of 

novel models. [138,139]. The need for a simplified environment for the study of network dynamics 

and high-throughput drug screening, made 2D neuronal cultures the appropriate model with high 

parameter control [140-142]. The introduction of this kind of models made it possible to analyze more 

easily the relationship between the functional activity of neuronal networks and their structural 

organization [138,143]. Recently, an increasing number of research groups focused their activity on 

the design and realization of controlled geometries by cellular patterning techniques to control the 

structural organization of neurons, obtained from rat dissection, in vitro [144,145].  

As described in the previous chapter, to obtain engineered networks, different fabrication methods are 

possible, involving physical and/or chemical approaches to attract, repel or guide cellular attachment 

and development. Technological developments in microfabrication, micro-deposition and 

microfluidics have allowed the application of methodologies such as: UV photoablation [146], 

photothermal microfabrication [147], soft-lithography [148], photoresist patterning [149], 

photolithography [150], micromachined substrates [151], micro-molding [152] and microcontact 

printing [153, 154]. However, as previously described, the technique that caught my interest over the 

others was ink-jet printing, thanks to its low cost, scalability, non-invasiveness and versatility 

properties, is, which allows the localized deposition of ink micro-droplets without contacting the 

printing substrate [155].  

Although some examples of biomolecule inkjet printing have been proposed in the past [156], high-

precision printing of aqueous solutions remains difficult, due to the problems associated with the 

surface tension of the buffer solutions used [157].  In my recent published works, I focused on chitosan 

to demonstrate its effective use as an adhesion factor for neuronal cells [158,159] and its printability 

[160].   

In the study of the relationship between structure and function of a neuronal network, in addition to 

controlling the structure, it is also essential to control the network's activity with a high space-time 

control [161]. Extracellular electrical stimulation of a neuronal network has been used in recent 

decades to study the dynamics and plasticity of a neuronal network. However, even though reasonable 

temporal control is achieved, it lacks spatial control and is mainly intended for the excitation of nerve 
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tissues to depolarize the cell membrane [162]. Although chemical stimulation is used both to excite 

and inhibit the activity of a neuronal network, it lacks the millisecond-scale precision that 

characterizes normal neural activity [163]. Thanks to the combination of optical stimulation and 

genetic modification, optogenetic in recent years has been proposed to excite and inhibit the activity 

of a neuronal network in a non-invasive way and with high space-time control. However, despite the 

great promise, the difficult stability of gene expression has severely limited its use [164]. At the same 

time, an exciting alternative for the inhibition of neuronal activity, reversibly, with high space-time 

control and without the need for any genetic modification, has been realized exploiting the plasmonic 

properties of gold nanorods (GNRs) [165–167], also proving particularly useful in controlling the 

structure of a neuronal network [168]. In recent years it has emerged as the animal model, which 

remains the gold standard, as well as an excellent tool for the study of neuropathologies in vitro, for 

some significant species differences, they are not always able to guarantee faithful reproduction of 

human pathophysiological conditions [166-169]. For this reason, even in the field of neuronal 

stimulation, in vitro studies are increasingly focusing on human models, specifically for electrical 

[170,171], piezoelectric [172], ultrasonic [173], optogenetic [174], and optical [174] stimulation, but 

still missing the thermoplasmonic ones. The use of chitosan together with GNRs has been widely 

studied in research to improve the biocompatibility of metal nanoparticles for cancer therapy 

applications [175]. However, few works have used gold nanorods as a particulate filler of chitosan 

biopolymer, focusing mainly on how the interaction between the two materials modifies the physical 

properties of the individual [176,177]. The reason for the choice of these two materials in this chapter 

lies precisely in the desire to exploit the excellent properties of chitosan to favor attachment and 

neuronal cell proliferation, adding thermoplasmonic properties thanks to GNRs that otherwise the 

biopolymer would not possess by itself. 

In this chapter, I present the development process that allowed me to create a composite ink combining 

the excellent properties of CHI, both at a manufacturing and biological level, with the 

thermoplasmonic properties of GNRs. In this way I was able to create a system capable of controlling 

the structural organization of a neuronal network in vitro by printing geometries and a temporal 

control on the activity thanks to the photosensitive nanoparticles. To do this, the rheological properties 

of chitosan were first tested and subsequently the effect on them of the dispersion of the gold 

nanoparticles. Afterwards, printing tests were carried out to evaluate the effectiveness of the 

formulation and the thermal properties of the printed patterns. Finally, neuronal cultures based on 

neurons derived from hIPSCs allowed to perform biocompatibility tests and to evaluate the efficacy 

of the patterns in morphological and electrophysiological terms. The simplicity of the formulation, 

the use of cells of human origin and the non-use of other adhesion/biocompatibility factors are the 

main innovations of this work. 
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2.2 Materials and Methods 

 

2.2.1. Materials 

Low molecular weight chitosan (50–190 kDa, 77% deacetylation degree), glacial acetic acid, ethanol 

(EtOH), chloroauric acid (HAuCl4), Cetrimonium bromide (CTAB), Silver Nitrate (AgNO3), L-

ascorbic acid and Sodium Borohydride (NaBH4) were purchased from Sigma-Aldrich.   

 

2.2.2. Synthesis of gold nanorods (GNRs)  

GNRs were synthesized by a seed-mediated method, following the protocol defined by Yoo et al. 

[161]. This methodology is based on two consecutive steps to form gold nanoparticles and to assembly 

the particles in a rod shape. The first step is to produce the seed solution by mixing 3 mL of 0.2 M 

Cetyltrimethylammonium bromide (CTAB), 3 mL of 0.5 mM HAuCl4, and 350 μL of 0.01 M NaBH4 

by means of a ultrasonication bath for 30 minutes. The solution was then aged for 2 h in a dark 

environment at 27 °C. The second phase to assembly the seed nanoparticles into rod shape was 

executed by mixing 12 μL of the previously prepared seed solution with 5 mL of 0.2 M CTAB, 5 mL 

of 1 mM HAuCl4, 250 μL of 4 mM AgNO3, and 70 μL of 78.84 mM ascorbic acid. The obtained 

GNRs were collected by centrifuging at 650 rcf for 15 min, the supernatant was removed and 

substituted with distilled water to disperse again the nanorods.  

 

2.2.3. Synthesis of composite ink  

CHI was dissolved in an acetic acid solution. To find the best formulation of the ink a preliminary 

study was made to evaluate the influence of AA molarity and CHI concentration on rheological 

properties of the inks. Indeed, increasing concentrations of CHI, from 0.1 to 1 % w/v were used in 

combination with different aqueous solutions of glacial acetic acid at different molarity ranging from 

0.1 to 1 M. To avoid the formation of any aggregates in the solution, once CHI was fully dissolved, 

the solutions were subjected to a filtering process with a syringe filter (0.5 µm pore size cellulose 

membrane) [178]. After having analyzed the properties of the chitosan solutions and related them to 

the print values, at that point a best formulation was found, and composite inks were obtained by 

dispersing GNRs into the solution. To ensure optimal colloidal dispersion, the solution was vortexed 

for 5 minutes. As previously, different quantities of GNRs were used to evaluate the impact of the 

nanoparticle filler on the properties of the best formulation of CHI. Specifically, referring to the final 

concentration expressed in terms of optical density (OD) ranging from 2 and 8 OD were tested.  
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2.2.4 Ink-jet printing of patterns 

Printing was executed using a drop-on-demand (DOD) piezoelectric printer (Dimatix Materials 

Printer 2800 - DMP 2800m (Fujifilm, Santa Clara, CA), equipped with a 16 nozzle and 10 pL cartridge 

(DMCLCP-11610). Printing parameters and patterns design were controlled through the dedicated 

software Dimatix Drop Manager (Fujifilm). The printing parameters used were a piezoelectric voltage 

of 40 V, frequency of 1 kHz, cartridge height of 350 μm and printhead temperature of 23 °C. Patterns 

were printed both on glass coverslips and on micro-electrode arrays (MEAs, 60 electrodes, TiN/SiN, 

30 μm electrode diameter, 200 μm spaced), MEA60 from MultiChannel System (MCS) without any 

previous treatment. The printed designs were both single points, grids and squares that covered all the 

active area of the electrodes of the MEAs (micro-electrode arrays). 

 

 

Figure 2.1: schematic graphic representation of the process of optimization, printing, and use of 

patterns for the development of neuronal cultures in vitro on microelectrode arrays (MEAs). 

 

2.2.5 Characterizations 

The UV−Vis extinction spectrum was measured using an UV-vis spectrophotometer (Cary 60, Agilent 

Technologies). Size and morphological analysis of GNRs was executed by means of transmission 

electron microscopy (TEM, Hitachi 7800, Japan) with Megaview G3 camera and EMSIS Radius 2.0 

software (Muenster, Germany). Rheometric properties such as viscosity and surface tension were 

evaluated by performing tests with a modular compact rheometer (Physica MCR 301, Anton Paar), 

using a cone-plate (cone angle= 2°) at a constant temperature of 23 °C. Indirect measure of surface 

tension was performed by contact angle experiments carried out at room temperature on soda-lime 

glass substrate (without any further treatment) by means of a home-made contact angle analyser, using 

the sessile drop method and the ImageJ software (NIH, “contact angle” plugin), to measure angles 

amplitude.  
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To obtain a good data reliability, tests were repeated at least twice. These composite formulations 

were subjected to exactly the same rheometric characterizations described above and, in addition, to 

a UV-vis analysis to evaluate CHI effect on the extinction peaks of the GNRs. 

Then, a dimensional and morphological analysis of the characteristics of single drops deposited on 

the substrate was carried out by means of fluorescence microscopy, labeling the samples with 

FluoSpheres™ Carboxylate-Modified Microspheres (Thermofisher, 0.2 µm diamater, red fluorescent) 

and using an Olympus BX-51 upright microscope. To evaluate patterns printing fidelity, optical 

micrographs were captured using an inverted optical microscope (IX-51 Olympus microscope) 

equipped with a SC180 digital camera and with a C Plan (10 N.A.). In the end, the photothermal effect 

of the composite printed pattern (square design) was evaluated in cell culture mimicking condition, 

by adding 1 mL of fresh medium to the MEAs culture chamber. The device was stimulated with a 

fiber-optic laser (785 nm, 450 mW, B&W Tek, USA) and the laser beam from the bottom of the 

device formed a 5 mm diameter of illumination area on the MEA chip. The photothermal effect of the 

ink was evaluated in air conditions, where a drop of the composite ink was deposited on the MEAs 

surface. To measure the temperature change during the NIR stimulation of the patterns, an IR 

thermographic camera (TG165-X, FLIR, USA) was used.  

 

2.2.6. iNeurons 

To verify the effectiveness of the proposed proof of concept, it was necessary to put the cells, 

specifically neurons, in contact with the printed patterns to verify their interactions. To succeed in this 

view, I performed cell cultures with neurons obtained from Human-derived induced pluripotent stem 

cells (h-iPSCs) to have a model that can be easily translated from in vitro to in vivo conditions.  

I used an already characterized rtTa/NgN2 positive cell line of h-iPSCs generated from fibroblast 

withdrawn from a healthy donor. Cells were kindly provided by Donders Institute for Brain, 

Cognition, and Behaviour (Radboudumc, Nijmengen, Netherlands). The stability of the cell lines was 

obtained by lentiviral transduction and G418/puromycine selection as described in Frega et al. [179]. 

After thawing, cells were immediately seeded in 6 well-plates pre-coated with Matrigel (Corning, 

#356237), Essential 8 Flex medium (Thermo Fisher Scientific) supplemented with 1% pen-strep, 

50 μg/mL G418 and 0.5 μg/mL puromycin was used as culture medium and replaced entirely every 2 

days. Pluripotency was maintained by splitting cultured h-iPSCs twice a week using ReLeSR (Stem 

Cell Technologies) and storing the plates in incubator at 37 °C 5.5 % CO2. 

Differentiation starts whenever doxycycline is present in the medium, forcing stem cells to produce 

the neuronal determinant Neurogenin 2 (NgN2) and inducing them to differentiate into excitatory 

cortical Layer 2/3 neurons. In my experiments, h-iPSCs were induced to neurons in 6 well-plates, and  
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only after 3 days, we detached early neurons from the plates to be ready to use in co-culture with 

astrocytes. Briefly, instead of maintaining pluripotency and colonies, stem cells were split as single 

cells in two wells and 4ug/mL doxycycline was added to the medium (Day After Differentiation, DAD 

0). The day after medium was entirely replaced with DMEM/F12 (with 1% pen/strept) supplemented 

with N-2 supplement 100X (Thermo Fisher, Invitrogen), MEM non-essential amino acid solution 

100X (Gibco), human BDNF (10ug/mL, Bio-Connect), human NT-3 (10ug/mL, BioConnect) and 

4 μg/mL doxycyline. By the 3rd day of differentiation, neurons were detached using Accutase (Sigma 

Aldrich) and suspended in Neurobasal medium (Thermo Fisher Scientific) supplemented with 1% 

pen/strept, B-27 50X (Thermo Fisher Scientific), glutaMAX 100X (Thermo Fisher Scientific), human 

BDNF (10ug/mL, Bio-Connect), human NT-3 (10ug/mL, BioConnect) and doxycyline (4ug/mL) (we 

will refer to this supplemented medium as NeuroBasal-iN). Cells are now ready to be counted and 

used in co-culture. 

Cortical astrocytes obtained from dissection of rat embryos E18 (kindly provided by Dipartimento di 

Medicina Sperimentale, University of Genoa, Italy) were used. Astrocytes were seeded onto T-75 

flask in DMEM High-Glucose (Thermo Fisher Scientific) supplemented with 10 % Fetal Bovine 

Serum (FBS) and 1% pen-strep. Flasks were incubated at 37 °C 5.5 % CO2, and the medium was 

refreshed every 3 days, until astrocytes reached confluency. On the plating day, astrocytes were 

detached from the flask using trypsin-EDTA 0.05 %, suspended in the above described medium and 

centrifuged at 175 rcf for 5 min. Finally, the astrocytes were resuspended in 2 mL Neurobasal-iN 

before being plated in co-culture with induced neurons. 

The experimental protocol was approved by the European Animal Care Legislation (2010/63/EU), by 

the Italian Ministry of Health in accordance with the D.L. 116/1992 and by the guidelines of the 

University of Genova. All efforts were made to reduce the number of animals used for the project and 

to minimize their suffering. 

 

2.2.7 Patterned neuronal networks  

To confine cells during the seeding process, I used a a donuts-shaped Poly-dimethyl-siloxane (PDMS) 

constrain structures (internal and external diameters: 6 and 16 mm respectively, height: 500 μm) to 

create a circular surface (∼ 28 mm2) around the patterned active surface area. The day before plating, 

printed glass coverslips and MEAs were exposure to a solution of EtOH (70% v/v) for 1 h to ensure 

complete sterilization.  Afterwards, samples were rinsed with sterile water 3 times to remove any toxic 

agent, before putting a 200 µl drop of culture medium onto the pattern area to verify the effectiveness 

of the sterilization treatment. To evaluate the cytotoxicity effect of CTAB-capped GNRs on neuronal 

cultures, tests were performed using both printed patterns from CHI and CHI-GNRs bioinks.  
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The plating day, normalization medium was removed from samples and neurons were plated directly 

onto the patterned surface inside the PDMS ring constrain. The final seeding density and ratio for the 

coculture with astrocytes was at 400~600 cell/mm2 and a ratio 1:1 between neurons and glial cells.  

 

2.2.8 Cultures characterizations 

Cells were fixed by exposure for 30 min at room temperature to a PBS diluted Paraformaldehyde 

solution (4% v/v, pH=7.4). A PBS diluted Triton-X100 (0.5% v/v, 15 min exposure) was used to 

ensure complete permeabilization of the fixed tissues, while a 45 min application of a PBS diluted 

BSA and FBS solution (0.3% w/v and 0.5% v/v, respectively) was used to avoid non-specific binding 

of antibodies. I used the primary antibody MAP-2 to label neurons (dilution 1:500, monoclonal or 

polyclonal - Synaptic System), GFAP for astrocytes (dilution 1:1000, monoclonal or polyclonal 

antibodies - Sigma) and DAPI to label cells nuclei (dilution, 1:10000 - Sigma).  Primary antibodies 

were first diluted in PBS Blocking buffer before being added to the sample and left to react for 1:30 

h at room temperature. Afterwards, samples were rinsed with PBS twice before being exposed for 1 

h to the secondary antibodies: Alexa Fluor 488, Alexa Fluor 633 Goat anti mouse or Goat anti rabbit, 

diluted 1:700 and 1:1000 (Invitrogen Life Technologies S. Donato Milanese). Finally, samples were 

rinsed thrice with PBS and stored at 4 °C before being analyzed.  

 

Electrical signals from neural networks were obtained at DIV42 (days in vitro). The activity from the 

patterned cell culture was recorded using a standard MEA1060 system (MEA 1060-Inv-Standard 

amplifier, Multichannel Systems, Germany). The recording conditions were maintained at 37°C and 

5% CO2 by a heating plate and humidified gas, respectively. Collected data were processed using 

MATLAB (Mathworks) and the Spycode toolset [183]. Digitized signals were filtered with a digital 

second-order Butterworth high-pass filter (cut-off frequency: 200 Hz) and the spike detection was 

performed using the threshold based ‘Precise Timing Spike Detection’ (PTSD) algorithm [184] with 

a detection threshold set at 8 times the standard deviation of the background noise. Recording channels 

whose mean firing rate (MFR) was larger than 0.1 spikes/sec were selected as active channels and 

used for neural activity analysis. For the photothermal stimulation, the inhibition protocol consisted 

of 20 cycles, where each cycle had 20 seconds of the laser off followed by 10 seconds of laser on.  

I defined MFRon as the average firing rate when the laser is activated, while MFRoff as the average 

firing rate calculated when the laser is deactivated. The inhibition percentage (IP) of neuronal activity 

was calculated by the following formula:   

 

IP [%] = [1 –  MFRon / MFRoff] * 100 (2.1) 
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2.3 Results and Discussion 

To create ink with suitable printing characteristics, according to the manufacturer specifications, 

viscosity tests were performed as a first parameter to assess. To evaluate the influence of CHI 

concentration on solution viscosity, the concentration of acetic acid was kept fixed at 0.1 M. Under 

this condition, the results obtained for CHI solutions at 0.1% w/v showed a viscosity equal to 4.7 ± 

0.3 cP, a value that increased up to 39.2 ± 3.1 cP for a concentration of 1% w/v (Fig. 2.2A). The range 

provided by the manufacturer was 10-12 cP as a reference viscosity parameter [185]. Starting from 

these assumptions, from the measurements I performed, the most suitable for obtaining a printable 

ink is probably that of 0.5% w/v, which has a value of viscosity equal to 15.1 ± 1.4 cP. Even if this 

value is a not perfectly in the optimal range of the printer, the tests I carried out on adding the GNRs 

in solution have shown how the addition of the filler leads to a decrease in viscosity which compensate 

this difference between optimal and suitable viscosity (Fig 2.2c). The decrease in viscosity after the 

addition of GNRs is due to the modality of addition of the filler, by dispersing concentrated GNRs in 

water solution into the CHI solution. Furthermore, it is possible to hypothesize how an electrostatic 

surface interaction between the GNRs and the chitosan, leads to a superficial accumulation on the 

nanoparticles of the polymer by slightly decreasing the polymer in solution. An indirect evaluation of 

the surface tension of the formulations was executed by means of contact angle tests.   

 

Figure 2.2: Viscosity tests of chitosan-based solutions at different polymer concentrations (a). Contact angle 

measurements of different formulations performed on untreated soda lime glass coverslip by sessile drop 

method (b). Viscosity tests at different concentrations of GNRs in solution, formulation based on CHI 0.5% w/v 

in 1 M acetic acid (c). Contact angle measured on untreated soda lime glass coverslip by sessile drop method 

at different concentrations of GNRs in solution, formulation based on CHI 0.5% w/v in 1M acetic acid (d)(n=3). 
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Different molarities of acetic acid aqueous solutions was analyzed, considering two different 

situations: with and without CHI dissolved in solution. The obtained results showed a linear decrease 

of the contact angle from 68.6 ± 3.4° for deionized water to 42.5 ± 1.4 ° for 1 M acetic acid solution 

(Fig. 2.2b). The same results were for the solutions in which CHI was dissolved, with the only 

difference highlighted by a slight decrease in the contact angle (~ 1.5° less than the acetic acid control 

solutions).  Several studies previously demonstrated that acetic acid not only is favoring the 

dissolution of CHI in aqueous solutions, but also could have an effect comparable to that of a 

surfactant by lowering the surface tension as its concentration in solution increases. However, it does 

not in any way influence the viscosity of the CHI-based solution, which instead depends exclusively 

on the concentration of the polymer itself in the solution, as already demonstrated by Geng et al. [186]. 

Not having the possibility to evaluate the surface tension directly, I exploited the contact angle 

measurements using a reference to relate the results obtained to those of the surface tension calculated 

in a previous study [187]. As can be seen in Fig. 2.2b, the trend in the contact angle of pure acetic 

acid solution linearly follows the increase of acid in solution, decreasing by angle from 55.7° ± 3.2°  

to 42.4° ± 2.1°. Alvarez et al. [187] have shown that 1 M acetic acid solutions at 20 °C have a surface 

tension of 50 dynes/cm. Since the contact angle variation has the same linear trend as demonstrated 

by Alvarez et al. , I speculated it concerns the possibility of relating the two physical parameters. From 

this, the most suitable formulation is the one based on 1 M acetic acid, since the parameters provided 

by the printer manufacturer are the range 38-50 dynes/cm. Finally, as shown in figure 2.2D, the 

addition of GNRs did not significantly affect the surface tension either, leading to an increase of about 

3 degrees, for the maximum proven concentration (8 OD). The increase is justified by the greater 

aqueous concentration deriving from the medium in which the GNRs are dispersed before addition, 

which dilutes the acetic acid in solution. I synthesized GNRs using a seed-mediated method and 

characterized them using a UV-visible spectrophotometer and TEM. Figure 2.3C showed that the UV-

spectrum of GNRs presents the two characteristic peaks that suggest a rod shape, transversal and 

longitudinal, with the latter tuned close to the laser wavelength source (i.e., 785 nm). The GNRs 

morphology was evaluated from TEM micrographs, which confirmed the rod shape with an average 

length of 44.1 ± 4.4 nm, an average width of 11.7 ± 1.4 nm, and an average aspect ratio of 3.9 ± 0.6. 

After the synthesis, I dispersed GNRs into a 0.5% CHI solution. The CHI-GNRs solution spectrum 

reported in Fig. 2.3C shows that the GNRs are colloidally stable inside the CHI solution, uniformly 

dispersed without any aggregation phenomena. CHI-GNRs dispersion maintained the GNRs optical 

properties with a slight redshift of the longitudinal peak. Afterwards, I evaluated the rheological 

properties of CHI-GNRs ink at different nanoparticulate concentration (OD).  
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I found that doubling the GNRs concentration led to a slight decrease of the ink viscosity, starting 

from about 14 cp of CHI until reaching about 13 cp for CHI-GNRs 8OD (Fig.2.2c). 

Figure 2.3: Optical effect of the increasing concentration of GAs in chitosan solution (a). TEM micrographs 

of GNRs prior to their dispersion in chitosan (b). Absorbance spectrum collected by UV-Vis analysis of 

nanorods dispersed both in aqueous solution and in the final CHI-based formulation (c). 

 

Finally, I evaluated the thermoplasmonic properties of the CHI-GNRs ink measuring the temperature 

change at different laser power, both for 2 and 4 OD cases. Figure 2.4A showed that increasing the 

laser power increase the amount of heat released too, until achieving, at 450 mW, an approximately 

temperature change of 34 C° for CHI-GNRs 4 OD. The ink temperature tests show that the CHI-

GNRs 4 OD ink, at 450 mW, reaches a temperature change of at least 30 C°, which is considered 

sufficient to obtain a good level of inhibition of the two-dimensional neuronal network activity [161]. 

For this reason, I chosed this condition to print the photosensitive pattern. 

Figure 2.4: Thermal response of the developed ink subjected to NIR irradiation (785 nm), evaluation of the 

impact of laser intensity (a), comparison between different concentrations of nanoparticles (b) (n=3). 
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To verify the print resolution, I deposited single drops of the ink on a glass substrate (Fig. 2.5A) and 

measured their diameter, which is close to 50 μm. I also tested different designs, such as lines and 

grid (Fig.2.5B). Afterwards, I printed on MEAs two different geometries, such as grid (figure 2.5C), 

and full square (Fig. 2.5C). Once verified that the print’s precision does not depend on the pattern’s 

geometry, I focused on the full pattern to concentrate all the cells on the active area of the MEAs. The 

print resolution obtained is comparable to the MEA electrode (i.e., 30 μm), which is suitable for the 

purpose of proving this proof of concept. All the geometries have been printed with good precision, 

demonstrating the great versatility and simplicity of the technique used. This proves that it is not only 

possible to create different geometries, even complex ones, through which to guide neuronal growth 

and adhesion, but also to use different inks, functionalized or not, in the same pattern to observe local 

stimulation effects. Finally, I investigated how the temperature changed in cell culture conditions if 

the patterned device was stimulated with different laser power. Figure 2.4b shows that increasing the 

laser power is possible to also control the amount of heat released until obtaining the medium 

temperature change of approximately 9°C at 450 mW. In contrast, at the same laser power, the 

medium temperature change of the control samples is significantly lower. Also, the temperature test 

in cell culture condition confirmed that the CHI-GNRs patterned devices reach a temperature change 

sufficient to modulate the neural activity by thermoplasmonic effect [161].  

