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Introduction 

 

The evolution of biomaterials publications. From 1990 to 2017 

 

In the last three decades biomaterials have gained more interest in the field of life 

sciences and biomedical research, supporting several area such as drug delivery, 

molecular imaging or molecular/cellular biology. As consequence, new sphere around 

clinical treatments are emerging as possible solution to resolve many pathological or 

injured states. In particular way, has been studied biomaterials in tissue engineering and 

medicinal chemistry as route to restore injured tissues through regenerative medicine 

applications. However, to do this, it’s necessary know and control the deepest 

physiological mechanisms responsible to cell fate, cell-cell interactions and last but not 

least cell-environment interactions. All of this in order to improve the knowledge 

behind cellular behaviour. 

Looking for the publications containing “biomaterials” as keyword, is possible observe 

the number of them increase, starting from 1990, a little less than 0.2k articles/year, 

reaching 2k articles into 2017; highlighting numerous efforts in this field1. (Figure 1, 

data from Scopus, adapted from Materials Today 16.11, 2013). 
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Figure 1 Number of publication increase from 1990 to 2017; Scopus research with Biomaterials as 

keyword 

 

Up to now the major areas of interest, regarding biomaterials publications, include 

Materials Science (28 %); Material Engineering (23 %); Chemical Engineering (11 %); 

Biochemistry, Genetics and Molecular Biology (11%); Physics and Astronomy (8%); 

Chemistry (8%) and Medicine (4%). The remaining percentage regards other fields such 

as Computer Science, Environmental Science and Veterinary (Figure 2). These data 

suggest an increase of interest on biomaterials in several technological areas which are 

focalised on materials science and consequently on their applications. The major fields 

of applications of biomaterials regard regenerative medicine in which biomaterials are 

applied to restore injured tissue and failed organs2. Subsequently, this suggests the 

importance of biotechnologies in the modern age to improve the quality of life (from 

life sciences to engineering fields).  
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Figure 2 Distribution of Biomaterials concept in several interesting areas 

 

Furthermore, other curious informations may be the number of publications produced 

from each state in these last three decades. In this context, the results, suggest bigger 

interest derived from country (or territory) such as U.S.A., China and Japan. In this 

view Italy domains just eighth position, late than South Korea, France and Germany; 

despite the fewer laboratories and less financing policies (Figure 3). 

 

Figure. 3 Mains countries of interest 
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Chapter 1 – Basics of regenerative medicine 

 

 

Regenerative medicine has the goal to heal or replace tissues and organs damaged by 

age, diseases, trauma, or eventually to restore congenital defects.3 Different key 

elements can be involved into regenerative approaches; among them, bio-scaffolds may 

be crucial components, developed to afford mechanical support and ECM-mimicking 

cues, contributing to cells behaviour control. 

Over the years, innovative bio-materials have been developed, showing that physical 

and biochemical signals are able to drive cell fate toward specific biological responses. 

The advancements in the understanding of cell biology,4,5 including signal mechano-

transduction,6,7 together with the technological improvements in material science, 

fabrication techniques and engineering8 are greatly fostering the regenerative medicine 

field. Natural or artificial scaffolds can be efficiently projected in order to fine-tune 

mechanical properties resembling natural tissues (i.e., hardness for bone, elasticity for  

blood vessels, or cartilage), or to mimic the native cell microenvironment, i.e. the extra-

cellular matrix (ECM),9,10,11 including complex biochemical signals. ECM is composed 

by an array of molecules secreted by the cells, specific for each tissue and organ, in 

which the main components are proteins (such as collagen, elastin, laminin, ...); 

proteoglycans and glycosaminoglycans, which undergoing self-assembly as well as cell-

directed assembly to form complex organized meshworks. 

The composition of ECM plays important roles in development and regulation of 

eukaryotic cell homeostasis, directing cellular fate and promoting cell-cell 

communication and/or cell-environment interactions (figure 1.1). In addition, it 

contributes to the establishment and maintenance of differentiated tissues and organs, 

setting the concentration of soluble molecules (such as growth factors), receptors 

expression and the physico-chemical stimuli.   
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Figure 1.1 Representative scheme about goals of regenerative medicine and processes underlying cellular 

effect and biological response (adapted from: Nat. biotechnol. 2005, 23.1, 47.) 

 

In this respect, the generation of bioactive microenvironments, through scaffolds design 

and bioactivation, with the aim to create extracellular matrix like environment, is of 

utmost interest. 
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1.1. Extra-Cellular Matrix (ECM) 

 

In more detail, all biological tissues contain a mixture of cells and non-cellular 

components, which form well-organized network, previously called ECM. Different 

ECMs appear like meshworks able to support mechanically cells providing not only 

physical stimuli, in which cells are embedded, but also regulating many cellular 

processes included growth, migration, differentiation, survival, homeostasis and 

morphogenesis, all of this through a plethora of biochemical signals.12,13 

Currently, detailed ECM composition, for each tissue, is not fully understood, 

nevertheless, the knowledge underlying this issue suggests high levels of complexity 

and variability from tissue to tissue. Nowadays, it is well known the major constituents 

of ECMs are fibrous-forming proteins, (previously reported as collagen, elastin, 

fibronectin and laminin) which can be modified and, in particular way, can be 

glycosylated generating glycoproteins, proteoglycans (PGs) and glycosaminoglycans. In 

most ECM architectures, it was mainly found collagen type I as predominant protein, in 

association to other isoforms as well as collagen type II or III, which cowork together to 

generate so called “meshwork”. In addition various PGs  are interconnected generating 

multi-molecular structures, building the complex three-dimensional matrix (figure 

1.2).14  
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Figure 1.2, Representative scheme about ECM structure (adapted from: Encyclopedia of Biomedical 

Polymers and Polymeric Biomaterials, 2015, Taylor and Francis, Munmaya Mishra)  

 

 

On the base of macromolecular composition and structure, ECMs can be classified in 

two principal types: “interstitial and pericellular”. On one hand, the interstitial ECMs 

surround cell, providing mechanical support; whereas, on the other hand pericellular 

matrices are in close contact with cells, in this context basement membrane is a type of 

pericellular matrix and provides anchoring sheet-like layers, preventing cells from 

ripping apart. In these case, basement membrane is composed principally from collagen 

type IV, laminin and various PGs such as perlecan and agrin. Here laminin, provides 

epithelial cell adhesion sites while collagen stabilizes the overall structure.15 In these 

cases, whereas bio-signalling functions of each component are not completely 

understood, structural relevance of tight connections between collagen and laminin 

network is well known, featuring biomechanical properties of basement membrane.16 
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As previously described, innovative biomaterials, in regenerative medicine field, are 

quickly growing; among them, decellularized ECMs are emerging as components for 

biomaterials scaffolds, which can be bio-activated with signalling molecules able to 

influence cell fate, driving cell responses and tissue regeneration. Recently, data 

highlight how collagen or laminin based biomaterials can be promising tools for tissue 

engineering and regenerative medicine applications. These proteins, in form of 2D 

matrices, or in their hydrolysed forms can be activated with different biomolecules, 

from monosaccharides to specific short peptide sequences. Alternatively, collagen 

amino-acidic sequence offers many starting point to bound organic molecules, giving 

new opportunities to organic chemistry offering new challenges on bioconjugations 

matter.17,18 

At the same time hydrogels, as biomaterials, has also been taken into account. 

Hydrogels are three-dimensional hydrophilic polymeric networks, obtained from 

synthetic and/or natural polymers. They are able to swell and absorb a large portion of 

water when placed in an aqueous solution. Hydrogels are become increasingly studied 

as matrices for tissue engineering, as a matter of fact, this kind of material is able to 

guarantee a 3D ECM-like environment for cell culture. 

 

 

1.2. The “biomimetic” approach in tissue engineering. 

 

As widely seen, tissues development and cellular homeostasis maintenance are 

coordinated by a plethora of regulatory factors, interacting at multiple levels, in time 

and space; including physics stimuli and chemical signals. For these reasons, who works 

on the field of regenerative medicine, necessary needs to a model able to offer a 

complete control over the local environment, with real-time insight on molecular events 

characterizing each analysed condition.  
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Cells cultures allow a good control of biomolecular events specific to cell responses, 

however, in this case, there is an oversimplified experimental model that make in vivo 

experimentation a fundamental step to reach clinical applications. In this field, our aim 

is represented by an improvement of knowledge on basic mechanisms, which drive 

cellular responses toward cellular growth, differentiation, and finally injured tissues 

recovery. However, to do this, is necessary work with an environment able to give the 

same factors responsible of cellular processes in vivo, this environment is so called 

matrix like environment (ECM-like).19 Many of ECM proteins previously described (for 

example collagen or elastin), are being studied for a lot of applications in the field of 

regenerative medicine, this because natural proteins provide chemical, physical 

structures and biochemical properties, able to mimic cellular microenvironment (for 

example RGD sequences, see later). Extracellular matrix, mechanically, supports 

interactions between cells, like a scaffold that provides the framework for a high-rise 

building. Moreover, unlike high-rise building, ECM supports signalling functions in 

order to ensure a correct preservation of physiological functions.20  

Up to now, it is well established that ECM possesses significant biochemical role in 

angiogenesis, wound healing and immune cell migration; as previously mentioned, 

RGD (Arginine-Glycine-Aspartic acid) and IKVAV (Isoleucine-Lysine-Valine-

Alanine-Valine) sequences, found in fibronectin and laminin respectively, are able to 

mimic some cellular microenvironmental signals, promoting cell adhesion triggering 