 

Figure 2.5: Fluorescence optical micrographs of single drops and equidistant printed lines marked by 

fluorospheres; scale bar: 200 µm (a, b). Phase contrast micrograph of the grid pattern on MEAs, scale bar: 

200 µm (c). Phase contrast micrograph of the full square pattern on MEAs, scale bar: 200 µm (d). 
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Optical microscopy analysis, both phase contrast and fluorescence, were carried out to evaluate the 

bioaffinity of CHI-GNRs patterns to iNeurons, to verify the in vitro morphological cell culture 

appearance and to confirm the stability of the printed substrate over the culture time. As described in 

the previous paragraph, to confine cells during the seeding phase, a confinement of PDMS around the 

printed area was used. From the images shown in fig. 2.6A, it can be observed how, after 42 days in 

culture (DIV42), the only cells attached to the samples are found exactly in correspondence with the 

printed patterns, as demonstrated by the presence of neurites and healthy neurons, highlighted by the 

refractivity of the neuronal soma.  

 

 

Figure 2.6: Phase contrast micrograph of a neuronal network on full square CHI-GNRs pattern on MEAs 

(DIV15); scale bar: 200 µm (a). Optical fluorescence micrograph of neuronal network patterned on CHI-

GNRs grid deposited on glass coverslip (DIV15); labeled for DAPI (blue) and MAP2 (green), scale bar: 100 

µm (b). Optical fluorescence micrograph of patterned neuronal network on full square CHI-GNRs deposited 

on MEAs (DIV42); labeled for DAPI (blue), MAP2 (green) and GFAP (red), scale bar: 100 µm (c). Detail of 

optical fluorescence micrograph of patterned neuronal network on full square CHI-GNRs deposited on MEAs 

(DIV42); labeled for DAPI (blue), MAP2 (green) and GFAP (red), scale bar: 50 µm (d). 
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This result appears evident starting from DIV1, but it highlights and stabilizes in the first week of 

culture, since all the cells that have been able to adhere outside the printed area, die in the first week 

and are removed with since small mechanical perturbations (i.e. change of culture medium). From the 

micrographs obtained by fluorescence (fig. 2.6B), it can also be observed how neurons are able to 

follow more complex patterns and geometries, such as grid patterns.   

Immunofluorescence characterization was carried out to analyze the structure and composition of the 

planar patterned networks. Samples were labeled using MAP-2 as a marker of neuronal dendrites 

(green) and GFAP as astrocytes specific filament protein (red). As can be observed in Fig. 2.6C-D, a 

dense network with a homogenous distribution of the two, neuronal and glial, cell populations were 

formed. Moreover, it is possible to highlight a peculiar and defined organization of the two cell 

populations on the 2D square pattern, with glial neuronal cells creating a concentric square inside the 

glial one, which followed the printing design (Fig. 2.6C). A more in-depth analysis, by means of 

higher magnification (Fig. 2.6D) also shows how on the surface of the pattern the neurons have an in 

vivo like shape with a round soma from which are departing neuritic arborization, while GFAP-

positive cells present a more rounded morphology. The good results obtained with respect to the 

properties of the developed composite material made it necessary to evaluate the effects of gold 

nanoparticles on the biocompatibility and bioadhesive properties of chitosan on neurons. Firstly, the 

adhesion of the cells seeded in a uniform manner on the area of interest was verified. The results 

obtained showed that not only the neurons remained faithfully adhered to the print pattern, confirming 

the adhesion factor properties of chitosan [158,159], evidently not changed by the addition of the 

GNRs, but how this behavior also occurred for the glial cells. The stability and health state of neuronal 

networks over time (up to DIV42) also confirms not only the effective biocompatibility of the printed 

substrate but also the limited degradation of the patterns subjected to adhesive stress by the high cell 

density. In a recent work, Di Lisa et al. [188]. showed how 2D structures (films) and cell adhesion, 

considerably slow down the degradation of CHI An interesting result of this work is attributable to 

the fact that the patterns created by ink-jet printing have not been cross-linked or subjected to any 

fixing treatment.   

 

The inhibition process began after 42 days in culture (DIV42), i.e. once verified the presence of 

significant baseline activity of the neuronal networks. As can be seen from Fig. 2.7A-B, the laser 

stimulation affects the spike train at 0 and 450 mW. In fact, simultaneously with the activation of the 

laser, a detectable phenomenon of suppression of the neuronal electrical activity occurs, which 

confirms the initial hypotheses. Using the laser, a precise control of neuronal activity is obtained. 

Fig. 2.7C instead shows how the inhibition level varies linearly with the laser power, leading to an  
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increase of more than 30% of inhibition obtained by increasing the laser almost 4 times (from 120 to 

450 mW). Finally, figure 2.7D shows the significant gap between control and CHI-GNRs samples at 

450 mW. Indeed, if the control reaches an average inhibition percentage of 40%, with the same laser 

power CHI-GNRs pattern reaches double. The presence of an inhibitory phenomenon without 

nanoparticles, even if significantly lower than samples with nanoparticles (i.e., CHI-GNRs), it may 

be due to a combination of factors, such as not only the direct effect of the laser on neuronal cells, but 

also a heating effect of the electrode tracks of the MEAs since I used a wide laser over the entire active 

area of the electrodes. The results obtained in this work are consistent with those obtained by Yoo et 

al. [161], with neuronal networks from rat dissection and the same laser with very similar power 

levels. This finding confirmed the good thermoplasmonic properties of the printed pattern. However, 

there is a slight difference in the inhibition percentage, considering that in my experiments the 

inhibition reached was about 20% less with similar laser power, probably due to a different distance 

between cells and nanoparticles. In fact, in the Yoo et al. study [161], nanoparticles are anchored to 

the MEA substrate where the cells are in contact, while in my study, the nanoparticles are dispersed 

within a pattern and could be more distant and not contacting cells.  

Figure 2.7: Example of electrophysiological activity recorded by MEAs on a developed sample (DIV28), 

without optical stimulation (a) and under the maximum laser power (b). Effect of increased laser power on 

neuronal network inhibition (DIV 35) (c). Comparison between the inhibition obtained by irradiation at 

maximum laser power of cultures on CHI patterns enriched by GNRs and pure (d). 
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Although not demonstrated in this chapter, it is reasonable to think that even in my case, eliminating 

the contribution of the electrodes, the gap with the control would increase further, to do this, a laser 

collimation would be needed only on regions of interest that directly excluded the electrodes. 

Furthermore, the use of cells of a different nature, i.e. animal and non-human, makes the comparison 

more difficult while postponing an important and interesting reference to be taken into account. 

Furthermore, the fact that, even at advanced days in culture such as DIV42, cells remain electrically 

active, suggested that the substrate is biocompatible, stable, and maintains good bioadhesive 

properties over time. From Fig. 2.7A-B it is possible also conclude that the inhibition of the activity 

of human neurons by photothermal effect is reversible and is ideally confined within the stimulation 

period, demonstrating a high temporal control also on the modulation of the human neurons' activity.  

 

2.4   Conclusion 

In this chapter, I successfully demonstrated the synthesis and characterization of a photosensitive ink 

that can be printed by means of ink-jet printing technique with a commercial piezoelectric printer. 

This achievement opens numerous possibilities, allowing to print photosensitive patterns to control 

the structure and activity of neural networks without using any additional treatment or molecules due 

to the biocompatibility, bioadhesiveness, optical, and mechanical properties of the composite CHI-

GNRs dispersion. Another key element of this paragraph is the ease of synthesis of the ink whose 

properties can be regulated mainly by varying the concentration of chitosan and that of acetic acid in 

a double function of solvent and surfactant. Furthermore, ink-jet printing allows the opportunity to 

design new geometries to be printed, in a very short time interval in a precise, low-cost manner, with 

a resolution of a few tens of micrometers and without the use of any physical master.  

In this chapter, I showed how photosensitive patterns printed on MEAs using CHI-GNRs ink could 

successfully control the structure and activity of human-derived neural networks, providing the first 

evidence of photothermal stimulation inhibiting human neuron activity. Therefore, the purpose of this 

chapter is to validate a useful tool for the study of neuronal communication and associated disorders. 

This represents a valuable contribution in the search for low-cost biomimetic culture systems, which 

can have important applications in neuropharmacology, toxicology, and regenerative medicine.  
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Chapter 3 

 

 

Chitosan-Carbon based 

scaffolds for 3D neuronal 

networks 

 
 

 

 

 

This chapter was adapted from the journal articles ‘Arnaldi, P., Carosio, F., Di Lisa, D., Muzzi, L., 

Monticelli, O., & Pastorino, L. (2020). Assembly of chitosan-graphite oxide nanoplatelets core shell 

microparticles for advanced 3D scaffolds supporting neuronal networks growth. Colloids and Surfaces 

B: Biointerfaces, 196, 111295; Arnaldi, P., Di Lisa, D., Maddalena, L., Carosio, F., Fina, A., Pastorino, 

L., & Monticelli, O. (2021). A facile approach for the development of high mechanical strength 3D 

neuronal network scaffold based on chitosan and graphite nanoplatelets. Carbohydrate Polymers, 271, 

118420; Muzzi, L., Di Lisa, D., Arnaldi, P., Aprile, D., Pastorino, L., Martinoia, S., & Frega, M. (2021). 

Rapid generation of functional engineered 3D human neuronal assemblies: network dynamics 

evaluated by micro-electrodes arrays. Journal of Neural Engineering, 18(6), 066030 and subsequent 

developments. 
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3.1  Rationale 

 
In the previous chapter, I focused on the importance and the ever-present relevance of 2D neuronal 

models for high throughput drug screening applications and networks dynamics studies, thanks to 

their fast scalability and reproducibility [189]. Despite this premise, during the past decade, a growing 

body of evidence showed all the limitations of traditional 2D cell culture systems in reproducing the 

morphological and functional features of in vivo tissues [190]. To address this issue, different 

materials and structures have been proposed for the fabrication of 3D scaffolds capable of providing 

more physiologically relevant information. In recent years, different kinds of biomaterials were 

proposed in tissue engineering applications as extracellular matrix substitutes to provide adequate 

three-dimensional (3D) support for cell adhesion, proliferation, and differentiation [191]. To this aim, 

biopolymeric hydrogels, have been widely investigated as ideal biomaterials for 3D scaffolds 

fabrication mainly focused on soft tissue applications [192]. However, despite the great advancements 

in this field, the application of hydrogel-based scaffolds for the development of 3D neuronal networks 

is still limited by the need of soft yet stable and bioactive substrates able to sustain neurons in long-

term cultures [193]. As previously stated, Chitosan (CHI) is one of the most promising biomaterials 

extracted from natural resources, due to its many attractive characteristics: biocompatibility, 

biodegradability, antibacterial activity, limited foreign body response combined with high 

hydrophilicity, positive surface charge, excellent workability, and low cost [194,195]. Consequently, 

CHI has been used to fabricate 3D scaffolds with an interconnected porous structure suitable for a 

wide range of biomedical applications [196].  

The starting point from which I developed this project lies in some recent discoveries that have been 

made in my laboratory. In particular, a biomimetic 3D scaffold-based on soft porous chitosan (CHI) 

microparticles capable of sustaining growth, differentiation, and network maturation of functional 3D 

neuronal networks from primary neurons derived from rat embryos, was developed [197]. CHI was 

found to be highly bioactive producing excellent results in sustaining neuronal adhesion and 

differentiation without the need for classical adhesion molecules such as synthetic polypeptides that 

are commonly employed in other systems, reducing costs, and improving the fabrication process 

[198,199]. This represents a key feature of CHI, extremely relevant for its practical exploitation in 

the field of 3D neuronal networks. The manufacturing methodology used is based on the use of a 

system capable of creating a jet of polymeric solution which, extruded through a nozzle, is nebulized 

at the outlet of the same, forming micro-drops of similar size. Only through a phase-inversion reaction 

through collection in an alkaline solution it is possible to stabilize the microspheres produced and  
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obtain interesting properties for the applications of interest. The object of this chapter was precisely 

the resumption and improvement of this method of microencapsulation and perfecting it to be used 

with other materials in solution. Moreover, CHI microbeads, obtained by phase-inversion reaction, 

have been demonstrated to have internal micro-porosities that allow not only the exchange of nutrients 

but also the growth of neuronal arborizations and mechanical properties like the in vivo brain [197].  

Furthermore, the use of microbeads as scaffolds allows not only a better control of the structure (i.e. 

volume of the structure), but can also permit the insertion of functional elements, capable of 

controlling/regulating cell growth [200,201]. Unfortunately, the development of CHI-based 3D 

matrices is currently held back by the poor mechanical strength and the limited overall structural 

integrity of the produced scaffolds [202]. To address this problem, composite scaffolds combining 

CHI with natural and/or synthetic materials such as anionic polyelectrolytes and inorganic 

nanoparticles were developed [203]. Moreover, to improve CHI mechanical properties, the 

combination with other biopolymers, such as polylactic acid [204], was applied, with the 

disadvantage to affect the peculiar bioactivity of the polysaccharide.  

The research work presented in this chapter is based on the vast literature found regarding the 

exceptional interactions between CHI and carbon-based materials, (i.e. graphene, graphene oxide 

(GO), carbon nanotubes, etc.), in which the bioactive potential of the material is exposed although 

leaving some doubts open regarding the possible side effects in long-term in vivo implants [205]. The 

use of graphite-related materials in the biomedical field has been demonstrated to add interesting 

features such as biocompatibility, a relevant capability for loading drugs or genes as well as excellent 

mechanical properties [206,207]. As far as CHI-Carbon hybrids are concerned, different applications 

of these composite systems were recently proposed [208-212]. Certainly, the graphite-based material 

most widely studied in recent years in drug delivery and tissue engineering has been graphene oxide 

[213]. For example, GO-reinforced chitosan films, aerogels and hydrogels showed enhanced stiffness 

while the addition of the nanofiller did not compromise the toxicity of the structure. In another work, 

graphene oxide was applied as a strengthening agent in the development of microspheres to be 

exploited as 3D stem cell expansion scaffolds [214]. In addition to the improved mechanical 

properties, the so prepared CHI-GO nanocomposites turned out to possess better drug delivery 

performances with respect to the neat CHI thus proving to be viable, controlled and pH-sensitive 

transdermal drug delivery systems [215-217]. The covalent cross-linking of GO carboxylate groups 

with CHI amino groups was also employed to produce stable hybrid structures [218,219]. The 

presence of the negatively charged graphite oxide was found to play an important physicochemical 

role in influencing the cell–scaffold interactions [220].  
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More recently, 3D scaffolds based on CHI and GO turned out to be a promising tool for the 

reconstruction of large bone defects with the main advantage of not needing exogenous living cells 

or growth factors [221]. All the above-mentioned works rely on the water-based processing of 

CHI/GO hydrocolloids aiming at the inclusion of the GO within a CHI network and thus represent a 

bulk-approach to the topic. As regards hard tissue engineering applications, on the other hand, greater 

interest has been aroused by other formulations, such as graphene and carbon nanotubes, carefully 

employed to obtain scaffolds with mechanical properties suitable for hard tissue applications such as 

bone regeneration [222]. Another very important key feature for carbon-based materials is the 

possibility of conferring electrical conductivity to materials that otherwise would not possess these 

properties. Among the most used materials in this sense, in-situ reduced graphene oxide (rGO) has 

been employed to confer electrical conductivity to the scaffold thus favoring cell adhesion, signals 

transmission and positively affecting cell growth [223]. The need for an in-situ reduction step is 

certainly a limiting factor that adds complexity to the process and negatively affects the obtainable 

electrical and mechanical properties often introducing the need for a post-crosslinking approach to 

improve the latter [230].  

In this chapter I propose two alternative approaches to improve the properties of chitosan-based 

scaffolds by exploiting interactions with carbon-based materials. Specifically, first a conservative 

approach, creating a GO-based surface coating to improve the stability of the 3D beads-based 

scaffold. The aim was to produce CHI-GO core-shell microparticles by exploiting a template assisted 

assembly inspired by the Layer-by-Layer (LbL) technique. This method allows for the controlled 

assembly of a plethora of components based on one or more interactions occurring between the 

selected reagents [226]. The most exploited interaction is the electrostatic attraction taking place 

between polyelectrolytes and nanoparticles in aqueous media [225]. Thus, by exploiting the 

negatively charged carboxylic acid and phenolic hydroxyl functional groups of GO in combination 

with CHI protonated amines it is possible to build dense and ordered nanostructures [224]. The very 

same interaction is employed in this chapter to produce a layer of GO wrapped around CHI 

microparticles prepared by aerodynamically-assisted-jetting technique. The purpose of the GO 

deposition is to create an advanced scaffold capable of withstanding degrading physiological 

conditions where it might be prematurely destroyed by the presence of enzymes (e.g. lysozyme in the 

cerebrospinal fluid in pathological conditions) [227, 228]. In addition, the presence of GO 

characterized by a limited oxidation degree could confer electrical conductivity, a feature that has 

been demonstrated to be important for in vivo application promoting cells growth [229]. The 

assembly of GO on CHI was monitored by quartz crystal microbalance (QCM) and the properties of 

the prepared  
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CHI-GO microparticles were evaluated by studying their enzymatic degradation in the presence of 

lysozyme.  

In the second approach, on the other hand, I concentrated on the use of graphitic material as a filler 

to improve not only the mechanical properties but also those of electrical conductivity of CHI. 

Specifically, I exploited an acidic aqueous CHI solution to stabilize Graphite Nanoplatelets (GNP) in 

water medium thus achieving a homogeneous and stable dispersion of GNP [231]. Considering the 

limitations of the state of the art presented previously, with this approach I aimed at enhancing the 

mechanical properties of CHI-based 3D scaffold, based on the hypothesis that the inclusion of GNP 

within the CHI hydrogel matrix can impart mechanical strength to the scaffold while maintaining its 

ability to support neuronal growth. This hypothesis is supported by the intrinsic high mechanical 

properties of GNPs [232] combined with their proven safety and biocompatibility [229]. The CHI-

GNP suspension was then used to produce microparticles through the same methodology described 

and used previously for the realization of neat CHI microbeads. The mechanical response, electrical 

conductivity and water absorption were thoroughly analyzed to highlight the effects of GNP on the 

polysaccharide matrix properties. For both approaches chosen, the biocompatibility and bioactivity 

of the composite systems developed were firstly evaluated in a classical 2D setting by culturing 

neurons, differentiated from human-derived induced pluripotent stem cells (h-iPSCs), onto drop-

casted composite films. The composite microparticles were then used as a 3D scaffold supporting 

neuronal culture. The 3D h-iPSCs derived neuronal networks were characterized by 

immunofluorescence techniques and microelectrode arrays (MEAs) recordings. In particular, the 

spontaneous electrical activity of the samples was recorded at 28, 35, and 42 days in vitro, after which 

the samples were fixed and immunolabeled to be analyzed by optical microscopy.  

Finally, having demonstrated the effectiveness of a beads-based design for the realization of effective 

3D scaffolds for the support of neuronal networks, with and without the addition of carbon-based 

materials to give stability and improve CHI properties, I chose to investigate the scalability and 

physical limits of this solution by using multi-physics simulation models. The mathematical theory 

of homogenization establishes the macroscopic behavior of a microscopically heterogeneous system, 

to be able to describe some characteristics, such as molecules diffusion [126]. In this regard, a 

heterogeneous material is replaced by a homogeneous fictitious material whose overall characteristics 

are very close to those of the original material. Effective equations for the composite were derived 

with the aim of finding the diffusion tensor for oxygen and glucose; the resolution of this problem 

was obtained by limiting to the consideration of a periodic unit cell.  
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For laminated materials the cell problem is one-dimensional and governed by an ordinary differential 

equation for which an explicit solution can typically be found. For two-dimensional or three-

dimensional cellular problems, numerical methods are generally needed. Specifically, in this chapter 

I report the preliminary results of a mathematical model that analyzes the diffusion of oxygen and 

glucose within a beads-based scaffold. This model provided me with interesting information about 

the state of health of the cells in the lower layer of the scaffold, the consumption times of the nutrients 

contained in the culture medium and the maximum reachable height of the scaffold. The model 

faithfully reproduces all the parameters used in the cultures I performed, focusing on the neat CHI 

microbeads formulation described above and can therefore constitute a double tool at the service of 

an effective scaffold design for neuronal cultures, not only because it can be modified based on the 

geometry chosen since based on the theory of homogenization but also because it constitutes a useful 

reference both in the validation phase and in the design of the scaffold of interest. 

 

3.2  Materials and Methods 

 
3.2.1 Materials 

Chitosan (purchased from Sigma-Aldrich, low molecular weight 50−190 kDa, 77 % deacetylation 

degree), glacial acetic acid, hydrochloric acid (HCl), sodium hydroxide (NaOH), ethanol (EtOH), 

poly(ethyleneimine) (PEI), poly(styrenesulfonate) (PSS) and lysozyme from chicken eggs white were 

purchased from Sigma-Aldrich. Graphite oxide (GO) as 1 %wt suspension in water and Graphite 

nanoplatelets (GNP), produced via thermal reduction of GO, with BET surface area of 196 m2/g, 

oxygen content by XPS 2.0% atomic and Raman ID/IG 1.35 measured at 514 nm were supplied by 

AVANZARE Innovaciòn Tecnologica (Navarrete-La Rioja, Spain). 

 

3.2.2 Synthesis of CHI microparticles 

CHI (1 % w/v) was dissolved in an aqueous solution of glacial acetic acid (0.1 M), centrifuged (1000 

rcf, 5 min) and filtered through a 5 μm pore size membrane. The solution thus obtained was loaded 

into a 10 ml syringe, to be used to produce particles. A microencapsulation system (Nisco 

Encapsulation Unit VAR J30) equipped with a 0.25 mm diameter conical nozzle (the extrusion flow 

rate was 0.6 mL/min and pressure 120 mbar) was used to spray 6 mL of CHI solution. The particles 

obtained from the spray process were thus collected in a 200 ml beaker, containing a stabilizing 

solution, using a chemical phase inversion process. The CHI solution dissolved in acidic condition, 

in contact with the alkaline neutralizing solution, produces an immediate gelation process which 

stabilizes the microparticles extruded by the microencapsulation system. Neutralization solution was 
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prepared by mixing EtOH with deionized water to make a 60 % v/v solution, and then NaOH (2 %  

w/v) was dissolved in the freshly prepared EtOH solution. The collected particles were left dispersed 

for 45 min into 200 mL of neutralization solution bath under continuous stirring. In the end, the 

obtained microparticles were centrifuged (175 rcf for 4 min), washed 5 times with deionized water 

after neutralization solution removal, and then dispersed in deionized water and stored at 4 °C. 

 

 

Figure 3.1: Schematic representation of the operation of the microencapsulation system for the 

manufacture of chitosan microparticles (a). Detail of the internal functioning of the device for the 

formation of solution micro-drops (b). 

 

3.2.3. Preparation of CHI/GNP dispersion and microparticles 

25 ml of CHI solution (2% w/v) was prepared by dissolving chitosan powder in ultrapure water with 

the addition of the equal weight of glacial acetic acid. The solution was kept under magnetic stirring 

overnight. 25 mg GNP powder was then added to CHI solution (final concentration of 0.1% w/v) and 

ultrasonicated for 5 min with a probe sonicator (UP400S HIELSCHER using an H14 sonotrode with 

20% of amplitude and half-cycle condition, in pulsed mode 30 s on-off) to disperse and stabilize the 

graphite. This process was repeated 6 times before letting the dispersion to settle for 12 h. The 

dispersion was then centrifuged (150 rcf, 15 min) and allowed to settle for 12 h before collecting the 

supernatant for further use. Microparticles from CHI-GNP dispersion were obtained following the 

same process and using the same parameters as described in the previous paragraph. 
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3.2.4. Preparation of CHI-GO core shell microparticles 

A 1 % w/v GO suspension was diluted with deionized water to 0.1 % w/v, left under continuous 

stirring for 2 h before being centrifuged (1000 rcf, 5 min) and the supernatant transferred in a 15 mL 

tube. The pH of the dispersion was adjusted to 5.5 by the drop-wise addition of a NaOH solution 

(0.1 M). The pH of CHI microparticles dispersion in distilled water was adjusted by the addition of 

HCl water solution (0.1 M). In order to find the best deposition conditions, four tests were carried out 

at different pH values, namely 5.5, 6.0, 6.5 and 7.0. After pH adjustment, CHI microparticles were 

centrifuged (175 rcf, 5 min), the supernatant removed and the microparticles transferred into the GO 

suspension. The deposition process was conducted at room temperature, under continuous shaking 

for 30 min. Subsequently, the treated microparticles were centrifuged (175 rcf, 5 min), subjected to 3 

washing steps with deionized water to remove the excess GO and then stored at 4 °C.  