integrins interaction. Further, glycosaminoglycans and proteoglycans are able to entrap 

growth factors and other biomolecules, inducing specific cell responses, sometimes also 

thank to last glyco-epitope, which is able to interact with lectin (C-Types lectins), 

coordinating cell-events such as adhesion between leukocytes and endothelial cells 

during immune-response.21 From here, one of the most common properties of 

biomaterials should be cell adhesion. Initially, the strategy adopted was coating 

scaffolds with proteins, such as laminin or fibronectin, that are able to induce cell 

adhesion and spreading, subsequently, cell-binding-peptides (e. g., RGD, IKVAV) were 

used to covalently functionalize biomaterials surface; modulating their concentration 

and spacing, scientists, were able to direct cell spreading in both 2D and 3D culture 
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systems.22 Another example is represented by natural anionic proteoglycans (GAGs) 

which appear able to interact with growth factors (GF) and cytokines. Their negatively 

charges stimulate hydrogen interaction, increasing GF local concentration. At the same 

time, local growth factors concentration may be controlled combining heparan sulfate 

with natural or synthetic materials modulating in this way negative charge density23. 

Finally, carbohydrates play a key role in cell communication, as a matter of fact, they 

decorate the outer membrane of cells, promoting receptors interaction driving 

interactions with adjacent cells, extracellular matrix, and secreted biomolecules.  

Summarizing, a widely defined and specialized cell microenvironment is a key element 

for correct tissue development and maintenance. Different tissues and different stages of 

development show diversity in ECMs composition due to different isoforms, ratios and 

geometrical disposition of proteins like collagen, elastin, fibronectin, laminin and also 

proteoglycans24. This creates an environment full of biological signals and mechanism 

which modulate cues dissemination25.  

 

 

1.3. Scaffolds design: From ECM to materials chemistry 

 

Nowadays several kinds of materials are extensively explored in regenerative medicine 

and tissue engineering26. Generally, the chemistry used to develop new biomaterials 

highlights a sort of classification; on one side, we find natural polymers (proteins or 

carbohydrates, more rarely nucleic acids), while on other side synthetic polymers such 

as ε-polycaprolactone (PCL) or polylactic-acid (PLA) appear as good alternative.27 

Polymers from natural source present some advantages, among them are well known an 

higher biocompatibility, in terms of cell viability, higher cell-proliferation and in some 

case the native presentation of receptor-binding ligand, such as previously reported 

RGD peptides. However, natural-based scaffold may have also some problems 
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regarding immunogenicity, deriving purifications strategies from corresponding natural 

source. Moreover, in some cases, they can be associated to pathogen transmission. 

Although some of these drawbacks can be overcome through heterologous proteins 

expression, synthetic materials offer greater control of structural and chemical 

properties.28  

Natural materials used in regenerative medicine include several ECM proteins, as yet 

reported, (i.e. collagen, elastin)29 or polysaccharides both from mammalian ECM or 

non-mammalian sources (i.e. hyaluronic acid, alginates, chitosan).30 Among polymeric 

materials studied, appear PCL,31 PLA, poly(glycolic acid, PGA), polylactic-coglycolic 

acid (PLGA), having biodegradability properties in vivo.32,33  

In addition, also minerals or inorganic compounds find a wide application in tissue 

engineering. They are sometimes used for the preparation of inorganic scaffolds, such as 

hydroxyapatite, ceramics,  bio-glasses and metal alloys, which confer specific 

mechanical properties, thus to simulate stiffness of specific tissue  (i.e. hydroxyapatite 

composed by calcium minerals for bone tissue engineering).34,35 However, despite their 

well-known osteoconductivity properties, inorganic materials are not able to “cross-

talk” with cells; for this reason is necessary further functionalization to improve their 

biological activity.36,37,38,39 Furthermore, bio-glasses and ceramics, could be upgraded 

into hybrid materials where inorganic and organic chemistry merge to improve fine 

scale interactions and chemical properties. These new features allow the inorganic and 

organic species to interact at the molecular level through new emerging 

properties.40,41,42,43,44 

Over the past decades, several strategies have been proposed in order to improve both 

biocompatibility and bioactivity of scaffolds, introducing bioactive molecules which are 

able to stimulate specific cellular responses.  

To achieve these aims, strategies such as physical adsorption, entrapment or ionic 

interaction were developed in order to generate bioresponsive matrix or drug release 

systems. Otherwise, chemical functionalization can give more stable matrix. In this 
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context, bioorthogonal click chemistry has contributed to substantial improvements in 

diversity and complexity of material functionalizations, due to its extremely high 

chemoselectivity, versatility in mild reaction conditions, often in physiologically-

friendly environment, with high yields.45,46 Currently, several biomaterials are in 

clinical trials as tissue replacement devices or already approved in  therapies for 

regenerative medicine.47  

Reasonably, each application requires biomaterials with a specific set of features and 

mechanical properties, for these reasons, and as previously mentioned, materials 

functionalization could be lead with different methods, including physical, chemical 

techniques (Scheme 1.1). In more detail the strategies behind functionalizations are 

based on: 

 

a) physical immobilization (van der Waals, electrostatic, affinity, adsorbed 

cross-linked), based on physical strategies; 

b) Chemical immobilization, taking advantage of different natural or 

unnatural functional groups present both on the biomolecules and on the material 

surfaces (chemo-selective ligation, via amino functionalities, heterobifunctional 

linkers, etc.). 48 
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Scheme 1.1 Representative scheme about functionalization strategies. 

 

Physical methods. Through physical modifications, functional molecules or active 

chemical groups can be introduced on the surfaces of materials, leading to the 

functionalization and activation. Behind strategies, such as molecular coating (or 

adsorption), surface entrapment, and physical treating with plasma, ozone, or UV; there 

are different advantages such as the simplicity in handling and mild conditions 

operating; all of this in order to avoid biomolecules damaging, decreasing, eventually, 

their bioactivities. These methods, however, also show certain limitations, among which 

there are physical linkages, often formed between the substrates and coatings. These 

physical linkages and interactions are considered to be weak, if compared to chemical 

bonds, therefore, functional molecules and entities may detach from the surfaces of 

modified materials. Particularly when certain serum components compete for active 

binding sites in physiological conditions. Non-covalent adsorption is sometimes 

desirable, as in some drug delivery applications.49 

Covalent linkage. Covalent conjugation of biomolecules produces stable bonds with a 

controlled exposition and orientation on material surface, often limiting cellular 

metabolic degradation and biomolecules washing from material 2D scaffolds, finally, 

extending them half-life.50 However many factors (such as GF) require to be free in 

a) Adsorption 

b) Entrapment 

c) Self-Assembly 

d) Encapsulation 

a) Covalent Binding 
Chemical immobilization methods 

Physical immobilization methods 
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solution to influence cell life ensuring some biological responses; for these reasons, 

sometimes covalent linkage need to be reversible or degradable to ensure a correct 

release of these factors. Among them, has been described so called “Cell-responsive” 

scaffolds in which some cell behaviours (such as growth or migration) result in matrix 

enzymatic degradation, which can be catalysed by specific factors release. In these 

cases, factors release can be “on demand”, also, opening new way toward drug delivery. 

For example, peptides immobilization through a sensible linker toward metalloproteases 

(MMP) activity can be released by dermal fibroblasts growth. In stress conditions, 

fibroblasts secrete MMPs catalysing peptides release.51 Furthermore, these factors can 

overcross cell membrane, interacting with different intracellular targets stimulating 

opportune signalling pathways. However, factors internalization, often can lead to 

cytotoxic effects, for these reason the choice of drug represents a crucial element.  A 

covalent and stable bound over the time, doesn’t would allow this process and stop 

biological response. 

 

 

1.4. Covalent Functionalization strategies  

 

As described above, polymers used in biomaterials to develop new medical devices, 

often need to further functionalization in order enhance specific biological responses. 

Through the modification is possible control their properties, conferring new biological 

functionalities and structural features to better allow their integration with biological 

systems. These modified materials can lead to new emerging properties toward a variety 

of biomedical applications, ranging from implant engineering and regulated drug 

delivery, to clinical biosensors and diagnostics.52 

As well known, immobilized molecules can interact with cellular receptors presenting 

on membrane surface. For example, neuronal outgrowth need to NGF, as key factor that 
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induces cells stimuli, by signalling at the plasma membrane, promoting neuron survival 

when internalized.53 Often, surface conjugation has been successfully used to attach 

several factors to a variety of natural and synthetic biomaterials. Signalling by these 

immobilized bioactive ligands, may be more potent than signalling by soluble versions, 

that are free added directly to culture media. Different studies, also show that the 

immobilization strategy should considers protein structure and active region topology.54 

Anyway, is very important keeping mind that any interaction through covalent linkage 

on biomaterial surface doesn’t replicate correctly physiological interaction, due to 

covalent linkage. Finally, some factors may be better delivered in a continuous manner, 

while others take advantage from direct attachment to the biomaterial surface.55 

Generally, covalent functionalization, first requires reactive groups (such as -OH, NH2, 

COOH, SH, etc...) and secondly, synthetic strategies to afford functionalization steps, 

possibly in mild and biocompatible conditions in order to avoid biomaterial degradation. 