 

3.2.5. Preparation of dense and porous films 

Adsorbed dense films were prepared by dip-coating from CHI solution (1 % w/v) and CHI-GNP 

dispersion. Solutions were poured on a petri dish (35 mm) and incubated at 37 °C overnight in a 

controlled humidity environment (95 %). Afterward, solutions leftovers were removed, and samples 

were rinsed with ultrapure water three times to remove not adhered materials. To obtain GO-coated 

CHI films, GO solution (pH = 5.5) was poured onto the CHI adsorbed film, left free to deposit for 

20 min, removed and then samples were washed with ultrapure water three times in order to ensure 

the complete removal of unbound GO. Before being used for neuronal cultures, samples were 

sterilized with a 70 % EtOH solution and washed with ultrapure water. Porous hydrogel films were 

prepared by pouring CHI and CHI/GNP solutions into a Teflon mold (30 mm × 10 mm, height 1 

mm). The mold was then immersed in the phase-inversion solution and left to react for 2 h. Samples 

were then removed and washed 4 times by dipping in ultrapure water and replacing it every 15 min. 

Samples were then lyophilized or stored in water.  

 

3.2.6. Characterizations 

The obtained particles were initially evaluated in terms of shape and size by optical microscopy. An 

inverted IX-51 Olympus microscope equipped with an SC180 digital camera coupled with C Plan (10 

N.A.) was used to collect images further analyzed with the “analyze particles tool” using ImageJ 

software (NIH, USA). A Zeiss Supra 40 VP FE-SEM was used to study the microparticles 

morphologies and structures. All samples were sputter-coated with carbon using a Polaron E5100 

sputter coater before FE-SEM observations. Contact angle experiments were carried out on films at  
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room temperature using a Basler as A780 contact angle analyser, with the Oneattension software, by 

exploiting pure water as probe liquid and using the sessile drop method. GO deposition on CHI 

substrate was assessed by quartz crystal microbalance with dissipation monitoring (QCM-D) 

technique [234], using a KSV QCM-Z500 by KSV Instruments Ltd (Helsinki, Finland) equipped with 

a 2 mL liquid chamber, polished gold electrodes and 150 mm diameter quartz crystals. After a first 

crystal stabilization step with ultrapure water, the measuring chamber was filled with a PEI aqueous 

solution (1 mg/mL) followed by PSS (1 mg/mL) to achieve a model surface for the subsequent CHI 

and GO adsorption steps [234]. Each deposition step lasted 5 min and was followed by 5 min of 

rinsing with ultrapure water. Then, using the same deposition and washing conditions CHI (1 mg/mL 

in 0.1 M acetic acid) and GO (0.1 %w/v water dispersion) were consecutively adsorbed. The QCM 

Impedance Analysis (KSV Instruments, version 3.11) software was used to monitor materials 

deposition in real-time and analyze collected data. 

To analyze the influence of the surface layer of GO on the CHI-based system stability in physiological 

conditions, an enzymatic degradation test was performed. CHI and CHI-GO microparticles were 

incubated in PBS solution (pH = 7.4) with 1.5 μg/mL of dissolved lysozyme. The degradation of 

microparticles was monitored over 21 days, refreshing the lysozyme solution every 3 days. An initial 

qualitative analysis through optical microscopy was performed at each change of solution, evaluating 

both the size and shape variations of the particles. A gravimetric measurement was performed every 

7 days by removing the supernatant, rinsing samples with ultrapure water, and drying them before 

weighing. The percentage of weight lost by the samples (WL) during the degradation process was 

evaluated taking as reference the weight of the samples before the incubation period. Data were 

calculated according to Eq. (3.1). 

 

WL (%) = [(W0 − Wt) / W0] × 100 %   (3.1) 

 

where W0 is the reference weight before the degradative process and Wt the weight of the samples at 

the time t of incubation. 

Compression tests in the quasi-static mode were performed on DMA Q-800 (TA Instruments, New 

Castle, DE, USA). Compression stress/strain curves were collected between 0 and 30% strain at 37 

°C, with a 5%/min strain rate. Samples of cylindrical shape (diameter 13 mm, height 5 mm) were 

compressed, after removing water excess, between two plates (diameter 13 mm). Dynamo-

mechanical properties were collected using a homemade loading apparatus [235]. Briefly, cylindrical 

shape samples (diameter 5 mm, height 3 mm) were placed on a sample-supporting plate directly  
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linked to a mini-shaker conferring a vertical oscillation (frequency range 1–10 Hz) monitored by a 

laser vibrometer. A cylindrical indenter (diameter 5 mm), linked with a force transducer, subjected 

the swollen sample to an initial pre-deformation equal to 10%. All the tests were run after an initial 

vertical pre-deformation equal to 10%. Mechanical measurements were repeated in triplicate, the 

mean values and the standard deviation are reported. Electrical volumetric conductivity was measured 

following the procedure described by Gardella et al. [236]. Briefly, two-terminal electrodes were 

connected at the extremes of the samples, to apply a current on the film (Kenwood PR18-1.2A, Japan). 

Two knife-shaped electrodes were placed on the film 8 mm apart to measure the voltage drop between 

them (Fluke 8845A, Everette/USA). Through the resistance values calculated, applying Pouillet's 

law, the conductivity of the sample was obtained as the inverse of the resistivity. The swelling 

properties of hydrogels were evaluated by incubating lyophilized particles in phosphate buffer 

solution (PBS, pH = 7.4) under static conditions at 37 °C. The samples were removed and weighed, 

after removing the excess water, at consecutive time steps for 5 h. The swelling index (S.I.) was 

calculated by the following formula: 

 

S.I. = [ Wt - W0 ] / W0   (3.2) 

 

where W0 is the weight of the lyophilized hydrogels microparticles and Wt is the weight of the swollen 

samples at the time t of incubation. 

Quantitative data were collected in triplicate (n = 3) and analyzed as mean values (± standard 

deviation, SD). Statistical significance of measured microspheres degradative weight loss was 

calculated using one-way ANOVA followed by a Bonferroni post hoc test (p < 0.05). 

 

3.2.6 Cell culture preparation 

Co-cultures of h-iPSCs derived neurons and astrocytes from rat dissection were prepared following 

the protocol described in Chapter 2, Paragraph 2.2.6.  

 

3.2.7. Preparation of 2D networks on films and 3D networks on scaffolds 

To evaluate the bioaffinity between scaffold formulations and neurons, neurons differentiated from 

h-iPSCs (iN) in ratio 1:1 with cortical astrocytes (rA) were plated onto the film surface at a final cell 

density of 1200 cell/mm2. CHI/GNP microparticles were suspended in complete medium with iN 

and rA (1:1 ratio), to obtain a 1:5 ratio between microparticles and cells. After the aggregation phase 

(3 h of incubation), small volumes of microparticle-cell aggregates were transferred onto glass  

 



65 

 

 

coverslip or MEA surface pre-treated with a cell monolayer (2500 cell/mm2), for morphological and 

functional characterizations, respectively. Each 3D sample was composed of a cell monolayer with 

50,000 cells and a 3D culture composed of 15,000 microbeads and 75,000 cells. The day after, the 

culture medium was replaced with a complete medium supplemented with Cytosine Arabinoside 

(Arasingle bondC, 2 μM) and after three days, 50% of the remaining media was removed and a new 

complete medium was added. From 5 days in vitro (DIV5), half of the medium was changed every 

two days and from 7 days in vitro (DIV7), the complete culture medium was supplemented with 2.5% 

of Fetal Bovine Serum (FBS). 

To assess the expression of specific neuronal markers, induced neuronal cells cultures were fixed in 

4 % paraformaldehyde (Sigma-Aldrich) and a phosphate buffer solution (PBS) pH 7.4 for 30 min at 

room temperature. Permeabilization was achieved with PBS containing 0.5 % Triton-X100 (Sigma-

Aldrich) for 5 min at room temperature. The non-specific binding of antibodies was blocked with an 

incubation of 45 min in a blocking buffer solution consisting in PBS, 0.3 % bovine serum albumin 

(BSA, from Sigma-Aldrich) and 0.5 % Fetal bovine serum (FBS, from Sigma-Aldrich). The cultures 

were incubated with primary antibody, diluted in PBS Blocking buffer, for 2 h at room temperature 

or incubated at 4 °C overnight in a humidified atmosphere. Then, the cultures were rinsed three times 

with PBS and finally exposed to the secondary antibodies. The following primary antibodies were 

used for CHI-GO films: Synapsin 1:200 (Synaptic System) and Dapi 1:10000 (Sigma-Aldrich) to 

identify the synaptic vesicles proteins and the nuclei, respectively. The following primary antibodies 

were used for CHI/GO microparticles: to identify the major neurites as axons and the minor neurites 

as dendrites, the cultures were stained for dendritic microtubule-associated protein (1:500, MAP-2, 

from Synaptic System) and to verify the presence of glial cells in the culture for glial fibrillary acidic 

protein (1:500, GFAP, from Sigma-Aldrich). Cultures were rinsed twice with PBS and finally 

exposed to the secondary antibodies: Alexa Fluor 488, Alexa Fluor 549, Alexa Fluor 633 Goat anti 

mouse or Goat anti rabbit, diluted 1:700 and 1:1000 (Invitrogen Life Technologies). An Olympus 

BX-51 upright microscope was used for immunofluorescence evaluation of the biological samples 

and the image acquisition was done with a Hamamatsu Orca ER II digital cooled CCD camera driven 

by Image ProPlus software (Media Cybernetic). 

 

3.2.8. Functional characterization by MEAs 

Micro-electrode arrays (MEAs) consisting of 60 planar microelectrodes (TiN/SiN, 200 μm spaced, 

30 μm electrode diameter), arranged over a square grid, supplied by Multi Channel Systems (MCS, 

Reutlingen, Germany) were used to record the electrophysiological activity of the 3D h-iPSCs derived  
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neuronal networks on CHI and CHI/GNP hydrogel scaffolds. Recordings were executed at 28, 35, 

and 42 DIV, respectively. Electrophysiological signals were acquired with the MEA 2100 System 

(MCS, Reutlingen, Germany) at a sampling rate equal to 10 kHz for 5 min at 37 °C outside the 

incubator. A slow flow of humidified gas (5% CO2, 20% O2, 75% N2) was constantly delivered to 

the sample during the recording sessions to maintain incubator conditions. Analysis of MEAs 

recording was performed with MATLAB (The Mathworks, Natick, MA, USA) using a custom 

software package named SPYCODE [238]. Spike detection was implemented by using a Precise 

Timing Spike Detection (PTSD) algorithm [239], while burst detection was performed according to 

the method described by Pasquale et al. [240]. The evolution of neuronal culture activity was 

evaluated extracting the mean firing rate (MFR), percentage of random spikes, mean bursting rate 

(MBR), and the mean burst duration (MBD). All data were reported as mean ± standard error of the 

mean. Statistical analysis was performed using a non-parametric Kruskal-Wallis test, using the 

software OriginPro 8 (OriginLab Corp., Northampton, MA, USA). Differences were considered 

statistically significant when p < 0.05. 

 

5.2.9 Mathematical model 

To apply the homogenization theory to the microbeads scaffold, it was necessary to identify a periodic 

microcell that represented, albeit in a simplified way, the real microscale. For this purpose, I used as 

a periodic cell a cube having a sphere in the center and eight-eighths of a sphere at its vertices. The 

centers of these spheres, coinciding with the vertices and the center of the cube, are organized in an 

arrangement called the body-centered cubic (BCC). The arrangement of the BCC spheres reaches a 

maximum packing of 68%, slightly lower than the most efficient arrangement, the cubic close-packed 

(CCP), which reaches 74%. 

 

Figure 3.2: Sketch of the periodic microcell used to model the microscale in homogenization theory. 
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Within the culture chamber of MEAs, in the total volume Vtot of 12.76 mm3, approximately 30,000 

beads could be poured. In order for these spheres to occupy the entire volume assuming a volumetric 

conformation BCC, the radius of the spheres was obtained from the following expression: 

 

Vtot * (0.68) = (4/3*π*r3) * 30000 (3.3) 

 

from which r=80 µm is obtained, a result confirmed by the experimental ImageJ analysis carried out 

on the distribution of the average diameters of the microbeads used for cell culture. 

The length L of the side of the cube representing the periodic cell at the microscale, so that it can 

contain the geometric arrangement (Fig. 3.2) with spheres having a radius of 80 μm, was obtained as 

follows: 

 

L= 4 ∗ 𝑟/√3  (3.4) 

 

The diffusion coefficient of nutrients in water at 37 °C was researched in the literature. Unfortunately, 

it was not possible to experimentally obtain the diffusion coefficient of the nutrients through the 

microbeads scaffold produced. However, since the diffusion coefficient depends on various variables, 

such as for example the internal porosity of the beads, the temperature and the pH, average diffusion 

values of oxygen and glucose through chitosan hydrogels were chosen. In the work of Zhao et. al 

[241] the oxygen diffusion coefficient, as the internal porosity of the alginate and chitosan microbeads 

varies, was estimated between 2.1 ± 0.3*10-9 and 0.17 ± 0.01*10-9 m2/s. In my research work, an 

intermediate value of 1.3*10-9 m2/s was chosen. As regards the diffusion of glucose through a chitosan 

matrix, the work of Singh et. al [242], which identified a range that varies between 10-10 and 10-11 

m2/s, lead me select for my model an intermediate value of 0.5*10-10 m2/s.  

The parameters used for the simulation are shown in the table below: 

 

ɸ Scaffold porosity 0.32 
  

r Microparticles radius 40 [µm] 
 

L Microcell side 92.4 [µm] 
 

𝐷𝑂𝑚𝑒𝑑 
Oxygen diffusion coefficient (in 

water, at 37 C) 

3.83*10-9 [m2/s] [90] 
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𝐷𝑂ℎ𝑦 
Oxygen diffusion 

coefficient (in  hydrogel)  

1.3*10-9 [m2/s] [244] 

𝐷𝐺𝑚𝑒𝑑 
Glucose diffusion coefficient (in 

water, at 37 C) 

9.59*10-10 [m2/s] [91] 

𝐷𝐺ℎ𝑦 
Glucose diffusion 

coefficient (in  hydrogel) 

0.5*0-10 [m2/s] [242] 

 

Table 3.1: Parameters used for the definition of the diffusion model of oxygen and glucose inside a 

scaffold formed by microspheres. 

 

The evolution of cell cultures seeded within the previously described porous scaffolds was studied 

through the development and implementation in COMSOL Multiphysiscs of a continuous 

mathematical model of oxygen or glucose transport/consumption. The equation used to model the 

transport/consumption of the two nutrients was: 

 

𝜕𝑆𝑖

𝜕𝑡
 =  𝐷𝑖𝑜𝑚∇2𝑆𝑖  −  𝛼𝑖𝑆𝑖𝑁𝑎  −  𝛼𝑖𝑛𝑆𝑖𝑁𝑛 (3.3) 

 

where Si was the concentration [mol/m3] of oxygen or glucose, Dom the diffusion coefficient [m2/s] 

of the nutrient through the porous scaffold, obtained from the homogenization theory, 𝛼𝑖𝑎𝑆𝑖 and 𝛼𝑖𝑛𝑆𝑖 

represent the nutrient consumption rate for the astrocytes and neurons [mol/cell*s], and 𝑁𝑎 and 𝑁𝑛 

[cells/m3] the respective cell densities. Unlike the neuronal density 𝑁𝑛, which is considered constant 

for the entire duration of cell culture, the variation of the astrocyte density 𝑁𝑎 was modeled. A logistic 

cell proliferation was considered in which a non-linear cell diffusion component is also incorporated: 

 

𝜕𝑁𝑎

𝜕𝑡
 = 𝛽(𝑆𝑖  −  𝑆𝑖𝑚𝑖𝑛) 𝑁𝑎 (1 −

𝑁𝑎

𝑁𝑚𝑎𝑥
 )  +  ∇ (𝐷(𝑁𝑎)∇𝑁𝑎)  (3.4) 

 

where 𝛽 (𝑆𝑖 −𝑆𝑖𝑚𝑖𝑛) [1/s] is the astrocyte proliferation rate, 𝑆𝑖𝑚𝑖𝑛 is the minimum nutrient concentration 

for cell life, 𝑁𝑚𝑎𝑥 is the maximum density of astrocytes in the system, and 𝐷(𝑁𝑎) represents non-

linear cell diffusion. In regions where the astrocyte density is significantly lower than the maximum 

density (𝑁𝑎≪𝑁𝑚𝑎𝑥) the cells do not diffuse in an appreciable way while from the regions in which 

the density is approximately equal to the maximum density (𝑁𝑎≤𝑁𝑚𝑎𝑥) the cells diffuse towards 

regions with a lower density. An exponential function that satisfies these requirements was 

considered: 
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𝐷(𝑁𝑎) = 𝐷𝑛𝑎 𝑒𝑥𝑝 (γ (𝑁𝑎 − 𝑁𝑚𝑎𝑥))  (3.5) 

 

where 𝐷𝑛𝑎, cell diffusion coefficient, is a constant and 𝛾, sensitivity parameter, represents how quickly 

cell diffusion varies as a function of density. 

The geometry chosen to model the scaffold is a cylinder with a radius of 2500 μm, in accordance with 

the MEAs culture chamber used, and variable height h. It has been hypothesized that the cells cannot 

leave the domain, for this purpose the zero-flux condition has been fixed at the boundary: 

 

n * ∇ Na = 0  (3.6) 

 

where n is the normal exiting the cylinder surface. 

 

Figure 3.3: Schematic representation of the volumetric domain used in multiphysics simulations, 

representing the culture chamber of the MEAs. 

 

To simulate the continuous supply of oxygen to the scaffold that occurs thanks to the exchange at the 

air-medium interface, a condition was set at the upper boundary of the Dirichlet scaffold thanks to 

which the oxygen concentration 𝑆o0 is constant for the entire duration of the culture. To simulate the 

supply of glucose, contained within a known volume of medium with a specific initial density, an 

ordinary differential equation (ODE) representing the flow of nutrient from the medium was inserted 

as a condition at the upper boundary of the scaffold as a function of cell consumption. 

 

𝜕𝑆𝑚

𝜕𝑡
𝑉𝑚 = ∫ 𝐷𝐺𝑜𝑚  

𝜕𝑆𝑔

𝜕𝑧
𝑑𝐴 (3.7) 
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Where the variable 𝑆m represents glucose concentration in the medium [mol/m3], 𝑉m the known 

volume of medium [m3] and A the area of exchange between medium and scaffold [m2]. 

COMSOL Multiphysics 5.5 was used to solve PDEs of nutrient transport/consumption, astrocyte 

proliferation and boundary ODEs. Given the simple cylindrical structure, to reduce the computational 

load of the model, an axial-symmetric-2D approach was used, which allows to obtain three-

dimensional results from the implementation of 2D geometries through axial symmetry. To analyze 

the trend over time of PDEs and ODEs, a transitory study was chosen, which allows us to study and 

understand the temporal evolution of nutrient transport/consumption and astrocyte proliferation. 

 

3.2.10 Model parameters 

The initial cellular distribution within the scaffolds was hypothesized with a good homogeneous 

approximation; the initial number 𝑁𝑎0 and maximum 𝑁𝑚𝑎𝑥 of astrocytes and constant of neurons 𝑁𝑛 

depends on the initial total cell density. With reference to the choice of these parameters we based on 

the experimental data obtained from the cultures carried out in the work of Tedesco et al. [88]. On 

the first day in culture (DIV1) the percentage of neurons out of the total of cells seeded within the 

scaffold is about 95% while that of astrocytes is 5%; at DIV21 the total cell density was unchanged 

but the percentage of neurons, due to cell death, dropped to about 70% while that of astrocytes, 

proliferating, increased to 30%. To consider the apoptosis of neurons that occurs in the first days of 

culture, the constant 𝑁𝑛, representing the 70% of the total cells seeded at DIV1 was chosen to model. 

𝑁𝑎0 and 𝑁𝑚𝑎𝑥 were obtained respectively by calculating 5% and 30% of the total cells seeded within 

the scaffold. As regards the structure of microbeads scaffold, 120,000 total cells 𝐶𝑏 at DIV1 were 

seeded within a volume 𝑉𝑏, defined by the MEAs culture chamber, of radius 2500 μm and height 650 

μm, of 12.76 mm3. For this type of scaffold, the cell densities were obtained as follows: 

 

Nn = 
70∗𝐶𝑏

100∗𝑉𝑏
  (3.8) 

Na0 = 
5∗𝐶𝑏

100∗𝑉𝑏
  (3.9) 

Nmax = 
30∗𝐶𝑏

100∗𝑉𝑏
   (3.10) 

 

Initial and boundary concentrations of the oxygen and glucose scaffold were obtained in the literature. 

In the NEUROBASAL culture medium, used in the cell cultures performed, the initial glucose 

concentration 𝑆0𝐺 is 25 mol/m3 [243].  The initial and boundary oxygen concentration 𝑆0𝑂, as reported  
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by various works in the literature, was set at 0.2 mol/m3 [244-246]. The astrocytic diffusion 𝐷𝑛𝑎 and 

sensitivity 𝛾 parameters were not found in the literature, therefore, the values reported by the work of 

Shakeel et al. for a generic proliferating cell [246]. The nutrient consumption rates for the two 

different cell types were researched in the literature. In my model, the average consumption of glucose 

and oxygen for rat neurons and astrocytes was considered. The maximum glucose consumption rate 

for a generic rat neuron 𝑎𝐺𝑛𝑆0𝐺n is 6.1*10-9 μmol/min [247], which corresponds to approximately 10-

16 mol/s. It was not possible to obtain from the literature the precise value of average glucose 

consumption for the rat astrocyte 𝑎𝐺𝑎𝑆0𝐺; however, in the work of Bouzier‐Sore et al. [248] a 1:4 

proportion was obtained between the consumption of glucose for the rat neuron and that for the 

astrocyte, therefore in my model the parameter 𝑎𝐺𝑎𝑆0𝐺 was set at 4*10-16 mol/s. 

As for oxygen, the maximum consumption for a generic rat neuron 𝑎𝑂𝑛𝑆0𝑂 is 7.54*10-10 ml/min [247]; 

to convert this value into mol/s the state law of perfect gases PV=nRT was used, with T=310 K, P=1 

atm, R = 0.0821 [L*atm/mol*K] and V = 7.54*10-13 L. From this equation 𝑎𝑂𝑛𝑆0𝑂 turns out to be 

4.9*10-16 mol/s. To derive 𝑎𝑂𝑎𝑆0𝑂, maximum consumption for a generic rat astrocyte, I relied on the 

work of Schuchmann et al. [249], in which a consumption of 5.7 nM/min was identified for 107 

astrocytes in a volume of 0.7 ml, equivalent to 6.7*10-17 mol/s for my design. The maximum rate of 

astrocytic proliferation 𝛽𝑆0𝑖 was not found in the literature; for this reason, the average proliferation 

rate of a generic proliferating cell, 1.52*10−5 [1/s] [246], was used. 

Below are the tables containing the parameters used to simulate the transport/consumption of 

nutrients and astrocytic proliferation within the two different scaffolds being analyzed. 

  

 Definition Value Unit 

𝐷𝑂𝑜𝑚 Homogenized oxygen diffusion 

coefficient in porous CHI beads 

1.98*10-9 m2/s 

𝐷𝐺𝑜𝑚 Homogenized glucose diffusion 

coefficient in porous CHI beads 

2.59*10-10 m2/s 

𝑁𝑛 Neuroanl density inside the scaffold 6614 cells/mm3 

𝑁𝑎0
 Initial astrocytes density inside the 

scaffold 

472 cells/mm3 

𝑁𝑚𝑎𝑥 Maximum astrocytes density inside 

the scaffold 

2835 cells/mm3 
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 Definition Value Unit Ref. 

𝑆0𝑂
 Initial oxygen 

concentration 

0.2 mol/m3 [245] 

𝑆0𝐺 Initial glucose 

concentration 

25 mol/m3 [248] 

𝑆𝑂𝑚𝑖𝑛 
Minimum oxygen 

concentration for cell 

survival 

0.04 mol/m3 [90] 

𝑆𝐺𝑚𝑖𝑛 
Minimum oxygen 

concentration for cell 

survival 

5 mol/m3 [91] 

𝑎𝑂𝑎𝑆0𝑂 Maximum oxygen 

consumption rate (astrocytes) 

6.7*10-17 mol/s [247] 

𝑎𝑂𝑛𝑆0𝑂 Maximum oxygen 

consumption rate (neurons) 

4.9*10-16 mol/s [247] 

𝑎𝐺𝑎𝑆0𝐺 Maximum glucose 

consumption rate (astrocytes) 

4*10-16 mol/s [247] 

𝑎𝐺𝑛𝑆0𝐺 Maximum glucose 

consumption rate (neurons) 

1*10-16 mol/s [247] 

𝛽𝑆0𝑖
 Maximum astrocyte 

proliferation rate 

1.52*10-5 1/s [246] 

 Sensitivity parameter 5*10−18 m3/cell [246] 

𝐷𝑛𝑎
 Astrocytes diffusion coefficient 1.6*10−11 m2/s [246] 

𝑉𝑀 Total culture medium volume 0.3 ml 
 

𝐴 Area di scambio medium- 

scaffold 

19.6 mm2 
 

𝑟 Culture chamber radius 2.5 mm 
 

ℎ Culture chamber height variable mm 
 

 

Table 3.2: Final parameters used in multiphysics simulations regarding the homogenized chitosan 

microbead scaffold. 
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3.3 Results and Discussion 

 
Phase-contrast optical microscopy was applied to statistically evaluate the shape and size of the 

fabricated microparticles in water. As shown in Fig. 3.4A-C, spherical-shaped microparticles were 

obtained, and furthermore, the addition of a filler such as GNP did not affect the shape of the 

manufactured particles. Even the treatment with GO-based surface coating did not lead to any 

shrinking effect or modification of the shape of the pure chitosan particles. In addition, the presence 

of GNP allowed obtaining a narrower size distribution while yielding an average value (~100 μm) 

similar to neat CHI microparticles (Fig. 3.4D-E). 

Figure 3.4: Optical micrographs of pure chitosan microparticles (a), GO-coated CHI microparticle 

(b) and CHI-GNP microparticle (c); scale bar: 50 µm. Statistical size distribution of the fabricated 

microparticles, neat chitosan (a) and CHI-GNP (b). 

 

 To better evaluate the outer and inner morphology of the microparticles, FE-SEM measurements 

were also carried out (Fig. 3.5). The performed micrographs revealed a highly porous structure, with 

regular pores and fairly constant pores size (~1 µm diameter each) for the neat CHI microparticles 

(Fig. 3.5A-C). By comparing the micrographs of the neat microparticles with that of the composite 

system CHI-GO, the deposition of a thin GO layer is apparent. Indeed, unlike what was previously  
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stated for pure microparticles, the composite microparticles appear to be wrapped by a continuous 

graphitic layer, with no relevant porosity observable (Fig.3.5F). This effect is clearly highlighted by 

the difference between the inner part of the sample and its surface as observable in in the fractured 

portion of the microparticles (Fig.3.5D).  

Figure 3.5: FE-SEM observations of neat CHI microparticles (a, b, c), GO-coated CHI 

microparticles (d, e, f) and CHI-GNP microparticles (g, h, i); Scale bar: 40 (a, d, g), 20 (b, e, h), 10 

(c, f, i) µm. 

 

Likewise, as shown in Fig. 3.5G, the presence of GNP homogeneously coated by CHI and well 

dispersed within the microparticles structure appears evident, partially modifying the porous 

distribution following the graphitic platelets introduced by GNP (Fig.3.5I). These results clearly point 

out the good compatibility between CHI and GO besides CHI and GNP. Focusing now on GO coating, 

a study on the best coating and assembly conditions of the microparticles was performed. A 

preliminary pH screening was performed to identify the optimal deposition conditions. From the GO 

point of view, its natural acidic pH almost immediately resulted in the dissolution of the CHI 

microparticles due to the extensive protonation of the amine functional group [250]. To avoid this 

phenomenon, the GO suspension was buffered at pH 5.5. The pH of the CHI microparticles was 

adjusted to either 5.5, 6, 6.5 or 7 prior to the GO deposition procedure. As reported in Fig. 3.6A-D, 

pH values of 7, 6.5 and 6 resulted in the formation of aggregates that grow upon reaching neutral pH. 

On the other hand, a pH value of 5.5 considerably limits aggregation producing well dispersed and 

separated particles.  
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This could be related to the effects of pH on CHI charge density and solubility [251]. Indeed, it has 

been demonstrated in the literature that the modification of pH from acid to basic values considerably 

reduces the electric repulsions between chitosan nanoparticles and results in colloidally unstable 

systems at pH values around the isoelectric point [252]. In the case of the CHI microparticles studied 

in this chapter, the use of pH close or superior to 6 results in the complete neutralization of the amino 

groups and the formation of aggregates due to hydrophobic interactions and hydrogen bonding in 

between the particles. This is supported by a previous study evaluating the effects of acetylation 

degree and pH on the transition from macromolecular chains to colloidal dispersions [253].  

Figure 3.6: Optical micrographs of neat CHI microparticles after GO solution soaking at different 

pH condition: pH = 7 (a), pH = 6.5 (b), pH = 6 (c), and pH = 5.5 (d). QCM analysis (e-f). Adsorbed 

mass density of multilayer film (a) and change in normalized frequency (▲) and energy dissipation 

(▲) for the third overtone (b). Scale bar =40 µm. 

 

Following this preliminary evaluation, pH 5.5 was selected as the optimal deposition condition 

capable of preventing aggregation while yielding a homogeneous surface coverage of the 

microparticles. The interactions between CHI and GO at pH 5.5 were studied by QCM-D evaluating 

the amount of adsorbed GO per cm2 of CHI thin film. The surface of the gold substrate was activated 

by a PEI/PSS bi-layer in order to promote the adsorption of the CHI layer. Changes in resonance 

frequency were detected and converted in adsorbed mass equivalent through the application of the 

Kanazawa-Gordon model [254], which considers the effect of the liquid medium in which the 

microbalance works. Fig. 3.6E-F reports the change in normalized frequency and energy dissipation  
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for the third overtone, the adsorbed mass density as function of deposited layer and FE-SEM 

observations of uncoated and coated particles. The mass density increase, and the adsorption kinetic 

profile clearly show a step-by-step deposition of each layer. In particular, the injection of the CHI 

solution into the QCM-D chamber produces a sharp change in frequency decrease due to the 

adsorption of the cationic polymer on the negatively charged precursor bi-layer. Upon rinsing with 

water, a slight increase in frequency is observed and related to the removal of the weakly bonded 

CHI. The frequency then remains stable till the end of the washing step confirming the stability of 

the adsorbed CHI layer. The last step is related to the injection of the GO suspension. In this phase, 

differently from previous layers, a constant decrease in frequency was observed throughout the 

deposition time. The washing step produced no changes in frequency thus indicating that the adsorbed 

GO is tightly bonded to the previous CHI layer. In order to analyze the viscoelastic properties of the 

formed film, the energy dissipation was monitored. A rapid increase in the dissipation during the CHI 

adsorption step can be likely linked to the viscoelastic structure of the cationic polymer onto the 

precursor layer [255]. During the washing step a slight decrease in the dissipation was observed as a 

consequence of the partial removal of CHI and its reorganization at the interface, which led to a more 

compact structure. This short relaxation effect reached a state of equilibrium shortly after the water 

injection in the chamber. The energy dissipated due to the deposition of GO is much greater than the 

previous CHI layer. However, it should be noted that, during this step, the dissipation increases with 

a slow trend that slightly continues even in the subsequent washing step indicating that, with the 

adopted deposition time, the adsorption of GO is interrupted by the washing step. On the other hand, 

the stabilization of dissipation during this latter step indicates a good stability of the GO layer. In 

addition, the observed substantial increase in dissipation implies that the addition of GO led to a loss 

of rigidity of the assembly. The influence of graphitic materials on the wettability of the polymer 

surface was studied by means of contact angle measurements performed on both neat CHI, CHI-GO 

and CHI-GNP systems. In order to create a flat surface that could allow for the deposition of the water 

droplet and analyze its shape, the characterization was carried out on dense adsorbed films, as 

described in materials and methods section of this chapter. CHI films showed a contact angle of 98.6° 

± 3.4°, a value comparable with those reported in the literature [256]. The modification of the surface 

with GO turned out to increase its hydrophilicity as the composite film was found yield a contact 

angle of 76.1°± 3.3°. The wettability of systems based on GO, either deposited on the surface or 

included in the bulk, are reported in the literature. In both cases, the wettability of the resulting 

materials turned out to strictly depend on the system characteristics such as the employed 

matrix/substrate as well as the GO concentration and features (e.g C/O ratio) [257-258].  
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The trend observed is a general increase of wettability with contact angles reaching values below 45° 

for GO nanopapers and nanosheets [259-261]. Similar results can be achieved by the surface 

deposition of GO [262]. The materials developed in this chapter confirmed the general trend already 

reported in the literature while showing contact angle values resulting from the specific combination 

of substrate, GO dimensions and functionalization degree and deposition conditions adopted in my 

research work. Thus, the observed increase in hydrophilicity can be ascribed to GO polar groups 

while the absolute contact angle value is the result of the above-mentioned combination of 

parameters. 

Figure 3.7: Contact angle images from sessile drop method of a 10 ul drop onto neat CHI film (a), 

GO-coated CHI film (b) and CHI-GNP film (c). Swelling index comparison over time between neat 

CHI and CHI-GNP porous films (d) (n=3). 

 

Having added GNP as a filler to chitosan, to evaluate the affinity between the developed system and 

the aqueous environment, swelling tests were carried out, under physiological mimicking conditions, 

in order to evaluate the water uptake capacity of CHI and CHI-GNP microparticles (Fig. 3.6D). In 

the first 2 h of incubation, the neat CHI microparticles showed a swelling index of 4.2 ± 0.3, which 

value slightly decreased and stabilized to 3.8 ± 0.6 within 5 h. 
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 For the composite microparticles this parameter set to 2.6 ± 0.2 after 2 h, without further appreciable 

modifications up to 5 h. This finding, already observed in other formulations encompassing CHI and 

graphitic fillers [262], could be ascribed to the limited mobility of CHI chains in the presence of GNP. 

Hydrophobic nature of the GNP as well as to their barrier effect which might limit the absorption and 

diffusion of water inside the microparticles structure.  

An interesting study on the electrical properties of the developed composite systems was done using 

the polymer films made. Previous attempts at the evaluation of the electrical conductivity of similarly 

prepared CHI films by Mergen et al. [263] and Marroquin et al. [264] showed surface conductivity 

values in the order of 10−13 S, demonstrating how chitosan does not possess any relevant conductive 

properties in pure form. The addition of GNP dispersed within CHI, therefore leads to the 

achievement of important improvements in this regard. As expected, the composite films showed an 

improved conductivity (1.3 ± 0.3⋅10−1 S/m), which is 7 orders of magnitude higher than the measured 

neat CHI ones (2.4 ± 1.5⋅10−9 S/m). This result further highlights the fine GNP dispersion within the 

CHI matrix, which leads to the formation of a percolating network inside the insulating biopolymer 

porous structure. On the other hand, the presence of the GO layer yielded a conductivity of 7.68·10-7 

(± 0.59·10-7) S/m, showing the effectiveness of the coating in increasing the electrical properties of 

the CHI-based system. This increase can be associated to the electrical properties of the employed 

GO nanoplatelets that, although presenting oxygen functionalities on the outermost layers, maintain 

an inner core of conductive graphitic planes [265]. Although an increase is evident, it is possible to 

state that the addition of the GO surface layer does not bring the developed composite to levels of 

electrical conductivity which are interesting for application purposes. However, electroactive 

materials have been proven to promote cell adhesion, proliferation, migration, and differentiation of 

electrically excitable cells [266]. In addition, it is worth highlighting that the measured value for CHI-

GNP systems, falls within the conductivity range of the nervous system (0.08–1.3 S/m) [267], thus 

suggesting these CHI/GNP microparticles as viable scaffold for neural networks growth. 

Due to the poor electrical properties of GO, the choice to perform an external coating on CHI was 

mainly based on the desire to provide greater stability in physiological and harsh conditions to the 

chitosan scaffold. to demonstrate this, enzymatic degradation tests were performed. The 

characterization of the prepared CHI-GO microparticles to enzymatic degradation was performed in 

vitro by dispersing the particles in a lysozyme solution at physiological pH and incubating at 37 °C 

for 3 weeks. Lysozyme is one of the main elements of the innate immune system, secreted by 

astrocytes, microglia and macrophages, which is able to hydrolyze the β(1–4) linkages between 

glucosamine and N-acetyl glucosamine in CHI backbone [268].  
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Moreover, it is possible to find this enzyme in the cerebrospinal fluid (CSF) with increased 

concentrations at the onset of neuroinflammations, nerve injuries and Alzheimer disease [269]. Since 

lysozyme is present in body fluids in different concentrations, we referred to the average value 

contained in the human serum of about 1.5 μg/mL [270]. The degradation process was evaluated using 

both a qualitative analysis with an optical microscope and a gravimetric measurement process.  

 

Figure 3.8: Optical micrographs of: neat CHI and GO-coated CHI microparticles after 7 days of 

incubation (a)-(d), 14 days (b)-(e) and 21 days (c)-(f) in lysozyme solution; scale bar= 80µm. 

 

As can be observed, after 14 days of incubation, the pure chitosan microparticles began to degrade 

producing to small aggregates (Fig. 3.8B) until they reach, after 21 days, a structure where the 

particles have completely lost their shape (Fig. 3.8C). This behavior could be ascribed to the loss of 

polymer glycosidic bonds due to the action of lysozyme [227]. Conversely, the presence of the 

deposited GO layer confers an increased stability to the system. Indeed, CHI-GO particles are 

perfectly stable after 14 days (Fig. 3.8E) and they begin to show signs of degradation, such as small 

surface breakage, after 21 days, while still maintaining the initial spherical structure (Fig. 3.8F). 

As can be seen in Fig. 3.8, neat CHI microparticles had a faster degradation compared to the CHI-

GO. In particular, GO had a protective effect since after a week of incubation, reducing the weight 

loss of GO coated microparticles of about 20 % compared to the untreated CHI ones. The protective 

effect of GO extends effectively until the end of the incubation period leading to a total weight loss 

of 41.7 ± 4.3 %, a 44 % reduction when compared to the 75.1 ± 6.1 % of the neat CHI microparticles. 

A similar effect was reported by Depan et al. [271] who prepared CHI porous scaffolds embedding 

GO as filler and obtaining a 10 % weight loss reduction after 28 days of incubation. Similarly, Justin  
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et al. [272] reported a residual mass of 40 % and 50 % for microneedles obtained from CHI and CHI-

rGO blends respectively, after 21 days in enzymatic solution. In the present work, the effects of GO 

appeared to be more pronounced due to its confinement on the surface of the microparticles. Indeed, 

the GO external coating, thanks to its continuous layer, can decrease the enzyme content capable of 

penetrating into the CHI porous structure. In addition, it was formerly demonstrated that GO 

nanosheets, thanks to the high number of oxygen-containing groups, are able to immobilize lysozyme 

and consequently decreasing the quantity of free lysozyme in solution [273]. For these reasons, the 

GO coating on CHI microparticles might adjust the degradation degree of the 3D scaffold enhancing 

the suitability of the developed system for neural tissue engineering applications such as in vivo 

implants [274]. 

Figure 3.9:  Stress-strain curves of CHI (■) and CHI/GNP (●) hydrogels in quasi-static mechanical 

analysis (a). Dynamo-mechanical tests: storage modulus (b) and loss factor (c) (n=3). 

 

Instead, the choice of GNP as a filler for CHI, resides mainly in the desire to provide mechanical 

stability to a soft construct that could support the development of a cell culture over time. Mechanical 

properties of both CHI and CHI/GNP hydrogels were determined by quasi-static compression test 

and dynamic-mechanical measurements. CHI quasi-static compression tests highlight an approximate 

linear stress-strain plot up to 10% of strain, followed by a slight increase in the stress-strain slope (i.e. 

stiffening of the gel) for higher compressive strains, up to 30% (Fig. 3.9a). The elastic modulus at 

10% compression is 3.4 ± 0.8 kPa, which is comparable to other hydrogels reported in the literature 

based on either alginate [275], ~3 kPa, or CHI, ranging from 1.2 kPa to 9 kPa, depending on CHI 

concentration [276]. However, the shape of the stress-strain curve obtained for the gels in this work 

differs from previously reported CHI-based hydrogels. Indeed, 3-phases stress-strain curves were 

reported for CHI hydrogels in saturated NaCl solution. The plots are composed of an initial linear 

region between 0 and 10% strain, a steady-like state corresponding to the progressive collapse of the  
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structure and a densification stage characterized by a rapid increment of stress. Our samples do not 

undergo phase 2 collapse, thus retaining an approximate linearity until the 30% of compression. In 

the case of CHI/GNP, the slope of the stress-strain plot is significantly higher than neat CHI 

hydrogels, while maintaining a very similar shape, including linearity up to about 10%. The obtained 

elastic modulus is 15.4 ± 3.7 kPa, i.e. a 5-fold increase compared to neat CHI. The obtained results 

demonstrated that the inclusion of GNP in CHI-based hydrogels is responsible for a dramatic gain in 

stiffness, without affecting the linearity of deformation. A few examples of nanocomposite hydrogels 

were previously reported in the literature, including alginate/cellulose nanocrystals/halloysite [277] 

and graphene oxide/gelatine [278]. The chemical interaction between nanoparticles and polymer 

matrix is controlling their mechanical properties. Indeed, it has been reported that the increment of 

compression stress is driven by the good dispersion and the crosslinking degree between the polymer 

and the functionalized nanoparticle or by storing interactions such as hydrogen bonding due to the 

polar functionalization of nanoparticle (i.e. –COO- in GO, Al-O-H in halloysite). In this work, highly 

reduced nanoparticles were exploited, targeting the high electrical conductivity of the hydrogel. As 

unfunctionalized graphene is well-known to be incompatible with water because of the high 

difference in surface energy between water, the careful control of interactions between the graphene 

surface and polyelectrolytes is crucial [279]. Interestingly, the stiffness of the obtained graphene/CHI 

nanostructured gels, comparable with previously reported nanocomposite hydrogels comprising polar 

nanoparticles, evidence for a strong interaction between CHI and GNP, likely based on apolar 

interaction of the CHI backbone with GNP surfaces. Indeed, being partially deacetylated, CHI is 

amphiphilic and thus maintains an acetylated group interacting with GNP while allowing to produce 

a hydrogel by ionic crosslinking on protonated amines. 

To investigate the viscoelastic properties of hydrogels, dynamic-mechanical tests in the frequency 

range of 1–10 Hz with an initial deformation of 10% were performed. As reported in Fig. 3.9b, even 

under oscillatory stress, the CHI/GNP samples have an elastic modulus 8 times higher than neat CHI, 

confirming what observed in quasi-static conditions. The fact that the storage modulus of both tested 

samples did not vary with frequency demonstrates the effectiveness of the phase inversion gelation 

process and the creation of uniform structures [280]. All samples also have a loss factor < 1 (Fig. 

3.8c), which implies that both hydrogel formulations exhibit solid-like behavior. Moreover, the neat 

CHI dissipative component (~30% higher than CHI/GNP) denotes a tendency to a more liquid-like 

behavior thus confirming what previously demonstrated by the swelling analysis. Finally, by 

comparing the loss factors of both samples, as the frequency increases a slightly different trend can 

be observed: the neat CHI oscillated around the initial value while the CHI/GNP had a continuous 

downward trend (Fig. 3.9c).  
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This could be ascribed to the modification of the internal structure of the hydrogel after the addition 

of GNP, which makes the structure initially more rigid, increasing its elasticity as the frequency of 

stress increases. 

 

Figure 3.10: Immunochemistry staining images of induced neuronal networks at 28 DIV. CHI (a),  

CHI/GO (b) and CHI-GNP (c) films labeled for Synapsin (green) and DAPI (blue); scale bar: 40 μm. 

Sections of 3D neural network on CHI (d), GO-coated (e) and CHI-GNP (d) microparticles, MAP-2 

(green), GFAP (red) and DAPI (blue); scale bar: 100 μm. Detail of CHI (g), GO-coated (h) and CHI-

GNP (i) single microbeads embraced by 3D neural networks labeled for MAP-2 (green), GFAP (red); 

scale bar: 30 μm. 

 

Immunofluorescence techniques were used to assess the in vitro morphological and functional cell 

behavior and to characterize the 3D structures of the network on CHI, CHI-GO and CHI-GNP 

microparticles. The h-iPSCs induced neuronal cells cultured for 42 days onto films and microparticles  
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were fixed with PFA 4% and then labeled by using: Synapsin to evaluate the formation of functional 

structures onto neuronal cells, MAP-2 as a marker of dendrites and GFAP as astrocytes specific 

filament protein. The morphological development of the neuronal network onto both neat CHI and 

CHI-Graphite and Graphite Oxide nanoplatelets films yielded similar results. CHI film was employed 

as a control sample and it was found to be able to promote cell adhesion and the development of 

neuronal functional structures as already demonstrated [88]. Similarly, cells showed a homogeneous 

distribution and the ability to form a dense functional network also onto CHI/GO and CHI-GNP films 

(Fig. 3.10A-C). On all the substrates the expression of Synapsin was apparent: the morphology of the 

staining clearly confirmed the specific dot-like labelling of synapses on both neuron dendrites and 

somas, visibly defining their contour. These results confirm that CHI-GO and CHI-GNP were 

bioactive materials able to promote neurite growth and structural development of the networks. The 

spontaneous assembly of the 3D structure was obtained by neuronal and glial cell growth onto 

microparticles, developing cellular processes that incorporate the microspheres in a bottom-up 

scaffold construction process. The development of the neuronal networks onto CHI-GO and CHI-

GNP microparticles was observed and compared to the one developed onto CHI microparticles. The 

neuronal network developed onto CHI-GO microparticles was found to be denser respect to plain 

CHI microparticles (Fig. 3.10D-E). Moreover, since CHI microparticles are characterized by a highly 

porous surfaces they allow for the penetration of the smaller neurites inside the microparticle volume. 

On the other hand, CHI/GO microparticles were found to be smoother and consequently the neuronal 

network development was found to be confined mainly onto the surface of microparticles (Fig. 3.10G-

H). As regards the CHI-GNP system, as previously observed, the latter does not considerably vary 

the porosity of the hydrogel, thus favoring the development of neuronal processes enveloping 

CHI/GNP microparticles as well as glial cells, demonstrating a similar behavior, developing an 

intricate and stretched ramification, supporting uniform neuronal process outgrowth throughout the 

microparticles (Fig. 3.9G-I). Onto all the systems microparticles, neuronal somas were found to be 

round, like the ones observed in the brain tissue [88,282]. In particular, the presence of the GO coating 

and GNP dispersion, did not affect the bioactivity of chitosan to promote neuronal cell adhesion and 

growth. This is confirmed by recent studies showing that GO can promote differentiation of neuronal 

stem cells and stimulate neurite outgrowth [283,284]. As previously demonstrated, the high content 

of oxygenated functional groups is responsible for a high adsorption of proteins (e.g growth factors), 

that could affect the cell-material interactions, promoting differentiation [285]. Furthermore, the 

positive electrostatic charges, provided by CHI, are well known to enhance cell adhesion, neurite 

outgrowth and branching [88]. Moreover, as reported in the literature [88, 286, 287] for 3D in vitro  
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cultures, the morphology of glial cells resulted to be thin, as the one observed in vivo in brain tissue. 

This result suggested a substrate-induced morphological dependence demonstrating the biomimetic 

effectiveness of the developed system. 

 

Figure 3.11: Single microelectrode recording of 1 s of raw data (a). Raster plot representing 300 s 

of spontaneous activity of 3D neuronal network on CHI/GNP scaffold (b). Mean firing rate (c), 

random spiking activity percentage (d), mean bursting rate (e), mean burst duration (f). (*p ≤ 0.05). 

 

The electrophysiological activity of 3D neuronal networks develop onto CHI/GNP microparticles 

was recorded from DIV28 to DIV45, to obtain a preliminary functional development characterization. 

Fig. 6a shows the spontaneous activity (raw signal) of 10 s of a 3D CHI/GNP network as recorded 

from one microelectrode and characterized. Global electrophysiological behavior of representative 

3D networks is qualitatively showed in the raster plots of Fig. 6b, where 300 s of spontaneous activity 

is displayed. Fig. 6c-f showed the parameters extracted from the analyzed spike data. In general, the 

3D neuronal network exhibits an increase of the activity during the development with a significant 

‘random spiking’ and non-synchronous bursting activity [88, 282]. In this set-up of experiments, the 

mean firing rate showed values that slightly increased until DIV35 (1.19 ± 0.72 spikes/s) followed by 

a slight decrease at DIV42 (0.74 ± 0.65 spikes/s). High values of random spiking activity were 

observed at the three different time points, showing a decrease during the time in culture (Fig. 6d):  
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specifically, at DIV42, the 3D network showed lower values and significantly different (80.30 ± 

12.45, p < 0.05) from the first time point of electrophysiological observation (DIV28: 97.75 ± 0.15), 

thus indicating a more synchronized network during the time. Regarding the bursting behavior, the 

network did not exhibit a synchronous burst activity at DIV28 (0.44 ± 0.14 bursts/min), but during 

the time an increase in bursting rate was observed (DIV35: 2.84 ± 2.12 bursts/min and DIV42: 2.52 

± 2.71 bursts/min), that indicated the ability of the neuronal network to organize itself in synchronized 

events, Fig. 6e. Finally, CHI/GNP networks exhibited an MBD at DIV42 (344.29 ± 17.10 ms) that 

significantly higher (p < 0.05) than the other two times observations that share similar MBD values 

(DIV28: 196.20 ± 18.12 ms and DIV35: 225.40 ± 9.77 ms) (Fig. 6f). More synchronous bursts (MBR) 

with associated longer duration indicated the formation of a very dense network with a high degree 

of connectivity as also suggested by the immunostaining. 