When the material doesn't contain reactive groups, they can be introduced by chemical 

and physical modification, on the polymer surfaces in order to allow covalent 

attachment of biomolecules. In this context, a wide number of surface modification 

strategies have been developed, from physical techniques, including plasma, ionic 

radiation graft polymerization, photochemical grafting, to chemical modification and 

derivatization.56 In addition, matrices that bring carboxylic acid groups can be reacted 

with N-terminus functionalities, after activation with 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide (EDC, also referred to as water soluble 

carbodiimide, WSC) or dicyclohexyl-carbodiimide (DCC). This is the case of peptides 

functionalization or generic NH2-equipped biomolecules (scheme 1.2).  
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Scheme 1.2 Coupling methods to different groups on materials 

 

At the same time, ligation strategies need to be chemoselective and stereoselective in 

order to ensure a correct exposition of our molecules. Chemoselective ligation is 

referred as a strategy able to form stable bond without the necessity of an activating 

agent and without interfering with other functional groups which are usually 

encountered in biomolecules. In biomaterials environment, chemoselective reactions 

proceed usually under mild conditions and result in good yields. Specially on natural 

based scaffold. 57   

a)  

b)  

c)  

d)  

= Biomaterial 

= Bioactive molecule 
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Scheme 1.3 Examples of chemoselective strategies. 

 

Furthermore, many molecules, to interact with appropriate targets, often need to have 

conformational freedom and spacers, all of this to ensure an adequate distance from 

membrane anchoring point, ensuring, at the same time, biomolecular interactions with 

target receptors on cell membrane. For these reasons, using covalent spacer arm 

between biomaterial and molecule could result in a better access to the specific target 

receptor. One useful and biocompatible spacer is polyethylene glycol (PEG) that can be 

differently functionalized at the two extremities.58 Metal or ceramic surfaces may also 

be silanised, exploiting functionalized triethoxysilanes.59 

 

 

a)  

b)  

c)  

d)  

= Bioactive molecule 

= Biomaterial 
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1.5. 2D/3D biomaterials and nanotechnology development 

 

Cell cultures in vitro are frequently used to advance understanding the mechanisms that 

undergoes cell behaviour in vivo. These behaviours include cell differentiation, 

migration, growth, and self-interactions, which are impacted by their biochemical and 

biomechanical microenvironment. Deciphering mechanisms behind these behaviours is 

vital to understanding in vivo processes that result in formation and function of tissues 

and organs. Ideally, experiments should be performed with a three-dimensional (3D) 

models that closely mimic cellular microenvironments; creating models which include 

construction of tissue-tissue interface, controlling the spatio-temporal distributions of 

oxygen and carbon dioxide, nutrients, and waste.60 Nevertheless, 2D cell cultures 

represents intermediate and fundamental step, used to follow a specific biological 

response arising from 2D matrix like environments, opportunely bio-activated. 

However, although experimental evidences suggest, under some circumstances, the 2D 

models can result in a reasonable cell bio-activation, deviations could be observed; 

obviously these approach cannot fully replicate 3D environment. Especially, in the case 

of cancer cells, some important characteristics cannot be appropriately modelled in 2D 

cultures.61  

To better mimic vivo conditions, novel 3D systems need to be developed, most 

promising 3D biomaterials are presented by peptide-amphiphile (PA) nanofibers which 

are produced by molecular self-assembly technologies with an high water content, 62,63 

or hydroxyapatite porous scaffolds for bone tissue engineering. In this case scaffolds for 

osteogenesis should mimic bone morphology, structure and function in order to 

optimize integration into surrounding tissue. Bone is a structure composed of 

hydroxyapatite (Ca10(PO4)6(OH)2) crystals deposited within an organic matrix (95% is 

type I collagen).64 One of most famous 3D systems is represented gelatine-based 

hydrogel able to “encapsulate” cell. In the last years these systems have showed that, 

increasing the dimensionality of extracellular matrix (ECM) around cells, from 2D to 

3D, can significantly improve cell proliferation, stimulating also several processes such 
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as differentiation or mechano-responses. Overall, 3D systems offer an attractive 

alternative for 2D cell culture.65,66,67 As shown in figure 1.3, several features between 

2D and 3D biomaterials are reported, among which cell polarity, adhesion in all three 

dimension and the presence of nutrients gradient, make 3D cell culture a complete 

model to replicate certain vivo conditions. 

 

Figure 1.3, representative figure about the differences between 2D culture and 3D culture (adapted from: 

Physiology 2017; 32(4), 266-277)  

 

 

In addition to creating ECM-like structures with appropriate majesties, nanomaterials 

can be useful, as mentioned, to drive specific cellular response; always focused on 

regenerative medicine. One of the most rationale purpose behind incorporating 

nanostructures is to compensate for other scaffold limitations, such as electrical 

conductivity or other mechanical properties. For example, carbon nanotubes show 



 

SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 
 
 

 

 
 

viscoelastic properties similar to that observed in soft-tissue membranes68, so they have 

been used to increase tensile strength of the hybrid biomaterial and certain viscoelastic 

properties.  

Carbon nanotubes were also used for neurons cultures, and in recent years, several 

studies have shown that conjugation of these nanotubes to different substrates, with 

proposed strategies, can effect on cell fate and promote cell spreading, growth, 

differentiation and long-term survival of neurons.69;70;71 One of the main obstacles in 

neural regeneration is represented by the loss of anisotropic conduction, within the cell-

seeded support owing to lack conductivity ability of the biomaterial. In these cases, 

approaches to addressing this problem regard the incorporate conducting nanostructures 

into the cell culture, showing neurons more efficient signal transmission.72 Moreover, 

carbon nanotubes have also been used to create 3D conductive structures like a 

“sponges”, resulting in composites with high electrical conductivity. The potential of 

these hybrid scaffolds to support the cultivation of neurons or cardiomyocytes should be 

further explored. Furthermore, nanostructures can also be used to increase the viability 

and adhesiveness of cells to pre-formed microporous scaffolds.73;74  

In recent years, nanoparticles have also been used to manipulate biomaterials and cells 

in order to create desired tissue structures. Several works shown as magnetic beads can 

be manipulated to create an initial 2D hexagonal array that served as nucleation sites for 

the growth of fibril fibres that assembled into an ordered scaffold. 

Endothelial cells seeded on these scaffolds shown high adhesion and vitality and their 

actin filaments aligns together in according to the scaffold fibres.75 In other cases, cells 

were conjugated to magnetic nanoparticles and seeded on culture plates, in this case 

cells move on forming multi-layered tissue that can be detached by removing the 

magnet. With these strategies scientist as Souza and co-workers report new approaches 

to control the assembly of 3D tissue providing an alternative to biodegradable scaffolds 

and protein matrices76. 
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In these cases, technology is based on cellular uptake and subsequent magnetic 

levitation of a hydrogel composed of phage, magnetic iron oxide and gold nanoparticles. 

By spatially controlling the magnetic field while cells divide and grow, the researchers 

were able to manipulate the geometry of the cell mass and engineer 3D structures. This 

approach can be used to engineer complex tissues composed of several cell types, 

organized in specialized niches by transferring cells to their specific locations. But to do 

this but to do all this it is necessary to know and deepen the conjugation tenets of 

biomaterials and cell culture77. 

Concluding, it’s our opinion that, each event regarding cell-cell and cell-environment 

interaction is interconnected to chemical and mechanical properties of cell membrane 

and extracellular matrix. The focus of this thesis is show what are some basis of a 

specific cellular behaviour (i.e. angiogenesis or cell proliferation) and how some 

chemical strategies can help us to achieve these results, developing new bio-inspired 2D 

and 3D matrices. Every year several strategies are developed in order to find the correct 

way to stimulate these specific cell responses, however, often this are not enough and 

new nano-systems are necessary to find which are the molecular events trigger certain 

states. Also at the level of cellular membrane and cellular components if necessary. 

In this respects, dendrimers and collagen offer great potentiality to achieve these 

purposes; for these reasons finding new promising chemical strategies and new tools is 

necessary to boost this field toward new applicable medical devices. For example, as we 

will see later (in the chapter 5), lectins represent one of the main protagonists in cell 

communication and here glycondendrons offers many opportunities to improve the 

knowledge behind these interactors. This is the reason why developing new dendrimers 

with glycoepitopes can give the basis of a correct interaction on a hypothetic 2D 

matrices, because also spatial configuration in the carbohydrate chemistry can alter the 

results. 

Once we find which are the molecules responsible for a specific cell behaviour, also 

mechanical properties of supposed 3D matrices are important to ensure a correct clinic 

therapy. As a matter of fact, cells not only responds to molecular events as signals, but, 
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as well seen, also mechanical features could drive cells fate. At the end the awaited 

biological event most probably will be a response resulting from all these stimuli. In this 

case chemical and physical components will interplay to give a response arising from 

new emerging properties. 

For described assumptions, in this PhD course have been applied several strategies of 

organic chemistry for the syntesis of new 2D/3D scaffolds and glyco-functionalized 

dendrimers, giving new interesting biomaterials for tissue engineering applications (in 

the first case) and tools for the study of lectins carbohydrate interactions (in the second 

case). In this thesis there are the collected results by my work, with a special attention 

on hydrogels synthesis, as a 3D scaffold, to mimic extra-cellular matrix and studying 

the deepest cell behaviours. 

In Chapter 2, peptide bioactivation of collagen based biomaterial is presented. It is well 

known how short peptide with a specific sequence could mimic some functional 

epitopes of native proteins and then, stimulate in the same way the functional role of 

native proteins, ideally promoting fundamental biological processes. Among them β-

Thymosin Peptide (Tβ4)  and  Human Vasonectin Peptide (HVP)  exert a pro-

angiogenic activity or adhesion activity through interaction with actin binding site,78 

promoting Vascular Endothelial Growth Factor (VEGF) expression. Here, is presented 

collagen bio-conjugation with these peptides and outcomes. 