 

3.3.1 Mathematical Model 

 

From the COMSOL simulation, an isotropic diagonal matrix was obtained through the mathematical 

representation of the diffusion tensor. In this way, as the radius of the microparticles (modeled as 

spheres) varies, a single isotropic diffusion coefficient was obtained at the macroscale, having a value 

between the diffusion coefficient of the nutrient in the medium and in the hydrogel. Below are 

reported two graphs that represent the trend of the diffusion coefficient of oxygen (Fig. 3.12A) and 

glucose (Fig. 3.12B) through the CHI microbeads scaffold as the radius of the latter varies. In the 

considered periodic microcell, by fixing the side of the cube, the relative porosity is altered as the 

radius of the microbeads changes; two alternative graphs were obtained, which relate the trend of the 

diffusion coefficient of oxygen (Fig. 3.12D) and glucose (Fig. 3.12D) to the variation of the porosity 

of the cell. 
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Figure 3.12: Trend of the homogenized diffusion coefficient of oxygen (a) and glucose (b) as the 

radius of the beads varies. Trend of the homogenized diffusion coefficient of oxygen (c) and glucose 

(d) as the porosity of the periodic microcell varies. 

 

The almost linear increase in the homogenized diffusion coefficient as a function of the porosity of 

the periodic microcell is due to the symmetrical geometry of the latter. By decreasing the radius of 

the beads, the volume occupied by the medium inside the microcell increases, therefore the 

homogenized diffusion coefficient tends to approach the value assumed in the culture medium.  

A scaffold made up of microbeads having a radius of 80 μm and packed with a bcc structure appears 

to have a porosity of 32%; the homogenized diffusion coefficient through this type of structure is 

1.98*10-9 m2/s for oxygen and 2.59*10-10 m2/s for glucose. 
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Figure 3.13: Example of variation of the oxygen concentration within the scaffold after 21 days in 

culture. 

 

The model of oxygen transport/consumption and astrocytic proliferation was used to derive the 

maximum possible height h of the scaffolds as the cell density seeded varies. For the cells to survive 

each region of the scaffold, throughout the time span of the culture, it must have a minimum oxygen 

concentration of 𝑆𝑂𝑚𝑖𝑛 equal to 0.04 mol/m3. By increasing the height of the scaffold, keeping cell 

density constant, the concentration of oxygen present in the basal layer decreases. To identify the 

maximum height of the scaffold, as the cell density varies, the minimum value of oxygen 

concentration in the basal layer was set at DIV21 equal to 𝑆𝑂𝑚𝑖𝑛. Below are reported the graph 

representing the maximum height of the scaffold at varying cell density. 

Figure 3.14: Graph of the maximum height reachable by the CHI bead scaffold as a function of cell 

density. 
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The scaffold I considered was a cylindrical volume with a radius of 2500 μm and a height of 650 μm, 

seeded with 120000 total cells, had a cell density of about 104 cell/mm3. The simulations showed that, 

for this density value, a structure with a height of up to 800 μm could be created. The result was 

obtained considering a diffusion value of oxygen through the chitosan beads of 1.3x10-9 m2/s, value 

belonging to the range 0.17 ± 0.01*10-9 - 2.1 ± 0.3*10-9 m2/s indicated in the work of Zhao et. al 

[241]. Taking into consideration the extremes of this interval and the value of 1.3*10-9 m2/s, the 

different maximum heights that can be reached as a function of cell density have been obtained. From 

the homogenization theory, the corresponding homogenized oxygen diffusion coefficients were 

obtained through the microbeads scaffold: 

 

• range: 0.17*10-9 m2/s 1.05*10-9 m2/s; 

• range: 1.3*10-9 m2/s you get 1.98*10-9 m2/s; 

• range: 2.1*10-9 m2/s we get 2.6*10-9 m2/s. 

 

Below is the graph representing the variation in the maximum height that can be reached as a function 

of cell density for the three different homogenized diffusion coefficients. 

Figure 3.15: Comparison of the maximum achievable heights as a function of cell density for the 

three different homogenized oxygen diffusion coefficients. 
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The glucose transport/consumption model was used to derive the time interval (starting from DIV0)  

after which it is necessary to change the culture medium as a function of cell density. To obtain this 

result, 𝑆𝐺𝑚𝑖𝑛 equal to 5 mol/m3 was considered as a hypoglycemic threshold; when the contraction of 

glucose in any region of the scaffold falls below this value, the culture medium must be changed, thus 

identifying the relative time interval. 

 

 

Figure 3.16: Time interval after which it is necessary to change the medium according to the cell 

density within the scaffold of CHI beads. 

 

During the development of the culture, as the astrocyte density increases 𝑁𝑎, there is a normal increase 

in glucose consumption; to obtain how many days it is necessary to change the culture medium 

according to the cell density, the worst case was considered, setting the maximum astrocyte density 

𝑁𝑚𝑎𝑥. The simulations, depending on the cell density, were performed considering the corresponding 

maximum height obtained previously and time steps of 12 hours. 

In particular, for the scaffold design considered, having cell density of about 104 cell/mm3, it is 

possible to create a scaffold with a maximum height of 800 μm in which it is necessary to change 0.3 

ml of culture medium every 4.5. days. 
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From the model, the temporal trend of astrocyte proliferation was obtained for the scaffold design, 

having a height of 800 μm and a total cell density of about 9449 cell/mm3. The astrocytic proliferation, 

as shown in Fig. 3.17, assumes a sigmoidal trend, at DIV0 the astrocyte density corresponds to 5% 

of the total cell density reaching 30% at DIV21. 

Figure 3.17: Time course of astrocyte proliferation in the scaffold of CHI beads of height 800 μm. 

 

3.4 Conclusion 

 
This work presented an efficient strategy for the production of functional 3D scaffolds for neuronal 

networks growth. To this aim, CHI was used as a basis for the creation of microparticles, exploiting 

the interactions with graphitic materials. In particular, two approaches were used, surface coating by 

graphite oxide (GO) and dispersion of Graphite oxide nanoplatelets (GNP). In the first case, neat CHI 

microparticles were coated with graphite oxide nanoplatelets using a template assisted assembly 

inspired by the Layer-by-Layer deposition technique. Optical microscopy experiments indicated pH 

5.5 as optimal condition capable of preventing particle aggregation while yielding a homogenous 

deposition. Quartz crystal microbalance characterization confirmed the affinity of CHI and GO. FE-

SEM observations of coated microparticles pointed out the presence of a thin and uniform GO layer 

completely wrapping the chitosan structure. The enzymatic degradation evaluated in a lysozyme 

solution at physiological pH was considerably reduced by the deposition. This was related to a limited 

accessibility to the CHI inner core due to a physical barrier effect towards diffusion coupled with the 

ability to immobilize the enzyme by GO oxygen containing functionalities. A comparison with 

previously reported literature works highlighted the substantial advantages of the proposed surface  
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approach over a more conventional bulk inclusion. With the dispersion approach, an advanced 

scaffold based on chitosan (CHI) and graphite nanoplatelets (GNP) was developed. The aim was to 

confer strength and dimensional stability to chitosan hydrogel-based supports while maintaining the 

specific capacity of this polysaccharide to sustain neuronal cell adhesion and differentiation. The CHI 

solution was employed to stabilize GNP in water prior to the preparation of microparticles by the air-

assisted jetting technique. The presence of GNP did not alter the porosity and average dimensions of 

the prepared beads and turned out to be homogeneously dispersed within the CHI matrix as pointed 

out by morphological evaluations. The fine dispersion of GNP was found to ameliorate the 

characteristics of the microparticles not only by significantly increasing the strength, but also by 

improving the stability in water and conferring electrical conductivity. 

For both approaches, in vitro experiments demonstrated that the presence of the GO coating, or GNP 

dispersion did not affect the bioactivity of chitosan to promote neuronal cell adhesion and growth. 

The GO shell favored the development of the neuronal networks developed mainly on the surface of 

the microparticles, the neuritic processes envelopped the individual particles that made up the scaffold 

creating a solid and stable structure, while for the CHI-GNP microparticles cellular processes also 

developed within the porosity of the microspheres following the graphitic platelets. The morphology 

of the neuronal soma and glial cells grown on the new 3D developed scaffold presented the same 

characteristics of the brain tissue analyzed in vivo. This clearly indicates that the developed beads-

based scaffolds in this chapter could represent the perfect candidate for the construction of biomimetic 

scaffolds for neuroengineering capable of withstanding in vivo harsh degradation conditions. The 

easy approach and the results reported in this manuscript open up for the development of chitosan-

based 3D scaffolds for advanced 3D neuronal in vitro models as a stable platform for network 

dynamics studies and drug screening. 

In order to preliminarily study the temporal evolution of cell cultures within the scaffold design used 

in the research activities described in this chapter, a continuous mathematical model of oxygen and 

glucose transport/consumption and astrocytic proliferation was developed and implemented in 

COMSOL. To reduce the computational load of the simulations, the mathematical theory of 

homogenization was used, which was adapted and implemented in COMSOL allowing me to obtain 

the homogenized diffusion tensors at the macroscale of nutrients through the scaffold as the porosity 

of the periodic microcell considered varies. From the mathematical model it was possible to derive 

and graph, as a function of cell density, the maximum reachable heights of the scaffold and the time 

interval after which it is necessary to change the culture medium. In particular, at a seeding cell 

density of 10,000 cells/mm3, it appeared that the maximum achievable height was about 800 µm and  
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that the culture medium (0.3 mL) must be changed every ~4 days. Furthermore, from the model it 

was possible to derive the temporal trend of the astrocytic proliferation which presents a sigmoidal 

trend going to consistently fit the experimental data obtained in the work of Tedesco et al. [88]. The 

developed model, by varying the parameters and the boundary conditions, could be applied to 

different types of scaffolds, allowing the preliminary study of the transport and consumption of 

nutrients and the temporal evolution of the cell cultures seeded within them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



93 

 

 

 

 

 

 

 

Part II 

Section Two 

 

 

 

 

 

 



94 

 

 

 
 

 

 

Chapter 4 

 

 

 
Biomaterials Design  

for Drug Delivery 

 

 

 

 

 

 



95 

 

 

4.1. Drug delivery systems 
 

Although it is difficult to find a precise definition of drug delivery system (DDS), given the 

heterogeneity and the vast field of application, it is possible to define a DDS as a device, conceived 

and manufactured to selectively release pharmaceutical substances in the place and/or in the manner 

appropriate to the necessary treatment [288]. The main objective of a DDS is therefore to make the 

administration of the drug more effective in the individual, providing a suitable carrier to improve the 

therapeutic effect by improving the absorption of the drug and the consequent diffusion and excretion 

[289]. If the search for a better systemic response and the preservation of organs and cells that must 

not be involved in the treatments is an important goal, the improvement, by means of a DDS, of the 

release kinetics and specific targeting is essential [290]. Historically, the first drug delivery systems 

were conceived for oral applications, but later this field has attracted more and more interest by 

pushing the application fields to the whole organism and therefore passing from a repeated 

administration with rapid absorption to a localized and controlled [288].  

It is precisely this concept, focused on the release of a drug in a given period of time, with a defined 

release kinetics, at the base of systems developed in the last two decades that can withstand harsh 

physiological conditions and guarantee release for days up to years [291]. The controlled systems not 

only allow a more prudent use of the drug but avoid side effects such as toxicity and drug resistance 

[292]. The two essential conditions for a controlled system to be defined as such are the following: 

 

• possess adequate degradability both in terms of times and in terms of degradation mode. 

• be able to localize drug release at the target site.  

• be able to keep drug concentration constant during the necessary period. 

• improve the effectiveness of the treatment leading to a decrease in the administration that 

would be necessary with a classic administration. 

 

The objective of achieving a controlled drug release can be reached by exploiting different properties 

and chemical-physical characteristics of the materials used in the design of the device. One possibility 

is certainly constituted by a control of the release mechanism at the chemical level, through a direct 

interaction between drug and a material that is capable of solubilization. From this point of view, 

polymers are the most suitable candidate thanks to their backbone that allows the bond with drug 

compounds that allows their release through its dissolution (for example, hydrolytic or enzymatic) 

[293]. The advantages of this methodology are numerous, mainly associated with a high capacity of  
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encapsulation of the drug. Still on a chemical level, the erosion of a biodegradable polymer, which 

can occur for similar causes to those of dissolution, allows a controlled release and the possibility of 

avoiding the subsequent extraction of the implant which can therefore be absorbed and degraded by 

the organism over time [294]. 

 

Figure 4.1: schematic representation of the design process of a DDS. From [436]. 

 

The mechanisms of erosion can occur at the surface level (surface erosion), common phenomenon 

with materials such as polyanhydrides and polyorthoester, or at the level of the polymer matrix (bulk 

erosion), mainly found in many polyester-based polymers, (e.g. poly (ε-caprolactone) (PCL), 

polylactide (PLA) and polyglycolide (PGA)). Another widespread methodology on which the DDS 

are based is certainly the diffusion of the drug from reservoir via permeable structures [295]. In this 

sense, at the material level, the choice is wider, leaving room for the choice of both materials such as 

hydrogels, given their high permeability, and silicone materials for the carrier design. In this mode, 

the design must take more into consideration elements such as permeability and the size of the system. 

Alternatively, the use of a non-biodegradable matrix system, allows to obtain a controlled release in 

the short term but which will lose intensity and control over time, to encapsulate drugs more easily 

and to avoid problems associated with possible breakages of the reservoir [296]. 

Also a release control through the permeation of biological fluids in the carrier can be a valid 

alternative in the design of a DDS. In fact, water can act on a DDS through two actions: a physical 

one, defined as swelling or a chemical one associated with the phenomenon of osmosis. By swelling 

it is possible to control the release of molecules, not only from the well-known hydrogels, but in 

general from hydrophilic structures, exploiting the variation of the structure from the dry to the wet 

state, in which the structure expands and allows the external diffusion of the entrapped molecules 

[297].  
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The use on the other hand of structures with selective or limited permeability, allows to exploit the 

osmotic pressure that forms between neighboring concentration gradients. The flow that is then 

generated allows the displacement of the drug molecules to the site of interest external to the device, 

allowing a high control of drug release [298]. The human physiological environment also offers the 

possibility of using the stimuli coming from our body for the purpose of an effective pharmaceutical 

release. In fact, the different physiological conditions associated for example with different pH and 

different enzymatic concentration, allow, with the appropriate choice of materials, the design of DDS 

which are able to behave as such only in the presence of certain physiological conditions [299]. These 

systems are defined stimulus-responsive notes, and their field of application can also be extended to 

the use of external stimuli such as optical stimulation, electromagnetic fields and thermal gradients. 

All stimuli, both external and internal, constitute the switch that triggers or blocks the release of the 

drug. Alternatively, the stimuli can be used for reaching and binding to a specific site where controlled 

release is to be performed [300]. 

 

4.2. Synthetic polymers in drug delivery 
 

As a first step in the design of a DDS, choosing the right material is certainly the phase that requires 

more attention. Although currently the choice is very wide, ranging from naturally derived materials 

to synthesized ones, obtaining a specific controlled release for the application of interest is a delicate 

phase of the design. In the last decade, the best results in terms of sustained and controlled release 

have come from the use of synthetic polymers, i.e. based on polymers whose main chain has been 

obtained by artificial synthesis [301]. Below is a brief overview of the main materials of interest with 

a specific focus on those used in the experimental works that will be presented in chapters 5 and 6. 

 

• Polyethers: class of polymers containing ether functional groups on their principal chain. They 

have a good biocompatibility, but their use is severely limited by the difficult biodegradation 

due to their intrinsic chemical composition. This polymer is particularly interesting because 

it is water soluble and non-ionic and has been widely used for thanks to its "stealth-effect" 

(capacity avoid unspecific interactions between molecules with blood elements) [302] and to 

perform PEGylation (decoration of bio (active) molecules) [303]. 

• Poly(ethylene imine)s (PEI): class of polymers in which is present amine group functionalities 

on the backbone. The main advantage associated with the chemical characteristics offered by 

this category of polymers is the fact of possessing one of the highest cationic-charge-densities  
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compared to all the other organic macromolecules. This favors the use of this material for the 

supply of oligonucleotides, thanks to the interaction with the phosphate groups present on the 

genetic components [304]. The conditions for their synthesis, and their cytotoxicity, however, 

have limited their use, and for this reason no polymer in this category has been approved by 

the FDA. 

• Polyesters: group of polymers characterized by the presence of ester functional group on their 

backbone.  This chemical characteristic has made this class of polymers well known as they 

appear to be biodegradable with timing appropriate to the design of DDS [305]. This category 

includes numerous polymers widely used in drug delivery in the last decade. Poly- 

(caprolactone) (PCL), is aliphatic polyester with great biointeraction properties, thanks to 

which it has been used for both drug delivery applications (especially for long-term implants) 

and for sutures and scaffolds that combine therapy with tissue regeneration [306]. The 

properties that distinguish it are: biodegradability, ease of blending with other polymers 

(chitosan and PLA for example), high permeability to drug compounds and slow physiological 

degradation (mainly due to the absence of specific enzymes). Poly (lactic acid) (PLA) and 

poly (glycolic acid) (PGA) have also attracted great interest in drug delivery research. Their 

high mechanical strength has made them prime candidates for suturing applications [307]. 

Both are easily degraded in the body, however PLA, due to the presence of the hydrophobic 

methyl side group, has longer degradation times making it suitable for long-term applications. 

The use of PGA, on the other hand, is limited precisely by the high sensitivity to hydrolysis 

that occurs in physiological conditions [308]. Their copolymer poly(lactic-co-glycolic acid) 

(PLGA) is undoubtedly the best established and investigated polymer for pharmaceutical 

applications and tissue engineering. Also in this thesis work, I focused on the use of this 

polymer for the realization of an adequate carrier for the release of chemotherapeutic agents 

(Chap. 6). The most interesting characteristics of this copolymer derive from the possibility 

of regulating the chemical composition (ratio of lactic and glycolic acid monomers), which is 

therefore reflected in the chemical-physical properties shown. An important reflection of this 

characteristic lies in the possibility of decreasing the aqueous penetration using a greater 

portion of lactic acid, which is known to be hydrophilic [309]. A greater portion of glycolic 

acid, on the other hand, is responsible for a more crystalline structure [309]. PLGA is degraded 

through the hydrolytic cleavage of its polyester backbone Regarding the degradative 

properties, PLGA can be degraded through hydrolytic cleavage of its polyester backbone. As 

will be further explained in chapter 6, the degradation combined with the aqueous penetration  
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constitute the two release modalities of systems based on this material [310]. In this sense, the 

vast literature available allows researchers to make predictions on the performance of their 

systems thanks to the number of mathematical models of PLGA degradation published [310].  

Figure 4.2: Poly(lactic-co-glycolic acid) chemical structure. 

 

• Polycarbonates (PC): they constitute the biggest group of thermoplastic polymers used in drug 

delivery applications. Their chemical structure based on the presence of carbonate links on 

the backbone, make them degradable by means of surface erosion in in vivo conditions [311].  

Furthermore, their degradation does not generally lead to the formation of any acid pH 

microenvironment, as often happens during the degradation phase of polyesters, which would 

entail serious problems both with respect to the delivery of drugs and with respect to the local 

response of the patient [312]. In conclusion, the absence of autocatalytic degradation, a good 

biocompatibility with extremely low toxic degradation products makes this class of polymers 

a great option in DDS design. 

• Poly(N-acrylamide)s: group of polymers that present a chemical structure with amide 

functionalities located on the side chain. The main limitation associated with this group of 

polymers lies in their chemical composition, as their monomer is highly toxic and which can 

remain present also in the polymer, which however has not shown considerable toxicity. 

Although this category is quite broad, I would like to focus on the best known and most widely 

used polymer, namely Poly(N-isopropylacrylamide) (PNIPAAm), thanks to its thermos-

responsive properties. The lower critical solution temperature (LCST), few degrees lower to 

the body temperature (~34 °C in water-based fluids) make it soluble thanks to an H-bond 

network mechanism switch reaction. Similarly, at temperatures superior to the LCST 

PNIPAAm releases water molecules and stopped its solubility [313]. If thermos-

responsiveness is the key property of this polymer, its non-degradability in physiological 

conditions limited its use in many application fields.  
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• Polysiloxanes: among all the synthetic polymers in drug delivery, they could be considered as 

hybrid materials because they are made of a mixture of polar inorganic siloxane bonds (-Si-

O-) on the main chain and organic alkyl or aryl on the side chain.  This class of polymers possess 

properties such as flexibility, oxidative stability and long term resistance in thermal harsh conditions. 

Poly(dimethylsiloxane) (PDMS) is probably, the most known polymer of this class. Its wide 

use in research is mainly related to microfabrication application, but thanks to 

biocompatibility, gas permeability and transparency it has been employed even in different 

drug delivery applications.The main limitations of this material are related to the too high 

hydrophobicity leading to biofouling problems cause of low wettability of the surfaces, and 

no degradation in vivo [314]. 

• Poly(vinyl-ester/alcohol/ether)s: a broad category of polymers, all linked together by the same 

chemical structure based on the polymerization of a vinyl group bonded with an close oxygen 

group. The most important one is poly(vinyl acetate) (PVAc), which  can be hydrolyzed giving 

rise to poly(vinyl alcohol) (PVA), a well known and extremely used polymer in DDS design 

[315]. PVA advantages are numerous, but the main ones are its water-solubility and its easy 

degradability by means of enzymatic action from microorganisms’ production. However, this 

process, which works very well in vitro, does not similarly occur in vivo due to the lack of 

specific enzymes that are produced by our organism. Furthermore, PVA, thanks to hydroxyl 

groups suitable for cross-linking with glutaraldehyde [316], is one of the few examples of 

synthetic polymer from which it is possible to obtain effective hydrogels with controllable 

swelling properties.  

• Poly((meth)acrylate)s: group of synthetic polymers from acrylic and methacrylic acids. I 

report this group of polymers in this thesis because they constitute an essential group of 

polymers used in the controlled release of highly commercialized drugs. Appropriate 

modifications to the ester side chain allow to obtain the most varied possibilities in terms of 

solubility and bulk properties. Poly(meth)acrylates most interesting alteration is based on the 

copolymerizing of different functional monomers and by varying the monomer composition 

of the polymers. For example, if a ionizable component is inserted on the main chain of the 

polymer (i.e. amine and/or carboxyl groups), properties like solubility in an aqueous 

environment or pH-dependent degradation could be tuned. The class of copolymers obtained 

by means of this kind of modifications are sold with the commercial name of EUDRAGIT®. 
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Figure 4.3: Poly(styrene-co-maleic anhydride) chemical structure, the alternation between the 

two blocks is highlighted. 

 

• Polystyrenes (PS) are synthetic aromatic polymers which have been used to a limited extent 

in drug delivery [317]. In this thesis I want to focus specifically on Poly (styrene-co-maleic 

anhydride) (PSMA), which is directly employed in my research work in chapter 5. PSMA is 

a synthetic polymer consisting of the alternation of styrene monomers and maleic anhydride. 

It has some interesting characteristics from a chemical and biological point of view: in fact, it 

can be easily modified, by making the anhydride groups react with low molecular weight 

components such as water, alcohols and amines and is often applied in the biomedical field in 

its hydrolyzed form (poly styrene- co-maleic acid) [318]. From a biological point of view, it 

is a biocompatible polymer and in many cases it has been already exploited to design DDS 

thanks to its ability to control diffusion, improve the stability and solubility of therapeutic 

molecules, especially anticancer, prolonging their half-life in plasma and improving 

pharmacokinetics and pharmacodynamics. It has been used as a conjugate to a potent 

chemotherapy protein, increasing the drug's duration in the blood by up to 10 times and 

decreasing its toxicity by a quarter [318]. Angelova et al. [319] produced PSMA nanoparticles 

charged with epirubicin. The nanoparticles were made by precipitating the PSMA dissolved 

in acetone in aqueous medium, once the particles were dispersed in water, epirubicin solution 

was added dropwise to let the reaction take place. This method gave rise to an high 

encapsulation efficiency of about 85%. PSMA was used not only to immobilize anticancers 

molecules to improve their antimetastatic properties [320], but also to improve the 

effectiveness of antibiotic treatments, such as doxorubicin [321] and pirarubicin [322], thanks 

to the interaction between the styrene portion and the drugs. Another PSMA micelle-based 

delivery system is that developed by Larson et al. [323] who produced nano-carriers for  
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controlled release of an inhibitor of a tumor protein and tested its ability ability in vivo to 

inhibit the tumor growth. Deák et al. [324] recently produced some nano-capsules for the pH-

dependent release of poorly water-soluble ketoprofen and tocopherol, a highly hydrophobic 

drug: the study carried out at physiological pH and acidic conditions showed a strongly 

delayed release from the polymer at pH 3 and only partly slowed down to physiological pH, 

giving excellent prospects for applications in an acid environment.  

 

4.3. Natural polymers in drug delivery 
 

To define the term biopolymers, we can refer to those materials of natural origin that can be obtained 

by direct extraction or processing of materials originating from living organisms and plants [325]. As 

already stated in Chapter 1, the natural origin polymers have acquired increasing interest in research 

especially for drug delivery and tissue engineering applications. Especially in the design field of DDS, 

biopolymers have been used to obtain different formulations [326]. Making a categorization of the 

biopolymers most suitable for controlled release applications is however quite complex due to the 

extreme heterogeneity of the class of polymers analyzed. In general, the discriminating element in 

the classification of biopolymers derives from their degradability under physiological conditions. 

This in fact influences the modality of the eventual carrier to release the stored molecules [327]. From 

this assumption it follows that mainly the degradable polymers find wide applicability to the treated 

topic, while the non-degradable ones can hardly be recycled. The choice must therefore be made 

wisely, through a comprehensive understanding of the surface and bulk properties, associated with 

the use of the biopolymer chosen to get the most out of the therapeutic treatment. Below is a brief 

overview of the main naturally derived materials used in drug delivery. 

• Cellulose: derived from plant cell walls, is the most abundant biopolymeric source in the 

world. Its use in drug delivery dates back to the first formulations of tablets, in which it was 

used in the form of powder as a polymeric filler [328]. The main drawback with in vivo 

applications for cellulose is its poor biodegradation, even if certain hydrolysable forms can be 

synthesized by altering the higher-order structural features [329]. the main interest linked to 

cellulose is mainly associated with its raw form, which can be easily chemically modified to 

diversify the fields of application. For example, release systems based on a selective 

permeable membrane or enteric coating, can be made using hydroxypropyl methylcellulose 

(HPMC) [330]. Ethylcellulose, on the other hand, possessing the property of resisting alkaline  

conditions, can be used in pH dependent applications, but can also be involved in reactions if  
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exposed to UV light or high temperatures (oxidative degradation). In conclusion, although 

raw cellulose is difficult to use in the design field of DDS, its derived forms constitute a pillar 

not only in oral formulation but also for wound healing. 

• Pectin: it is a biopolymer extracted from plants, which can be classified as non-starch. In the 

last few decades, different types of pectins have been used mainly as an excipient for different 

types of DDS formulations (from tablets to nanoparticles). However, the most important use 

has been that of low methoxy pectins, thanks to their workability and ability to generate gelled 

structures that can be used in the form of microparticles for the controlled and prolonged 

release of drugs. [331] Another essential feature of this material is its mucoadhesiveness, 

which makes it particularly suitable for drug delivery applications in the digestive system; 

recent studies have shown greater efficacy of this formulation especially in the field of the 

design of DDS for therapies associated with the colon [332]. 

• Gelatin: is a polymer of animal origin, obtained from the partial hydrolyzation of collagen. It 

was initially used as a gelling factor, and as a structural strengthening filler [333]. Rich in 

amino acids, gelatin is often classified as a naturally "smart" biopolymer, i.e. capable of 

varying its structure from solution to gel by responding to thermal stimuli (thermoresponsive) 

[334]. In terms of workability, gelatin appears probably as one of the most versatile 

biopolymers, capable of generating effective drug carriers both in film and nanoparticle forms, 

but above all in hydrogels [335]. 

• Collagen: extracted from animal connective tissue, of which it constitutes about 40% of the 

proteins. It can be applied both as an excipient, both for the manufacture of microspheres and 

for wound healing with high affinity with the cellular components of the skin [336]. However, 

its use is limited by the high extraction costs, difficult workability being very sensitive to 

temperatures and therefore a use in tissue engineering is preferred where the intrinsic 

properties of the material can be fully exploited. 

• Hyaluronic acid: also this polymer is of animal nature, it can be extracted from living beings 

or it can be produced by microorganisms by fermentation [337]. The properties that make it 

suitable for DDS applications are associated with its workability: viscoelaticity and rheology, 

combined with high biocompatibility and negative surface charge that allows excellent 

electrostatic interactions with molecules to be released [338]. Even at the level of degradation 

it is very effective, since our organism has specific enzymes that can degrade it [339]. 

• Starches: the molecules of these polymers are the glucose monomers that occurred as 

insoluble granules in the plant cell chloroplasts, and constitute the carbohydrates present in  
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some plants [440]. Similarly to what was stated for cellulose, starches can be used in various 

formulations, mainly in the form of hydrogels, and numerous attempts have been made for 

drug delivery applications [441]. 

• Alginate: often referred to as alginic acid, it is the most important anionic polysaccharide used 

in drug delivery and tissue engineering. its ease of forming hydrogels and low production 

costs has made it a point of reference in the development of biopolymer systems [442]. It can 

be stabilized both by ionotropic gelation and by crosslinking, giving life to mechanically 

stable structures, which however present degradation problems in a physiological 

environment, the main problem associated with the use of this material [443]. The 

characteristics that make it so interesting are: biocompatibility, immunogenity, bioadhesion 

and biodegradability, combined with the chemical ones that make it particularly suitable for 

the formulation of blends with other polymers for the realization of composites [444]. 

• Chitin and chitosan: I have already extensively addressed the description of this polymer at 

the level of derivation and chemical structure in chapter 1, praising the exceptional properties 

for the scaffold fabrication of this biopolymer. Regarding its use in drug delivery, several 

papers have been published. Its cationic character due to the presence of primary amino groups 

on the backbone gives this polysaccharide properties such as mucoadhesion, in situ gelation, 

permeation and controlled release [445, 446]. A further feature that makes it a suitable 

candidate for delivery applications is its widely investigated antibacterial action [446]. The 

mucoadhesion capacity is based on the interaction of its chains with the anionic sub-structures 

that are exhibited by the gel layer on the tissue, such as sulphonic or sialic acids, which can 

interact with the cationic chain of the polymer. The immobilization of thiol groups allows to 

further improve this property [447,448]. The stability of this material, especially in hydrogel 

conditions, is strongly dependent on the pH of the environment, making it a natural stimuli-

responsive (pH-dependent) polymer, a property that is of great interest in the design of a DDS 

[449]. The high interaction of chitosan with cells previously described in Chapter 1 is also 

reflected in pharmaceutical release applications at the oral level. Indeed, the permeation 

mechanism of CHI hydrogels is linked to the exposed positive charges that interact with the 

cell membrane giving rise to a real reorganization of the proteins associated with the occluding 

junctions [450]. In the case of anionic or polyanionic drugs, the interaction between chitosan 

and the therapeutic agent is very strong to form complexes that allow release for a long period 

[451]. As already mentioned, its bioadhesive properties make this polysaccharide an excellent  

candidate for release in the oral and nasal cavity and in general through mucosal tissues. The  
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release of substances orally inside the chitosan particles allows to avoid the problems of 

deterioration in the intestinal tract and in some cases the absorption of the particles by the 

cells of the epithelium has been demonstrated thanks to the adhesion [452]. At the nasal level, 

bioadhesive microparticles for intranasal release [453] have been shown to guarantee a 

controlled and sustained level of drug in the blood compared to oral or intravenous 

administration. Several nasal delivery systems of chitosan-based vaccines and antigens [454] 

have yielded comparable or even superior results to traditional administrations. Abdel Mouez 

et al. [455] tested the release of a molecule for the treatment of hypertension and tachycardia 

through chitosan microparticles adhering to the nasal mucosa demonstrating an increase in 

the bioavailability of the drug compared to the nasal or oral solution, avoiding the first 

metabolic passage of the substance. For oral delivery systems of protein and peptide drugs, 

novel hydrogels made of various chitosan derivatives have been developed and evaluated. 

Derived forms of chitosan have been used effectively for oral delivery systems of protein and 

peptide drugs as they are able to provide more marked properties useful for the release of 

molecules [456]. For example, chitosan succinate and chitosan phthalate, thanks to their more 

marked hydrophilicity were used to deliver insulin orally showing results 3 times better than 

normal oral administration [457].  

 

4.4. 3D printing 
 

The second step necessary for the definition of an adequate DDS lies in the choice of the geometries 

suitable for the type of treatment to be performed. If micro and nanoparticulate structures are preferred 

for the oral form, but new needle or cylindrical shaped carriers are also being developed for a more 

effective release, for other application areas it may be necessary to work to create more complex or 

targeted structures on the patient [458]. The term 3D printing indicates a variety of manufacturing 

methodologies including polymerization, binding and deposition of polymeric materials in a layer-

by-layer process to finally obtain a DDS suitable for the required application. The potential of this 

methodology is enormous and is particularly focused on the research and implementation of patient-

specific systems [459]. If normal manufacturing methods can be faster for scaling the production, the 

real benefits of 3D printing are instead linked to the great flexibility of the method which allows to 

obtain different and well-defined geometries both in shape and size, wasting less drug material and 

allowing, in the long term, to lower production costs [460].  
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For all these reasons, the introduction of 3D printing in this area has led to a revolution in obtaining 

high-quality drug products with enhanced process robustness. Here are reported the main key points 

on which DDS 3D printing design is driving essential innovations: 

 

• Early-phase drug development; 

• Personalised drug delivery; 

• Complex drug therapies; 

• Community medicine; 

• Clinical pharmacy practice; 

• Fabrication of novel drug delivery systems; 

• Solid oral dosage forms; 

• Preparation of localized therapeutic systems and implants. 

 

In this thesis work, I focused on the manufacturing sector and on the application of this technology 

for the development of a local implantable system.  

 

Figure 4.4: illustrative diagram of the different 3D printing techniques for drug delivery. From [437]. 

 

For this reason, I report below the main 3D manufacturing techniques that have been used in drug 

delivery research up to now. 
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• Fused Deposition Modelling (FDM): this methodology is based on the deposition of material 

by melting a filament polymer. If this methodology has taken a large field in additive 

manufacturing for market applications, in the drug delivery field it has some limitations. In 

particular, the need to make drug-loaded filaments that could then be extruded [461]. The 

second limitation derives from the fact that this methodology considerably limits the choice 

of materials, pushing towards the use of synthetic polymers [462]. Despite these limitations, 

this method is finding a good field of application in formulations for oral drug delivery. 

• 3D Bioprinting: this methodology is based on the combination of scaffold and DDS design 

and fabrication. It is therefore the combination of biomaterials and cells that can be printed 

for a subsequent implantation in vivo or for in vitro testing, directly joining systems for the 

treatment of the lesion or tissue regeneration (growth factors, etc.) [463]. 

• Stereolithography (SLA): the use of photopolymerizable resins, combined with drugs is the 

basis of this methodology. This technique allows to obtain different dosages within the same 

print [464]. Robles-Martinez et al. [465], demonstrated the possibility of making 

superimposed layers tablet with different shapes and drug distributions. This methodology 

therefore allows not only to create patient-targeted therapies but also to create multidose 

systems with differentiated release. 

• Selective Laser Sintering (SLS): the fabrication method is similar to that of SLA, only using 

material in the form of powder which is melted by laser irradiation to obtain precise shapes. 

The opportunities provided at a technological level are comparable to those provided by SLA, 

however, with a different focus on the materials that can be used. 

• Digital Light Processing (DLP): also this methodology is based on the use of a resin, however, 

what differentiates it from those previously described is the technique of cure of each layer, 

that is through the use of a UV light from a projector [466].  

• Stencil Printing: this method was introduced by Wickstrom et al. [467]. The idea behind this 

methodology is that of being able to create polymer-drug composites to be used as ink that 

can be extruded from a pen which could regulate the opening of the nozzle and the speed of 

extrusion. This method opens up interesting developments both for in situ drug delivery and 

in the design of new ink for controlled release. 

• Pression-assisted 3D Printing: this method, on the other hand, is based on the extrusion of a 

viscoelastic ink through a fixed size nozzle, in a collection basin in which the extruded 

material can undergo a solidification process [439].  
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The possibility of adjusting the printing parameters, combined above all with the possibility 

of using more than one ink at the same time and also making coaxial fibers, makes this 

methodology versatile for the realization of innovative DDS [438]. 

 

In this thesis I mainly focused on the 3D printing methodology by means of extrusion of biopolymers 

(specifically, Alginate) from a microsyringe. This method allows to disperse in the biopolymer matrix 

nano and microparticles to carry molecules, avoiding rejection or response phenomena of our 

organism thanks to the high biocompatibility of the matrix used. Interesting developments and future 

perspectives are the basis of research in the field of inks that can be used for such design applications 

by DDS. 
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Chapter 5 

 

 

 
Surface coated chitosan 

microbeads for the sustained 

release of drugs 

 
 

 

 

 

This chapter was adapted from the journal articles ‘Arnaldi, P., Pastorino, L., Monticelli, O. "On an 

effective approach to improve the properties and the drug release of chitosan-based microparticles." 

International Journal of Biological Macromolecules 163 (2020): 393-401. 
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5.1 Rationale 

As described in the previous chapter, biopolymers constitute an interesting resource for the realization 

of engineered systems for local drug delivery and release.  

Among those listed above, Chitosan (CHI) represents one of the most extensively studied ones, thanks 

to its features, including biocompatibility, biodegradability, and mucoadhesiveness [340,341]. Indeed, 

this multifunctional polysaccharide has been widely used for several pharmaceutical applications, 

such as prolonged or controlled release drug delivery systems [342-345]. Despite the characteristics 

of CHI, which make the biopolymer a unique and versatile compound, various drawbacks should be 

considered before its use in the creation of dedicated systems. Firstly, the biopolymer molecular 

weight, molecular weight distribution, degree of deacetylation, and purity level were found to strongly 

depend on the extracted sources [346,347]. Moreover, CHI, which is very sensitive to the 

environmental conditions, such as temperature and humidity, can be easily decomposed by enzymes, 

such as lysozyme, and it is soluble in acidic solution [348]. This latter characteristic, although it 

facilitates its workability by making it soluble in aqueous solutions, at the same time limits its 

application and manufacturing field [340]. In general, to improve the physicochemical stability of 

CHI, chemical crosslinking is applied. Among all the available crosslinkers, the most common are 

dialdehydes, such as glutaraldehyde or glyoxal and genipin [348-352]. Covalent bonds are primarily 

responsible for the higher stability of the modified polymer, but also other interactions, such as 

hydrogen or hydrophobic bonds, cannot be excluded. Another crucial topic to be addressed is the burst 

release of the drug, a dramatic issue to consider as this phenomenon might affect the applicability of 

the engineered systems [353]. In literature, in order to limit this effect, CHI crosslinking was 

exploited, as this modification was found to decrease the drug diffusion as well as the polymer 

degradation, which influences the drug release [354,355]. Although the beneficial effects of the above 

polymer treatment, it is relevant to underline that the crosslinking was found to change the biological 

characteristics of CHI systems, which may limit its practical applications [348,354]. Particular 

attention must be paid to one of the most widely used crosslinkers, glutaraldehyde, which is not free 

from toxicity, it is known to be a potent irritant, sensitizer and neurotoxic [356]. On this basis, methods 

capable of modifying only the surface of CHI-based materials, limiting the degradation of the bulk 

and the burst release of the drug, without compromising the properties of the polymeric matrix could 

allow a more effective and wider exploitation of this polymer.  

Starting from this assumption, in this chapter, I will describe how decorating the surface of CHI 

particles with a layer of a biocompatible polymer, allowed me to protect the CHI inner shell from its 

easy solubilization in an acidic solution and from its degradation in an enzymatic environment. The 

second assumption on which I based my research activity was that the reduction of the surface porosity  
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as well as the limitation of the system degradation could have allowed tuning the release of a drug 

adsorbed into the particles. Indeed, poly-(styrene-co-maleic anhydride) was chosen as the matrix of 

the coating layer, considering its potential reactivity with chitosan, its chemical stability as well as its 

biocompatibility and previous effective uses in the pharmaceutical field [357,358]. In the past, this 

type of approach of modifying the surface of CHI-based materials such as films and particles, was 

used with the intent of changing the wettability of the materials. Tangpasuthadol et al. [359] proposed 

the modification of the surface chemical nature of CHI films by using acid chloride and acid 

anhydrides, to tune the film surface response to bio-macromolecules. More recently, the modification 

of CHI-based materials was accomplished by the direct grafting of poly(3-hexylthiophene) to their 

surfaces using the oxidative polymerization with FeCl3 [360]. As previously reported, it was shown 

that the above treatment changes the system wettability as the treated surfaces become hydrophobic.  

The objective of this chapter is to describe the realization of a new pharmaceutical release system that 

brings together all the hypotheses and characteristics of the materials just described. This project is 

an interesting innovation in this field, thanks to the development of a new composite material based 

on CHI as well as in the evaluation of the specific effect of PSMA surface layer, which should protect 

the polymer bulk and influence the release properties of CHI. Moreover, considering the advantages 

of using particles for the development of drug delivery systems [349-351,353,361], microparticles 

were exploited as drug carriers. It is worth underlining that the application of microparticles-based 

delivery systems has been widely used as they allow controlling the delivery on a specific target site 

by carefully tailoring the formulation [361]. Among the different methods, which can be used for the 

formation of microparticles, such as solvent evaporation [362], ionic gelation [363], emulsion 

polymerization and precipitation [364,365], the aerodynamically assisted jetting technique was 

applied as described in chapter 3. This methodology was not only chosen to have an optimal control 

on the dimensions of the manufactured microparticles but also to avoid using cross-linking materials, 

excluding all the previously posed problems. The specific properties of the CHI-PSMA microparticles 

were evaluated by studying the enzymatic degradation, using lysozyme as the most popularly used 

enzyme for in vitro CHI degradation studies since it is present in different proportions in various 

human body fluids [367]. Moreover, the CHI-PSMA microparticles were characterized respect to their 

solubilization in an acidic solution, for its possible oral administration. The encapsulation and release 

properties of the system were characterized using a model drug, namely bovine serum albumin (BSA), 

for its perspective application in the delivery of protein therapeutics [368,370]. To conclude, 

cytotoxicity tests were performed on MCF-7 human breast cancer cells, to evaluate any adverse effects 

of the interaction between the two materials. 
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5.2 Materials and Methods 

 

5.2.1. Materials 

Chitosan (CHI) was purchased from Sigma-Aldrich. Poly-(styrene-co-maleic anhydride) (PSMA) 

containing 14% by weight of maleic anhydride (Dylarc 332) was purchased from Nova Chemicals. 

Ethanol (EtOH) (anhydrous, purity 99.5%), Tetrahydrofuran (THF) (purity ≥99.9%) and Isopropyl 

alcohol were purchased from Sigma-Aldrich and used without further purifications. Sodium 

hydroxide (NaOH), Glacial acetic acid, Bovine serum albumin (BSA), Chicken egg-white lysozyme 

crystalline powder (~70,000 U/g), sodium phosphate dibasic and citric acid were purchased from 

Sigma-Aldrich and used as received. MCF-7 cells were purchased from the Interlab Cell Line 

Collection (ICLC) cell bank (San Martino Polyclinic Hospital Genova, Italy). All reagents for cell 

culture were purchased from Invitrogen. 

 

Figure 5.1: Schematic representation of the manufacturing process of CHI microparticles and PSMA 

coating. 

 

5.2.2. Composite microparticles fabrication 

CHI microparticles were prepared following the procedure previously described in Chapter 3 [371]. 

The encapsulation unit (NISCO Encapsulation Unit VAR J30) was equipped with the same nozzle 

(0.25 mm) and the pressure and flow parameters used were the same. Before contacting the fabricated 

neat microparticles with a solution containing PSMA, the water was removed by three cycles of 

centrifugation (1500 rpm, 5 min). The collected microparticles were then redispersed in 10 ml of THF 
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and subjected to three washing steps in the same solvent, to ensure complete removal of water content, 

before being transferred in a three-necked flask. At this stage, PSMA was dissolved in 5 ml of THF 

and added dropwise through a dropping funnel to the flask, which was sealed in a nitrogen atmosphere 

and immersed in an oil bath at 45 °C for 150 min while the suspension was continuously stirred at 

300 rpm. The suspension was then centrifuged (1500 rpm for 5 min), the supernatant removed and 

replaced with 10 ml of THF before being placed in a flask for 20 min at 45 °C. Finally, the suspension 

was transferred in a 15 ml tube, THF was removed through centrifugation and replaced with water 

(1500 rpm for 5 min), followed by three washing steps in deionized water. The microparticles thus 

obtained to be preserved in an optimal way, were kept in the fridge at 4 ° C. A summary diagram of 

the manufacturing and coating process is shown in Fig 5.1. 

 

5.2.3. Characterizations 

The dimension and stability of the microparticles was evaluated by acquiring contrast phase images 

by an inverted IX-51 Olympus microscope equipped with a DP70 digital camera coupled with C Plan 

(10 N.A.). The mean diameters and their distributions were calculated using ImageJ software. To 

study the microparticles morphologies, a Zeiss Supra 40 VP FE-SEM was used. All samples were 

sputter-coated with carbon using a Polaron E5100 sputter coater. FTIR spectra were recorded on a 

Bruker IFS66 spectrometer in the spectral range 400 – 4000 cm−1. Thermal gravimetrical analysis 

(TGA) was performed with a Mettler-Toledo TGA 1 thermogravimetric analyzer, under a nitrogen 

flow of 80 ml/min, from 30 °C to 800 °C at 10 °C/min. To evaluate the effect of PSMA coating on 

the wettability of the CHI-based systems, contact angle measurements were performed on CHI films, 

which were prepared by drop-casting a CHI 1% w/v solution on a Petri dish (10 cm diameter). The 

films were dried at 40 °C overnight in a vacuum oven and afterward, they were immersed in a 

neutralizing solution for 45 min, before undergoing three washing steps with deionized water. PSMA-

coated CHI films were obtained under the same conditions as previously described in the fabrication 

section. Contact angle experiments were carried out at room temperature by means of a Basler as 

A780 contact angle analyzer, with the Oneattension software, by exploiting pure water as probe liquid 

and using the sessile drop method.  

The drug encapsulation efficiency of CHI microparticles was evaluated using BSA as drug model. 

The drug loading was conducted through a post-loading process [373,374]. This methodology was 

chosen in order to guarantee the maximum encapsulation of the protein, since the proposed 

manufacturing methodology, i.e. phase-inversion in an aqueous alkaline solution, would have led to 

not being able to effectively control the amount of drug stored by the system created. Firstly, BSA 

(0.5% w/v) by dissolving it in deionized water. Subsequently, CHI microparticles were incubated with 

BSA solution at 37 °C overnight. The suspension was then centrifuged, the supernatant was collected 
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and measured at 280 nm wavelength with a UV–vis spectrophotometer (Cary 60, Agilent 

Technologies). Encapsulation Efficiency (EE) of CHI microparticles was calculated according to Eq. 

5.1: 

 

EE [%] = [ (W0 – W s) / W0 ] x 100  (5.1) 

 

where W0 is the initial amount of BSA and Ws is the content of BSA in the supernatant. 

The BSA release tests were performed in McIlvaine buffer solution at pH = 3. The absorbance of the 

withdrawn samples was measured and the BSA cumulative release (%) was calculated according to 

calibration curve. The cumulative release tests were carried out in triplicate (n = 3), reporting data as 

mean ± standard deviation.  

Enzymatic degradation of CHI and PSMA-coated CHI microparticles was performed incubating at 

37 °C in a PBS solution (pH = 7.4) containing 1.5 μg/ml of lysozyme. The degradation test was 

conducted up to 3 weeks and the lysozyme solution was refreshed every 4 days. Every 7 days the 

supernatant was removed, samples were rinsed with deionized water and dried before being weighed. 

To determine the degradation degree (DD), samples were weighed before and after in vitro 

degradation. The DD was measured as calculated according to Eq. 5.2: 

 

DD [%] = [ (M0 – M t) / M0 ] x 100  (5.2) 

 

where M0 and Mt are respectively the mass of the samples before the degradation test and at the time 

t after incubation. The enzymatic degradation of the microparticles was also analyzed by optical 

microscopy, verifying variations in the shape and size of the samples before being weighed. For the 

evaluation of microparticles behavior in an acid environment, McIlvaine buffer solutions at pH = 3, 

obtained by mixing a 0.2 M solution of sodium phosphate dibasic with a 0.1 M solution of citric acid 

with a volumetric ratio of 1:3 [372], were used. CHI and PSMA-coated CHI microparticles were 

dispersed in the above medium and the evolution of their morphology was observed by optical 

microscopy at different time steps. 