In Chapter 3 another 2D collagen based biomaterial is shown. In the field of 

regenerative medicine also oxygen level is a crucial parameter for the tissue 

development both in vitro and in vivo because in the absence of tissue perfusion, or any 

adequate solution, starts to experience metabolic suffering. Perfluorocarbons (PFC), in 

the last decades, have been gained more interest due to their ability in oxygen storage or 

oxygen carriers.79 With these premises 5-(2,3,4,5,6-Pentafluorophenyl)-3-undecyl-

1,2,4-oxadiazole was used to functionalize collagen based biomaterials.  

In Chapter 4, after a global view of complex world of hydrogels, the chapter is splitted 

in two parts, where in each ones new strategic way has been proposed developing 
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hydrogels for regenerative medicine purposes. In the first part, triazoledione chemistry 

has been proposed as a click-reaction for the chemoselective bioconjugation to tyrosine 

residues, meanwhile, in the second part, 3,4-Diethoxy-cyclobutene-1,2-dione (SQ) has 

been used for lysines chemoselective cross-linking.  

In Chapter 5, new glycol-functionalized dendrimers structures are described exploring 

carbohydrate chemistry. Here, we propose the synthesis of novel oxime-armed 

dendrimers structures which allow multivalent conjugation of carbohydrates through 

oxime coupling.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 
 
 

 

 
 

Chapter 2 - Protein, peptides and material bio-activation 

 

 

2.1. Introduction 

 

Signalling peptides identification within ECM adhesion or structural proteins,80 has 

opened an important gate to creation of ligand-bioactivated materials. Up to now 

different cell-adhesive peptides have been grafted to material,81,82, in which, both 

concentration and spatial orientation can be modulated, and consequently, may help in 

deciphering the complexity of signalling events in cell-ECM interactions. To design 

new bio-inspired materials, wide studies on ligand density and quantitative 

informations, for a particular cellular response,83 need to be discovered, all of this to 

study the biochemical relevance of target peptides and improve the biochemical systems 

efficiency. For these reasons, peptides, have become increasingly important in the 

design and fabrication of bioactive materials for medical applications.84,85,86,87 

Moreover, highly refined structure, and gram-scale methodology synthesis of peptides 

containing up to 50 amino acids (SPPS),  making them good candidates for medical 

devices. In addition, degradability in physiological conditions brings to amino acids 

which can readily reabsorbed or excreted.  Another relevant feature is the intriguing 

diversity in functional properties, as result of a subset of 20 amino acid building blocks. 

From the several motif of ECM proteins numerous peptides have been identified with 

specific bio-functions, for example, RGD peptides have been found in fibronectin, 

which is known to bind integrins on cell surface and enhance cell adhesion.88 

Furthermore certain peptides are known to readily self-assemble to form secondary 

structure, such as helix or sheet, also here, making them useful to fabricate hierarchical 

structures with thermal stability or pH sensitivity or pH tuning. In addition the use of 

native proteins as drugs to enhance the healing process, is often hindered by several 
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disadvantages, such as low tertiary structure stability and high cost.89 Summarizing, 

each peptide provides particular bioactive properties such as receptor-binding ability or 

self-assembly behaviour, which originate from the sequence.  The concept is: 

combining these sequences to “transfer” their properties generating, where possible, 

new emerging properties.    

For these purpose, it is reasonable thinking how each peptide can be designed and 

synthesized for a specific application. In the world of biomaterials, several peptides has 

been used to functionalize biomaterials for in vitro studies of cell behaviour in order to 

find many application in therapeutic and diagnostics medicine, drug delivery, tissue 

engineering and finally, it is fundamental for the study of cell behaviours.90,91 For these 

reasons, it is necessary apply technologies with high chemical specificity and reaction 

efficiency to obtain high yield with low cost. With this focus, ‘‘Click’’ reactions have 

emerged as ideal candidates, fulfilling prerequisites such as: (1) high yield, nearly 

quantitative conversion; (2) biologically benign conditions (aqueous solution, room 

temperature, and near physiological pH); (3) limited or no residual by-products. In this 

case we preferred using maleimido-Thiol coupling to develop new bio-inspired material 

able to stimulate angiogenesis and vascularization processes. 