 

5.2.4. Cytotoxicity Assay 

To evaluate cell proliferation, in a microsphere conditioned medium, the activity of the mitochondrial 

dehydrogenases was measured quantitatively using an MTT assay method. CHI and CHI-PSMA 

microspheres were disposed in cell strainer (40 µm pore size) and placed in a 12-well plate. A control 

group was set in one of the wells leaving it free from exposure to the microspheres. The MCF7 cells 

were seeded on the bottom of each well without any further treatment (cell density ∼3*104 cells). 
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After 48 and 96 h, cells were washed three times with sterile DPBS, prior to incubation in 40 μL 

prepared 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) solution at 37 °C. 

After 3 h, the reaction solution (MTT) was removed and replaced with dimethylsulfoxide (DMSO). 

Afterwards, DMSO solution was transferred into 96-well plates to detect absorbance at 490 nm [375], 

the experiments were conducted in triplicate. 

 

5.3 Results and Discussion 

The characterization of the developed system was preliminarily focused on the study of poly-(styrene-

co-maleic anhydride) (PSMA) interactions/grafting reactions with the surface of chitosan (CHI) 

microparticle by applying IR measurements.  

Figure 5.2: FTIR spectra comparison of CHI microparticles (a), CHI-PSMA microparticles (b) and 

neat PSMA (c). 

 

The deposition methods of the external coating showed that the fraction of PSMA, which remains 

attached to the surface of the microparticles, turns out be strongly linked as the preparation procedure 

involved an intense washing of the particles after having contacted them with a solution containing 

the above polymer.  

A comparison of the IR spectra of the neat CHI microparticles with that of the system treated with 

PSMA (CHI-PSMA) and of the neat PSMA in the region 400 – 2000 cm−1 is reported in Figure 5.2. 

The spectrum of PSMA is characterized by two absorption peaks in 1772 and 1850 cm−1 respectively, 

assigned to symmetric and antisymmetric stretching vibrations of the anhydride carbonyl group as 
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well as a band at 1213 cm−1, which can be attributed to the stretching vibration C-O-C of maleic 

anhydride units [376]. In the case of the CHI spectrum, the peaks at 960–1100 cm−1 correspond to the 

C–O–C asymmetric stretching region, the strong band at 1640 cm−1 shows the presence of C=O 

stretching (amide-I band), while the peaks at 1360 cm−1 and 1560 cm−1 could be assigned to N-H 

bending and C-H deformation, respectively [377]. In the spectrum of the CHI-PSMA microparticles, 

represented in Fig. 5.2 with dashed lines, together with the above-mentioned bands belonging to the 

matrix, peaks in 1772, 1480, 1452, 750 and 694 cm−1 appear, which give evidence of the presence of 

PSMA on the microparticle surface. Moreover, as highlighted in the insert of Fig. 5.2, a shoulder is 

visible at ca. 1740 cm−1, which can be assigned to the carbonyl stretching absorption of the carboxylic 

groups formed as consequence of the reaction between the amino functionalities of CHI and maleic 

groups of PSMA [358].  

 

Figure 5.3: FE-SEM micrographs observations at different magnifications of CHI microparticles 

(a,b), and CHI-PSMA microparticles (c,d). 

 

Regarding the dimensional analysis, since the same methodology and the same parameters as 

described in chapter 3 were used, I referred to what was stated previously. The average diameter is 

therefore about 100 µm (110 ± 42 μm). The same type of analysis, conducted on PSMA-coated 

microparticles, did not produce significantly different results, showing how the coating does not affect 

in any way the size of the microspheres made. Regarding the morphology of CHI microparticles, 

before and after the treatment with PSMA, was studied by means of FE-SEM measurements.  

Comparing the morphology of the neat CHI with that of the CHI-PSMA microparticles, I found that 

the treatment with PSMA had a relevant influence on the surface morphology. It appears evident, 
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especially considering the micrographs at high magnifications, the formation of a rough layer on the 

surface of the CHI-PSMA system with a significant decrease of the pore size. This result represents 

further evidence of the effectiveness of the PSMA deposition. 

To fully characterize the developed system from a material point of view, together with the 

morphology also the wettability and thermal gravimetric measurements are useful information on the 

modification of PSMA on the CHI-based system. To analyze the former property, neat CHI and CHI-

PSMA films, which were treated by applying the same conditions used for the microparticles, were 

prepared, and tested by means of contact angle measurements. Indeed, the use of films allowed 

obtaining flat surfaces where it was possible to deposit a drop of water and analyze its shape. The 

contact angle of the untreated system (98.6° ± 3.4°) turned out to agree with the value reported in the 

literature [378], while that of the films treated with PSMA was found to decrease (88.7° ± 3.1°). It is 

worth underlining that the wettability is related both to the chemical nature of the surface and to its 

roughness. By considering that an increase of the latter parameter generally leads to an increment of 

the contact angle and considering the decrement found in our sample, it is possible to infer that the 

chemistry of the surface, more than its morphology, affects the system wettability. Indeed, as 

previously reported, neat PSMA films are characterized by a contact angle of ca. 80° [379], the 

increment of the hydrophilicity of the treated films might be related to the deposition of a PSMA layer 

on the surface.  

Figure 5.4: Thermogravimetric analysis profiles of: (—) PSMA, (·····) CHI and (---) CHI-PSMA 

microparticles. 

 

TGA profiles of the neat PSMA together with the CHI and the CHI-PSMA microparticles are shown 

in Fig. 5.4. These measurements, carried out in nitrogen atmosphere, indicate that CHI microparticles 

contain ~10% of adsorbed water, which is released at relatively low temperature (below 100 °C), it 
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means that water is physically adsorbed to CHI. The main stage of thermal degradation occurs 

between 230 °C and 400 °C (with a maximum at 274 °C) during which ca. 40% of the polymer mass 

is released. As previously reported [380], this degradation step is caused by the depolymerization of 

the polymer chains, degradation of the pyranose rings by dehydration, deamination, and finally ring-

opening reaction. The decomposition of neat PSMA occurs in a single step between 350 °C and 450 

°C (with a maximum at 350 °C). The behavior of the microparticles treated with PSMA turned out to 

be very different from that of the neat CHI sample. Indeed, together with the first and second 

degradation steps, a further decomposition occurs in the range 350–400 °C, which may be related to 

the degradation of the PSMA surface layer, because it decomposed in the same range as the neat 

polymer [381]. The above step corresponds to a weight loss of ca. 10%. Indeed, such amount might 

be related both to the part of PSMA grafted to CHI and to the amount interacting with the surface. 

The ability of the developed system to act as a drug carrier and to sustain the release over time in 

acidic conditions (pH = 3) was evaluated using Bovine Serum Albumin (BSA) as model drug. I chose 

to study the release up to 10 h as, for the neat microparticles, it was found to be completed in this 

interval of time. The BSA encapsulation efficiency, in the tested conditions, was found to be 36.2 ± 

7.4%. Indeed, electrostatic interactions play a pivotal role in protein adsorption [390]. In this chapter, 

BSA loading was performed in pure water at a pH of around 6.8–7.0, which is above CHI pKa and 

above BSA isoelectric point (pI) (around 4.7) [391]. Therefore, BSA adsorption by electrostatic 

interaction was not carried out at the optimal pH, thus accounting for the obtained encapsulation 

efficiency results. A more favorable pH of the loading medium would be below BSA pI which, 

however, would have an impact on the acidic dissolution of CHI. My results were comparable to those 

obtained in a previous work on ionically cross-linked CHI microparticles, where BSA loading 

efficiency was found to be around 30% in the same conditions of pH and concentration [373].  

The BSA-loaded microparticles were then characterized respect to their release properties. As 

depicted in Fig. 5.5, the initial burst release of BSA from CHI microparticles occurred in the first 15 

min with a cumulative release of 64.6 ± 4.1% of the loaded protein. The release was almost complete 

after 10 h. As related to CHI-PSMA microparticles, a reduction of the initial burst release was 

observed with a release of 21.8 ± 1.4% after the 15 min. The cumulative release after 10 h was found 

to be around 38.4 ± 3.4%.  

As described in Chapter 4, proteins encapsulated in hydrogels matrices are mostly released passively 

by desorption from the matrix surface, diffusion through the pores of the polymer structure and 

degradation of the bulk material. Chitosan based hydrogel carriers are generally characterized by an 

initial rapid release (burst effect), followed by a reduced further slow release, with a limited control 

of drug release kinetics [392,393]. The results in my research activity, demonstrated that the presence 

of the PSMA surface layer limited the release of the drug by its combined action as a barrier to drug 
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diffusion and as a shield for microparticles dissolution. 

Furthermore, as reported in the literature, it has been demonstrated that the PSMA-based drug carriers 

not only perform a slower release in acidic pH conditions [394] but are also able to interact with the 

drug by forming specific interactions [395], which phenomena might contribute to the limitation of 

the BSA diffusion. In the literature, ionically cross-linked CHI microparticles were found to release 

in acidic medium around 50% of loaded BSA in the first hours [393]. Indeed, comparing the above 

results with my activity findings, it is possible to infer that the BSA-loaded PSMA-CHI composite 

microparticles showed a good drug release capability, indicating that it may be a promising sustained-

release drug delivery carrier at low pH conditions. 

 

Figure 5.5: Cumulative release of BSA (5 mg/ml) from CHI (■) and CHI-PSMA (●) microparticles in 

McIlvaine buffer solution (pH = 3) at 37 °C (n=3). 

 

To fully analyze the applicability of the system in the desired conditions, the neat CHI and CHI-

PSMA microparticles degradation was studied by evaluating the morphology of the systems, which 

were incubated in PBS at 37 °C with lysozyme up to 21 days. It is worth underlying that lysozyme is 

an antimicrobial enzyme found in various human body fluids including serum, saliva, and tears [382].  

In particular, the antibacterial activity of the above enzyme is related to its ability to catalyze the 

hydrolysis of β-(1,4) linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine groups in 

the peptidoglycan cell wall structure of certain microorganisms, specifically of Gram-positive bacteria 

[383]. In vivo, CHI is mainly degraded by lysozyme and its degradation depends on the degree of its 

deacetylation, molecular weight, and cross-linking degree [367,384].  

The morphology of CHI and CHI-PSMA microparticles, exposed to a lysozyme solution, was 

preliminarily evaluated by means of optical microscopy, as reported in Fig. 5.6. By comparing the 

micrographs, the CHI microparticles (Fig. 5.6b) were found to form aggregates where it was no longer  
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possible to distinguish the single particles. As already reported in the literature [385], this behavior 

could be ascribed to the breakage of the glycosidic bonds by lysozyme with the consequent loss of 

colloidal stability and aggregation of the CHI microparticles. On the other hand, the coated 

microparticles, treated with lysozyme, maintained their initial shape (Fig. 5.6c and d), since the PSMA 

surface layer is not affected by the degradative action of the enzyme, and it preserved the structure of 

the microparticles. In order to further support the observations provided by optical microscopy, the 

degradation profile was investigated using a gravimetric method. Fig. 5.6e shows the degradation 

degree (DD) profile of both samples, PSMA and CHI-PSMA, over 21 days.  

Figure 5.6: Optical contrast phase micrographs: (a) and (c) neat CHI and CHI-PSMA microparticles 

before incubation. (b) and (d) CHI and CHI-PSMA microparticles, respectively, after 21 days of 

lysozyme exposure. Degradation degree trend of CHI (■) and CHI-PSMA (●) microparticles 

incubated in lysozyme-PBS solution (n=3). 

 



 

121 

 

 

Although the DD increased with time for both samples, while the CHI microparticles showed a 

significant weight loss, up to 70% after 21 days, the CHI-PSMA microparticles degraded less than 

25% of the initial weight in the same interval of time. Overall, the obtained results showed that the 

PSMA coating protects the surface of the microparticles from the degradative action of lysozyme and, 

by decreasing the porosity of the system, limits the diffusion of the enzyme in the microparticles bulk. 

Similar degradation profiles were reported in the literature for CHI microparticles covalently cross-

linked with glutaraldehyde [386], whereas highly porous CHI-gelatin composites, ionically cross-

linked with tripolyphosphate, lost 80% of their weight after 28 days of exposure to lysozyme [387], 

thus confirming the influence of the porosity of the system on the degradation behavior.  

 

Figure 5.7: Optical contrast phase micrographs: CHI (a) and CHI-PSMA (b) microparticles exposed 

to acidic medium (pH = 3) at different time points [min]. 

 

CHI based systems not only undergo enzymatic degradation, but they are also susceptible to 

dissolution under acidic conditions. Below CHI pKa (around 6.3) [388], the free amino groups are 

protonated causing electrostatic repulsion between the polymer chains and thus enabling the polymer 

solvation. The acidic stability of CHI microparticles depends on the adopted cross-linking strategy as 

well as on the cross-linking degree. Indeed, CHI-based systems precipitated in an alkaline medium 

are rapidly dissolved while those covalently cross-linked turn out to be stable over weeks [389]. With 

the aim at studying the influence of the microparticle treatment on their stability in an acidic medium, 

the morphology of both CHI and CHI-PSMA microparticles, contacted with a McIlvaine buffer 

solution at pH = 3, was monitored up to 24 h. Fig. 5.7 shows contrast phase images of the samples 

exposed to the above acidic medium at 37 °C for different times. As it can be observed, the untreated  
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CHI microparticles underwent fast dissolution, they were completely dissolved after 1 h. On the other 

hand, the CHI-PSMA microparticles revealed a denser structure probably due to the process of 

dissolution of the bulk matrix that takes place in the core of the microparticles, leading to a shrinkage 

of the PSMA shell that did not undergo the same dissolving phenomenon. Overall, the structure and 

morphology were maintained up to 24 h. The results confirmed that PSMA, being stable in the acidic 

environment, shields for rapid microparticles dissolution. 

Figure 5.8: MTT assays of MCF-7 cells treated with CHI and CHI-PSMA microparticles (n=3). 

 

Finally, the in vitro cytotoxicity of the CHI and CHI-PSMA microparticles was studied to assess the 

effect of the coating procedure on the well-known biocompatibility of CHI [396] and PSMA [397]. 

Namely, MCF-7 cells were exposed to the microparticles up to 96 h and cytotoxicity was evaluated 

by MTT test after 48 and 96 h. As expected, the CHI-PSMA microparticles were found not to affect 

cell viability in the tested timeframe (Fig. 5.8). This finding confirmed that the coating procedure, 

which was carried in an organic solvent, did not impact on the cytocompatibility properties of the 

composite system. 

 

5.4   Conclusions 

In summary, the research work presented in this chapter, was focused on the fabrication of composite 

microparticles, consisting of an internal core of chitosan and a surface layer of poly-(styrene-co-

maleic anhydride) (PSMA). Indeed, PSMA turned out to be a suitable polymer to interact/react with 

CHI forming a continuous layer on the surface of microparticles, thus reducing their porosity without 

affecting their biocompatibility. Moreover, the prepared systems showed a lower tendency to dissolve 

in acidic conditions and a lower enzyme degradation compared to neat CHI microparticles which  
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showed disintegration and swelling under harsh conditions. The above features make the developed 

material an ideal drug carrier to be used in an acidic environment, such as that of the human stomach, 

i.e. for oral drug administration, but also in damaged conditions that lead to the release of lysozyme. 

Furthermore, by studying the release kinetic of an adsorbed model drug, it was demonstrated a 

reduction of the initial burst and cumulative release of the coated CHI-based microparticles. This 

phenomenon has been related to different aspects, that are attributable to a combination of 3 elements: 

the barrier effect of the surface coating, the interactions coating-drug, and the limited degradation of 

the carrier in the acid environment used in the release study. In conclusion, CHI-PSMA microparticles 

possess promising features not only in terms of performances but also because their preparation is 

based on commercial materials and easy and low-cost methods. 
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Chapter 6 

 

 

 

Local delivery of 

chemotherapeutics for 

Glioblastoma treatment 

 
 

 

 

 

 

This chapter includes the research activity carried out during my visiting period at the University of 

Victoria (Victoria, BC, Canada), under the supervision of Prof. Mohsen Akbari in collaboration with 

Dr. Dana Hellmold (Kiel University). 
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6.1 Rationale 

Glioblastoma multiforme (GBM) constitutes one of the most widespread forms of primary 

astrocytoma, which in the United States alone accounts for half of the brain tumors diagnosed each 

year [398]. These types of tumors are highly malignant, develop quickly and are highly invasive 

inside the brain. From an operative point of view, the tumor is clinically removed, i.e. through a 

microsurgical operation, followed by therapies characterized by the combination of radio and 

chemotherapy [399]. The results in terms of survival and response to the tumor, however, are too 

often not sufficient, the tumor can develop chemoresistance and the position of the implant itself 

limits the effectiveness of the treatment with high side effects [400]. The main reason that makes 

glioblastoma so difficult to cure is given by the fact that it is a highly heterogeneous mass, which is 

reflected both on the internal organization and on the protein expression [401,402]. Certainly, 

constant developments in the treatment of this tumor with surgery have allowed essential advances 

in the treatment of this disease, however, the frequency of tumor recurrence, particularly on the edges 

of the removal cavity, is still very high [403]. Considering current medicinal therapies, the only 

available option appears to be the use of Temozolomide (TMZ, approved by the FDA) [404]. 

Temozolomide is an alkylating agent, its action is based on its ability to alkylate/methylate DNA, 

which usually occurs in the guanine residues (N-7 or O-6 positions) [405]. In terms of 

pharmacokinetics, TMZ can be easily and fast absorbed by oral administration in the gut, and once 

in the circulatory system, even if with a short half-life in plasma, it can penetrate the blood–brain 

barrier (BBB) with a loss of about 70% in terms of concentration in the cerebrospinal fluid compared 

to the one in the blood plasma [406]. However, the problems and limitations associated with the use 

of this drug are numerous, in addition to the well-known side effects that derive from systemic oral 

administration, there are also long-term chemotherapy resistance effects that severely limit its 

efficacy and treatment [407]. The whole picture described so far, highlights the need to develop new 

forms of therapies that allow a more effective treatment of the disease and adequate support for 

surgical and radiotherapy operations. In this sense, the use of new types of drugs, in place of or in 

combination with TMZ, the controlled and localized release of the latter and new forms of fabrication 

of suitable pharmaceutical carriers, could lead to interesting steps forward in the treatment of this 

malignant tumor [408,409]. 

A valid alternative to TMZ, even if still in the optimization phase, could be the use of AT101, the R-

(-)-enantiomer of the naturally occurring cottonseed-derived polyphenol gossypol [410,411]. This 

molecule, used in the past and in other application fields, thanks to its known anti-inflammatory and 

antioxidative properties, has been shown to have interesting anticancer properties that have attracted 

its interest, leading to effective experiments also for the treatment of GBM [412-414]. AT101, has  
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some interesting characteristics, in fact this molecule is able to bind effectively to the hydrophobic 

surface of pro-survival Bcl-2 family members, stimulating not only the apoptosis of treated tumor 

cells by reducing protective effects, but also regulating autophagic and mitophagic cell death 

[415,416]. Previous studies have focused on the use of gossypol both in combination with TMZ and 

in single therapy, demonstrating how the use of this molecule introduced significant improvements 

not only in terms of cytotoxicity obtained, but also by reducing the clonogenic growth of radiation 

affected GBM cells, limiting tumor regrowth and the birth of TMZ resistant cells [416].  As regards 

the encapsulation of AT101 in controlled release systems, the only previous attempt published was 

the one by Flak et al. [417], in which cubosomes from glyceryl monooleate (GMO) were made, with 

a very high encapsulation efficiency (~ 98%) but with a controlled release that reached 35% of the 

total in just 72 hours. 

As stated previously, an effective way to limit the side effects associated with oral administration of 

drugs is through local delivery, for this purpose it is necessary to use a carrier that permits the delivery 

in the interest site. In this perspective, research in recent years has been strongly focused on 

biodegradable polymers, both of natural and synthetic origin [418]. Among these, PLGA has 

certainly been one of the most used thanks to its properties that make it suitable for a controlled 

release of drugs [419]. However, these materials, which appear to be very effective in microparticle 

form, nevertheless have mechanical and degradative characteristics that make the immediate 

response of the implantation site complex [420]. In particular, in a soft environment such as the brain 

one it is necessary to use materials that are similar in terms of mechanical stiffness [421]. For this 

reason, the use of natural biopolymers in the form of hydrogel can create the right system to use in a 

combined way materials that allow an effective drug release, combined with highly biocompatible 

structures, degradable in adequate times and mechanically compatible [422]. 

In this chapter I have focused on the description of my research work for the realization of a 

controlled and local delivery system of AT101 inside the tumor cavity. This work was carried out 

during my training period abroad at the University of Victoria, in the laboratory for innovation in 

microengineering (LIME), under the supervision of Prof. Akbari. The work was conceived precisely 

from the experience gained by the laboratory that two years earlier had developed a system based on 

PLGA microspheres dispersed within a biopolymer matrix consisting of alginate to create 

constructions printed using a 3D printing technique [423]. Using the interesting results of that work, 

I then focused on trying to translate the approach using the AT101. The final goal will be to exploit 

the system for the controlled release of the two drugs together, however due to the limited time 

frames associated with my stay abroad, all efforts have been directed towards the optimization of the 

encapsulation and release of the AT101. The work therefore first developed on the realization of  
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PLGA microparticles that were able to trap and slowly release AT101. Three types of manufacturing 

techniques were used, always using the emulsion-solvent evaporation methodology, specifically oil-

in-Oil (O/O) [426], water-in-oil (W/O) [407] and water-in-oil-water (W/O/W) [424], to verify under 

which conditions the maximum encapsulation of the drug could be obtained. Once the encapsulation 

efficiency and the release of AT101 in solution, that is an artificial cerebrospinal fluid [425], had 

been verified I moved on to the design of the biopolymer carrier. The PLGA particles loaded with 

AT101 were dispersed in a solution with a very high concentration of alginate in order to be able to 

extrude the composite material using a commercial bioprinter (Inkredible, Cellink). This technique 

allows the creation of fine geometries (mesh) by depositing the material on a support and subsequent 

physical crosslinking of the alginate by exposure to calcium ions. The cross-linking of alginate 

generates a stable structure in an aqueous environment, mechanically resistant and which provides 

an additional barrier for the release of AT101 in solution. After verifying the release of AT101 also 

from the printed mesh, in vitro cytotoxicity tests were performed to evaluate the effectiveness of the 

developed system. GBM line cancerogenic cells, U251 and U87, were used as gold standard for the 

verification of the cytotoxicity of the AT101 released by the mesh, being exposed but not in direct 

contact with the implant. Future developments will be performed both by creating a mesh that can 

perform the co-delivery of AT101 and TMZ to evaluate the effect of a combined local therapy and 

also in the use of cellular models closer to in vivo such as spheroids and/or hydrogels seeded 

scaffolds. 

 

 
Figure 6.1: Schematic representation of the mesh fabrication process for the treatment of 

glioblastoma. From [423]. 
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6.2 Materials and methods 

 

6.2.1 Materials 

Poly(lactic-co-glycolic acid) (PLGA, 50:50, Resomer RG504H), Alginic Acid from brown algae, 

Calcium Chloride (CaCl2), Polyvinyl-alcohol (PVA), Dimethyl Sulfoxide (DMSO), Digitonin, 

Ethanol (EtOH) and Span 80 were purchased from Sigma-Aldrich (St. Louis, USA). 

Dichloromethane and N-hexane was purchased from Fisher Scientific. Acetonitrile and liquid 

paraffin were purchased from Caledon Laboratories (Georgetown, Canada). Temozolomide acid was 

purchased from Ontario Chemicals Inc. (Canada). AT101 was purchased from Biotechne 

(Minneapolis, USA). 

 

6.2.2 Microparticles Fabrication 

To evaluate the best encapsulation conditions of AT101 in PLGA microparticles, various emulsion 

solvent evaporation methods varying the different phases used. Firstly, I tried an oil-in-oil (O/O) 

emulsion method, by adapting the technique to the encapsulation of AT101 [426]. Briefly, I prepared 

the oil phase (O1) taking 3 ml of acetonitrile and dissolving by continuous stirring for 15 minutes 

different known quantities of PLGA (specifically, 300 mg to obtain a final concentration of 10% w/v 

and 150 mg for 5% w /v). Once optimal dissolution of the polymer was achieved, 3 mg of AT101 

were added, leaving on continuous stirring until the drug was completely dissolved (the color of the 

solution changes from transparent to orange-yellow). To verify the effect of the quantity of drug on 

the encapsulation efficiency, a similar test was carried out but dissolving 1 mg of AT101 at the 

beginning. At the same time, 40 mL of liquid paraffin were poured into a 100 ml beaker, and 200 µL 

of Span 80 have been added as a surfactant, under continuous stirring to guarantee a perfect mix of 

the two oil To form the second oil phase (O2). An O1-O2 emulsion was obtained by means of a vortex 

mixer at the maximum rate for 5 minutes continuously using a 50 ml tube. Once the emulsion was 

obtained, it was transferred into a 100 ml volume beaker and kept under continuous stirring for 3 

hours at room temperature in order to favor the complete evaporation of the acetonitrile solvent. After 

this phase of evaporation of the solvent and removal of the air bubbles, the solution was taken and 

subjected to centrifugation (1000 rpm, 5 min) to collect the microspheres formed. The process was 

repeated 3 times, each time replacing the supernatant with the same volume of n-hexane, to ensure 

complete removal of the second oil phase (O2). The microspheres thus obtained were then stabilized 

by means of a drying process at a controlled temperature (37 °C) overnight. Microparticles made 

neat of PLGA, were prepared using the exact same technique but without the addition of AT101 in 

O1 phase and used as control samples. 
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The second method employed for the manufacture of microspheres, was based on a first Oil phase 

(O1) and a water phase (W1) to form a single emulsion (O/W). The same quantities of PLGA 

described above were dissolved in the same volume of DCM. Then, 3 mg of AT101 were added to 

this first oil phase (O1) until complete dissolution. The second water phase W2 was obtained by 

dissolving 1.6 g of polyvinyl alcohol (PVA) in 80 mL of distilled water under continuous stirring at 

80 C for 1 h (final PVA concentration 2% w/v). Once the aqueous phase has cooled down to room 

temperature, an emulsion was obtained by vortex 40 ml of the W2 together with O1 for 5 minutes 

continuously. The emulsion was then left to stir for 2 hours at room temperature to let DCM evaporate 

and PLGA microparticles to form. As previously described, the microspheres were then collected by 

centrifuge, each time replacing the supernatant with distilled water at each washing. To stabilize the 

microspheres a final lyophilization process was applied. Finally, a last attempt was made using the 

W/O/W technique [427], i.e. using an aqueous W1 phase (PVA 1% w/v) in which AT101 was 

dispersed, which was immediately emulsified with a phase O1 based on DCM in which the PLGA 

was dissolved. Finally, this first emulsion E1, was subjected to continuous vortexing with a second 

aqueous phase W2 (PVA 0.5% w/v) to form a final emulsion which was treated in the same way as 

previously described. 

 

6.2.3 Microparticles loaded 3D printed mesh 

The fabrication of the circular mesh was obtained using an extrusion 3D printer for biopolymers 

(Inkredible+, Cellink AB, Sweden). The protocol and design was taken from previous works that had 

focused on similar objectives [423,428]. Based on the data obtained from the release tests, a known 

amount of AT101-encapsulated PLGA microparticles manufactured were weighed and dispersed in 

an alginate-based biopolymer solution. Specifically, the solution was obtained by dissolving sodium 

alginate in distilled water up to a final concentration of 16% w/v. Then the microparticles were added 

and dispersed by vigorous mixing with the help of a spatula. The obtained dispersion was thus loaded 

into the 3D printer cartridges to be extruded. The parameters used were 400 mm/min as printing 

speed, 40 kPa as pressure and a 20-gauge plastic needle provided by the instrument manufacturer.   

The dispersion was extruded on a 12-well plate through an automated deposition process in every 

single well of the same design. Immediately after the deposition of each sample, 1 ml of cross-linking 

solution was promptly added to the single well to stabilize the design. The cross-linking solution was 

obtained by dissolving CaCl2 to a final concentration of 4% w/v in distilled water. The crosslinking 

reaction lasted 2 hours, then the meshes were washed with distilled water twice and stored at 4 °C 

with a minimum quantity of water in order to ensure the necessary hydration. As for the 

microparticles, also for the meshes a control carried out by the dispersion of blank microparticles 
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was performed to favor an adequate comparison in the cytotoxicity tests. 

 

6.2.4 Characterizations 

A preliminary analysis of the size and surface morphology of the manufactured microparticles was 

performed to evaluate the impact of the different manufacturing methods on the properties of the 

carriers obtained. The microparticles, divided by quantity of polymer used and initial quantity of 

drug loaded, were first analyzed by optical microscopy in order to acquire images useful for 

performing a dimensional statistical analysis. For this purpose, the ImageJ software, “analyze 

particles” plugin, was employed. Later the same particles were subjected to FE-SEM microscopy 

analysis (Hitachi S-4800, Japan) for morphology and surface analysis. Briefly, 1 mg of microparticles 

was dispersed in 1 mL of EtOH, then 5 µL of the prepared suspensions was deposited on SEM stubs 

and left to air-dry. Samples were sputter-coated using an Anatech Hummer VI coater (gold–

palladium surface treatment). The different types of microspheres made have been individually 

characterized in terms of encapsulation efficiency, in order to evaluate the best methodology capable 

of trapping the greatest amount of chemotherapy. 100 mg of microspheres were weighed and placed 

in a 3 ml beaker. 3 ml of acetonitrile was used to dissolve the particles, leaving them under continuous 

stirring for 1 h. Once complete dissolution of the particles was obtained, the solution was subjected 

to a centrifugation process (14000 rpm for 15 min) to remove the dissolved PLGA. The supernatant 

thus obtained was subjected to UV-Vis analysis by means of a plate reader (Tecan Infinite M200Pro). 

The absorbance of the spectrum was evaluated at 290 nm and compared with the standard curve 

previously obtained by dissolving at101 directly in acetonitrile at known increasing concentrations. 

The formula used to evaluate the encapsulation efficiency (EE) is shown below, based on the ratio 

between the weight of AT101 calculated in the supernatant Wm and that used in the initial phase of 

manufacturing Wt [407]: 

 

EE [%] = Wm / Wt * 100  (6.1) 

 

A preliminary analysis of the fabricated meshes was performed by optical microscopy (Zeiss Axio 

Observer, Oberkochen, Germany) to evaluate the size of the printed construct and verify a good 

dispersion of the particles in the biopolymer. The crucial element of this chapter lies in the evaluation 

of the release performances of both the microspheres and the meshes under in vivo mimicking 

conditions. To do this, an artificial cerebrospinal fluid (aCSF) was used as a release medium [429] 

the formulation is reported below: 
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Material Concentration [mM] 

NaCl 122 

KCl 2.5 

NaHCO3 24 

MgCl2 2 

CaCl2 2 

D-glucose 12.5 

NaH2PO4 1.25 

HEPES 10 

BSA 0.05 (%w/v) 

Table 6.1: Artificial cerebrospinal fluid (aCSF) formulation. 

 

Release tests were conducted in vitro for both AT101-loaded microspheres and AT101-eluting 

meshes in triplicate at physiological temperature (37 C, pH=7.4). 10 mg of PLGA microparticles 

were dispersed in 1 ml of aCSF and stored in a 1.5 ml Eppendorf tube. Once a day, samples were 

removed from the incubator, subjected to vortex mixing for a few seconds, and then centrifuged 

(14000 rpm for 5 min) to collect all the particles at the bottom of the tube. 200 µl of the supernatant 

were withdrawn to be analyzed by UV-Vis (wavelength 290 nm). The volume in the tube was 

replaced with fresh aCSF. Regarding the meshes, they were placed in a 12-well plate with 1 ml of 

aCSF in each and incubated. At the same time intervals as microparticles, 200 µl of the medium were 

taken and analyzed after centrifugation to avoid any alginate influence on the measurement. Same 

condition and plate reader as described for microparticles above. 

 

6.2.5 Cell culture and Cytotoxicity assay 

U251 and U87 MG human Glioblastoma cell lines were purchased from ATCC and cultured in 25 

cm2 flasks until confluency. Culture medium was a Dulbecco's modified Eagle medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (P/S), and incubated 

at 37 °C with 5% CO2, which was completely replaced every 3 days. (All the materials for cell culture 

were purchased from Thermo Fisher Scientific). To evaluate the cytotoxicity of the meshes on the 

glioblastoma cell lines U87 and U251, an experiment was conducted by seeding and culturing in a 

24-well plate the cells at a concentration of 25.000 cells per well. In addition to 3 control samples, 

the cells were exposed to the fabricated meshes and the pure drug, which was first dissolved in 

DMSO and then diluted with the culture medium until reaching the final concentration of 4 µM. The 

cytotoxicity assay used was the CytoTox- FluorTM Cytotoxicity Assay (Promega) [429,430]. At 

defined time step (0, 3 and 6 days in culture), the supernatant from the samples, exposed to pure 
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AT101, to AT101 mesh and to blank mesh, was collected and mixed with the bis-AAF-R110 

substrate, and measured with the plate reader, in fluorescence module at a wavelength of 485/535 

nm. To evaluate numerically the amount of dead cells, a standard of digitonin-lysed cell-dilutions, 

either U87 and U251, at a concentration of 82.5 μg/mL was used. These data allow you to evaluate 

the percentages of dead cells related to the total number of live cells at the different time steps. Here 

is reported the equation used to calculate the total number of dead cells (DC): 

DC [%] = (number of dead cells/(number of dead cells + live cells)) * 100 (6.2) 

Furthermore, the growth rates of the cells were calculated as n-fold number of live cells compared to 

first day of exposition to the drug. Statistics was conducted as two-way ANOVA with Tukey‘s 

multiple comparison test. 

 

6.3 Results and Discussion 

 
PLGA has been widely used in the past for the controlled release of drugs, thanks to the fact that it 

does not exhibit any cytotoxicity, possesses adequate degradability in physiological conditions and 

has good properties in terms of sustained release. Although, this material has previously been used 

for the encapsulation of chemotherapeutic agents, including TMZ [406,407], there are no studies in 

the literature that have used PLGA for the encapsulation of AT101. As previously described in the 

paragraph 6.2, different fabrication/encapsulation methodologies were used leading to very different 

results, which are shown inTable 6.2. 

 

Fabrication Method PLGA Concentration 

[%w/v] 

AT101 

Concentration [mg] 

Encapsulation 

Efficiency [%] 

O/O 5 1 9.4 ± 0.2 

O/O 5 1 13.5 ± 0.3 

O/O 10 3 14.6 ± 3.4 

W/O 5 1 60.2 ± 1.9 

W/O 10 1 55.3 ± 0.7 

W/O 5 3 56.8 ± 0.5 

W/O 10 3 57.8 ± 1.7 

W/O/W 10 1 55.6 ± 2.1 

Table 6.2: AT101 encapsulation efficiency of fabricated PLGA microparticles by emulsion-solvent 

technique. 
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Starting from the excellent results obtained by Hosseinzadeh et al. [423], for TMZ encapsulation by 

O/O emulsion-solvent methodology, and because gossypol has the same amphiphilic nature as TMZ, 

I decided to start with this methodology. Unfortunately, the results obtained were not satisfactory, 

presenting an encapsulation efficiency of around ~10%, which rose slightly to 13.5% by doubling the 

initial quantity of PLGA in the manufacturing phase, i.e. from 5 to 10 %w/v. The poor results obtained 

are probably due to the oil-based medium (paraffin oil) in which the PLGA microparticles have been 

placed to stabilize during the evaporation phase of the solvent. In fact, it is probable that the drug 

remained trapped in the PLGA microspheres formed in the emulsion phase, being the AT101 soluble 

in oil [431], was transported by the solvent (acetonitrile) externally to the microparticles, thus 

returning only a minimal part trapped inside the microparticles of PLGA. 

To deal with this problem, I decided to translate my work on different methodologies, namely water-

in-oil emulsion evaporation solvent technique (W/O). The results obtained with this methodology 

were significantly better. In particular, an encapsulation efficiency of about 60% was achieved, a 

result that did not change with the increase in the initial quantity of PLGA used in the production of 

the microparticles (Table 6.2). Further tests performed have shown that even the increase in the 

quantity of drug dispersed in the initial phase in the solvent does not affect the percentage of 

encapsulated drug, always remaining around 60% even by increasing the quantity of AT101 by 3 

times. The good results obtained with this manufacturing methodology are most likely due to the low 

solubility of AT101 in the aqueous phase and to the collaboration of the polymeric emulsifying agent 

used (PVA) [432].  

Figure 6.2: Dimensional analysis of PLGA microspheres prepared with different PLGA and AT101 

concentrations (W/O method). 5% w/v PLGA (a,b,c) and 10% w/v PLGA (d,e,f). Blank microparticles 

(a,b), 1 mg AT101 loaded (b,e), 3 mg AT101 loaded (c,f) (n=5). 
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An attempt to verify a possible higher encapsulation efficiency was performed by applying the double 

emulsion methodology W/O/W, however without showing any significant improvement compared to 

the simpler W/O formulation. 

To fully characterize the microparticles produced, a double analysis was performed by optical 

microscopy and FE-SEM microscopy, in order to evaluate not only the size of the fabricated 

microparticles but also their surface morphology. Firstly, microparticles were made with W/O 

methodology without using the AT101. These blank microparticles have an average diameter of about 

10 µm, in line with what was obtained in previous works [432]. As already demonstrated by 

Hosseinzadeh et al. [423], as the concentration of PLGA increases, an increase in the average diameter 

of the microparticles is observed. This phenomenon remains consistent even in the presence of 

AT101, with which it would seem, however, to be more difficult to obtain an effective monodispersion 

of these microparticles. The application of different manufacturing methodologies, such as those 

based on microfluidics, could help to overcome this problem. Finally, by increasing the concentration 

of AT101 to 3 mg/ml in the dissolution phase, better results were obtained in terms of size distribution 

and there was no significant difference between the two concentrations of PLGA (Fig. 6.2). As 

previously stated, the increase in particle size is mainly due to a higher viscosity due to PLGA, from 

the results obtained it can therefore be stated that AT101 has no effect on manufactured particle 

dimensionality.  

 

Figure 6.3: FE-SEM observations of PLGA microparticles fabricated by (W/O) method. Blank 5% 

PLGA (a), Blank 10% PLGA (b), AT101-loaded 5% PLGA (c) AT101-loaded 5% PLGA (d). Scale 

bar: 10 µm. 
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From a morphological point of view, as can be observed from the FE-SEM observations, all the 

microparticles have a full spherical shape, without any detectable porosity. It is not possible to observe 

any deposits or surface aggregations of polymeric material and/or drug (Fig. 6.3). 

To complete the characterization of the microparticles, the properties in terms of drug release were 

analyzed. the release profile of AT101 was measured by incubating the microparticles in aCSF for 

over 21 days. As described in Chapter 4, the release of drugs from spherical-shaped PLGA-based 

structures can occur through various reactions but can mainly be traced back to hydrolytic dissolution 

combined with diffusion of the medium within the microparticles themselves. Previous studies have 

shown that degradation occurs quickly only for structures with dimensions of a few hundred 

micrometers [433]. In our application it is reasonable to assume that the release mechanism is mainly 

based on diffusion. This hypothesis was confirmed by the data obtained for the first 12 days of release. 

In fact, the data shown in Fig. 6.4 show how a sustained release of AT101 was obtained which allows 

the chemotherapy to be released in an almost linear manner, avoiding any burst release effect in the 

analysis medium. The difference obtained is perfectly in line with previous works [434], showing how 

with the increase of the concentration of the PLGA, the release of the drug strongly decreases, in our 

case passing from 26.3 ± 2.4 of the PLGA 5% to just 6.1 ± 0.2 of the PLGA 10%. 

Figure 6.4: Cumulative release profiles of AT101-loaded PLGA microparticles in aCSF (n=3). 

 

However, starting from the twelfth day of incubation, the release, albeit maintaining a linear trend, 

began to increase considerably, also bringing with it a greater variability among the samples analyzed 

until reaching the 21st of the totality of the drug released for the samples with the 5% of PLGA while 

about 70% for those at 10%. This variation in the release mode and the fact that this event occurred 

simultaneously for all the samples prepared with different formulations led me to think that starting  
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from that date the release mode could be changed due to, for example, a degradation of samples. 

However, a quick microscopic analysis did not show any evident sign of this event and furthermore 

the focus of this preliminary work on an in vitro treatment lasting 6 days, prompted me to focus my 

efforts on an optimization of the carrier for the specific application. A further evident and essential 

result is constituted by the fact that the efficacy of PLGA as carrier of AT101 has been demonstrated 

not only to obtain a sustained release, but above all to significantly increase its solubility in aqueous 

medium, such as that of cerebrospinal fluid, avoiding the use of cytotoxic elements such as DMSO 

[435]. 

As regards the fabrication of the alginic mesh, the design and extrusion parameters, defined as optimal 

by [423], were used. This choice derives from the fact that, since the work that I report here in this 

thesis work, preparatory to a final formulation that allows the co-delivery of TMZ and AT101, it was 

necessary to refer to the formulation previously defined for the TMZ release from the mesh. The 

images presented in Fig. 6.5, show an example of fabricated mesh. The total diameter of the mesh is 

about 100 mm, with fibers about 400 µm thick. The detail shown, obtained by optical microscopy, 

highlights how the microparticles are homogeneously distributed within the alginic matrix, and how 

some of these are exposed on the surface of the mesh. 

 

 

Figure 6.5: Optical micrographs of printed alginate mesh. Details are presented to show particles 

distribution in the polymeric matrix. 

 

To characterize the 3D printed composite mesh from an AT101 release point of view, the release tests 

in aCSF were performed similarly to microparticles. The data obtained in terms of percentage of drug 

released with respect to the encapsulated one are shown in Fig. 6.6. The tests were performed with 

different concentrations of 5 and 10% PLGA microparticles being, from the previously performed 

tests, both suitable for obtaining an adequate release of AT101 in the time window of the treatment. 

The different concentrations of dispersed microparticles, expressed in terms of mg of PLGA 

microspheres per ml of alginate volume, were tested to evaluate which was the most suitable to obtain 

an effective release also from the composite mesh. The results obtained, however, partially  
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disregarded the hypotheses formulated. If it was possible to observe a difference in the release as the 

concentration varies, both for the 5% PLGA and 10% microspheres, however it was also observed 

that for the microparticles in lower concentration the complete release is apparently achieved in less 

than three days. Also comparing the two types of microparticles loaded into the mesh, it is possible 

to observe a consistent result for the concentration of 6 mg/ml, which showed the same similar release 

kinetics but with a decrease of about 45% for the samples with a higher content of PLGA in the 

microspheres. This type of result, however, turns out to be not remarkable (Fig. 6.6), for the 

comparison at 6 mg/ml of the 5 and 10% PLGA particles, for which identical release modalities and 

percentages (around 10%) are observed for 10 days. 

 

 

Figure 6.6: Cumulative release profiles of alginate meshes loaded with different amounts of AT101-

loaded PLGA microparticles. 5% PLGA microparticles (a), 5% PLGA microparticles (b) (n=3). 

 

The releases were performed over a 10-day time interval. This choice was mainly due to the fact that 

by observing the samples day by day, a constant degradation of the alginate was observed up to the 

almost complete disintegration of the mesh after precisely 10 days. This result prompted me to try to 

investigate the degradation of the alginic matrix in aCSF. The results obtained and reported in figure 

6.7, are expressed both through images, collected after 10 days of incubation in aCSF and tris buffer, 

of alginate disks and PLGA microspheres. The results are also expressed in terms of swelling index 

measured trying to evaluate the weight of the samples over time. If the images describe in an 

exhaustive manner the polymer degradation, the swelling data show how the degradation occurs faster 

in aCSF than in the Tris Buffer one. The reasons behind these results are not yet fully clear, but future 

developments will be carried out using a different type of alginate. 
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Figure 6.7: Alginate-PLGA composite samples after 12 days of incubation in different media (a). 

Swelling index progression over time of Alginate-PLGA composite samples over 12 days of incubation 

(b) (n=3). 

 

Finally, tests of exposure to the mesh of U251 and U87 cells were performed. The cultures were 

carried out 6 days and characterized in terms of viability every 3 days. The results reported in Fig. 6.8 

showed that since day 3, both for the U87 and U251 cultures, the effect of the mesh exposure loaded 

with AT101 was already marked. For the U251, in fact, the treatment with free AT101 in the medium 

led to a cell death of 0.86 ± 0.17%, while the exposure to the mesh at 6.08 ± 4.33%. Similar data for 

the U87, with a cell death of 0.64 ± 0.21% with AT101 free, while of 7.91 ± 7.16% with the mesh. 

The efficacy of the treatment is even more marked on day 6 where for both crops values close to 

100%, 93.68 ± 4.34% and 96.52 ± 2.87% are reached for U251 and U87 respectively.  

 

Figure 6.8: Cytotoxicity assay results of U251MG cells and U87MG cells exposed to a blank mesh, 

free AT101, and AT101 loaded alginate mesh. Data are expressed as average ± SD with n=3. **p < 

0.005, and ***p < 0.0005. 
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Although the data obtained are excellent and demonstrate the efficiency of the treatment and the 

carrier conceived, however the great difference in toxicity between the results associated with the free 

AT101 treatment in the medium and those obtained for the mesh, still highlights the need to improve 

the system trying to get a more controllable one. Indeed, in the previously published study by 

Caylioglu et al. [435], an analogous behavior could be observed with regard to the cytotoxicity caused 

by the administration of AT101 on the U87 and U251 cells, which was negligible compared to the 

effective cytotoxicity caused by TMZ and by the combination of TMZ and AT101. A plausible reason 

linked to these data is probably associated with the disintegration of the meshes, as previously stated, 

due to the degradation of the alginate, with the passage of time in culture, i.e. between 3 and 6 days, 

bring the microparticles into direct contact with the cells in culture, significantly increasing the 

cytotoxicity effect. As stated previously, the data and work presented in this chapter refer to 

preliminary research that will be carried out by solving the drawbacks encountered and reported here. 

 

6.3 Conclusion 

 

In this chapter I presented the preliminary results of a study aimed at the realization of a biopolymer 

mesh enriched by the dispersion of PLGA microparticles for the controlled release of a chemotherapy 

for the treatment of glioblastoma, namely AT101. Among the various methodologies used for the 

manufacture of PLGA microparticles, the most promising one in terms of encapsulation efficiency is 

the water-in-oil (W / O) one which has allowed to obtain a final encapsulation of almost 60%. The 

use of PLGA has allowed not only an easier solubilization in aqueous environment of AT101, which 

is known to be not easily soluble in water, but also a controlled release through the microspheres, 

optimal for 12 days and adequate on temporal scales up to 21 days. Moreover, from the manufacturing 

point of view, it was possible to print and produce easily, by means of extrusion 3D printing 

techniques, composite meshes that had an alginic biopolymer matrix in which the microparticles were 

homogeneously dispersed. This allows implantation of the developed carrier into the tumor cavity to 

achieve local drug release. 

The results obtained in terms of AT101 release from the mesh and the degradation of the alginic 

matrix in a time of 12 days have however shown the need for further development of this system to 

optimize it for future in vivo tests. In fact, the limitations found allowed us to perform preliminary 

cytotoxicity tests to evaluate the efficacy of AT101 on U251 and U87 cancer cells. The results, 

particularly similar for both cell populations considered, showed a high efficacy of the meshes used 

in terms of cytotoxicity, compared to free AT101 in the medium. The encouraging results will 

therefore be the subject of important future developments in order to optimize the carrier, adjust the  
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release kinetics more finely and ensure greater stability under in vivo mimicking conditions. The 

stability of alginate in these conditions has always been a debated issue and on which numerous 

research groups are focusing their efforts.
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General conclusions 

 
In this research work, structured through the concatenation of different projects in the field of tissue 

engineering and drug delivery, the common thread was the use of biopolymers, namely chitosan and 

alginate, enriched through interactions with other materials. Specifically, chitosan, whose 

biocompatibility properties are well known, has been used as a substrate, both in 2D and in 3D 

scaffolds, for the adhesion and proliferation of neuronal networks. However, although the bio-

interaction properties are excellent, the mechanical, electrical, and stimuli-responsive are poor, 

considering the exploitation of chemical-physical interactions with graphitic materials and noble 

metals as essential. The main result of the developed composite systems lies in the fact that no material 

used in combination with chitosan has changed its bio-affinity properties with neurons, guaranteeing 

the development of advanced engineered models. Another result is the fact that in the transition 

between 2D and 3D models, chitosan can still constitute a key element, thanks to its possible use 

through different manufacturing methods. 

At the same time, chitosan microspheres suitably coated with PSMA, can instead act as an interesting 

system for the controlled release of drugs, thanks to the protective effect of the synthetic polymer on 

chitosan under stress conditions such as those of gut. Once again, the interaction between biopolymer 

and other material for the realization of a composite has allowed to obtain a system that is able to 

exploit the properties of the bulk material, such as for example positive surface charge and internal 

porosity, without undermining its biocompatibility.  

Alginate, on the other hand, was chosen in this research work for the creation of a drug delivery system 

using 3D printing. The vast literature in this field, which focused on this material, was exploited to 

optimize the extrusion techniques of biopolymers for 3D applications. Although alginate, like chitosan, 

has excellent biocompatibility properties, however, in the form of hydrogel, it is not able to guarantee 

a controlled release of drugs and/or favor the solubilization of compounds that are not soluble in water. 

To obtain these objectives, PLGA was therefore used, which in microparticle form can guarantee what 

has just been stated and can be easily dispersed within the biopolymer matrix for the realization of 3D 

structures that can be used for the local release of drugs.
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