 

 

2.2. biomaterials peptide bioactivation 

 

As described, it is well known short peptides, with a specific sequence, could mimic 

some functional epitopes of native proteins and then stimulate in the same way their 

functional role. Among them β-Thymosin Peptide (Tβ4)  and  Human Vasonectin 

Peptide (HVP)   exert a pro-angiogenic activity or adhesive through interaction with 

actin binding site92, promoting VEGF (Vascular Endothelial Growth Factor ) factor 

expression of endothelial cells or, in the case of HVP osteoblast adhesion and spreading 
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on matrix components. VEGF induces endothelial cell proliferation, promotes cell 

migration and inhibits apoptosis. In vivo VEGF induces angiogenesis as well as 

permeabilization of blood vessels; for these reasons VEGF plays a central role in the 

regulation of vasculogenesis and tissue regenerations. 93  

β-Thymosin Peptide (Tβ4) Thymosins are a family of three polypeptides, α-, β-, and γ-

thymosins; in mammalian cells only β-thymosins are expressed, and just thymosin β4 

(Tβ4) represents 70-80% of the β-thymosins global content.94,95 In particular, Tβ4 is 

highly conserved, water-soluble and composed by 43-amino acid with an overall acidic 

feature; is localized in both cytoplasm and nucleus, where probably acts as transcription 

factor inhibiting G-actin by 1:1 dimerization process,96 by electrostatic interactions with 

residues 13-23. Whereas, residues 1-7 seems to be involved in the inhibition of G-actin 

polymerization.97,98 20 years ago, it was also demonstrated the ability of Tβ4 to induce 

angiogenesis99 and, although this is clearly established as consequence of endothelial 

cell migration;100,101,102 the molecular mechanisms behind this process, are not 

completely understood and need to be still explain. The major evidences suggest an 

angiogenic response involving the binding of Tβ4 to an unknown cell surface receptors, 

internalization of the peptide and rearrangement of the actin cytoskeleton; suggesting 

the possibility of a central role in tissues regeneration.103 However, the precise and 

direct mechanism, by which Tβ4 directs, internalizes and drive cellular migration is 

only sketched and the role of these unknown receptor is still a matter of debate. 

Nevertheless, the several holes underlying biological mechanism, Tβ4 has reached 

initial phase 1 clinical trial showing safety, tolerability. Dose-escalation and 

pharmacokinetic studies are in due course in healthy volunteers who receives Tβ4 

topically each day for 28 consecutive days. First results show Tβ4 being well tolerated, 

exhibiting no signs of toxicity at any given dose. Based on these results and on several 

nonclinical toxicology and dermal-sensitization studies, it has been suggested that the 

clinical introduction of Tβ4 is tolerated in patients with chronic cutaneous wounds.104,105  

As seen in introduction section, collagen and other extra cellular matrix components 

possess key role in bio-signalling and cellular fate control, however, often the bio-
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entities responsible of these role are not well known. For these reasons, developing new 

functionalized collagen based biomaterials, with these peptides, may help, first to 

understand responsibles molecular basis of vascularization processes and then, 

secondary, might add to the potency and useful applications of this molecule generating 

new biomaterials for tissue engineering and regenerative medicine application. 

Human Vitronectin Protein (HVP) Another focus of regenerative medicine, 

represented by adhesion and spreading processes of specific cells type; for example, 

human osteoblasts. 

Nowadays, it is clear how osteoblasts adhesion occur through interaction mechanisms 

with RGD motifs via cell membrane integrin receptors or through interaction between 

cell membrane heparin sulphate proteoglycans and heparin binding sites on extracellular 

matrix proteins.106 Regarding first mechanism, as widely described above, RGD 

sequences are ubiquitous adhesive motifs, found in many extracellular proteins, 

especially in bone tissues, such as fibronectin, thrombospondin, osteopontin, type I 

collagen, osteonectin and bone sialoprotein.107 Specialized cell surface proteins 

recognize RGD sequences and trigger cell attachment by non-specific mechanisms. His 

feature is a consequence of redundancy in the affinity of integrins for adhesive proteins 

and because a variety of cells possess the same integrins, the attachment of cells to RGD 

need to be nonspecific.108Among extracellular proteins, human vitronectin (hVN), is 

one of the major cell adhesion proteins found in the extracellular matrix.109,110 HVN 

works principally as monomeric polypeptide (75 kDa) or as two different polypeptides 

(65 and 10 kDa) linked by a disulphide bond,111 providing link between a wide range of 

biological activities, including tissue repair, angiogenesis, haemostasis and 

metastasis.112 HVN interacts by specific conserved region with several proteins;113,114,115 

meanwhile, carboxyl-terminal region, contains an arginine-rich domain, which binds 

heparin.  

Generally, In the field of regenerative medicine, adhesive and angiogenic proteins find a 

wide range of applications; however, are usually dificult to obtain in large quantity and 

with high purity; for these reasons, biomimetic peptides synthesis is considered one of 
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the most popular strategies to produce RGD sequences cheap, available in large quantity 

and with high purity. Moreover, they result being relatively more stable during 

conjugation processes. Among the several adhesion sequences in hVN proteins, the 

most used for regenerative medicine applications is, yet mentioned, tripeptide RGD, 

reproducing the signalling domain derived from vitronectin. Furthermore, also other 

sequences such as YIGSR, REDV, and IKVAV have been used, and often immobilized 

on different model substrates116,117 such as glass118,119 quartz120, metal oxide121 and 

natural or synthetic polymers.122 

The choice of substrate for the conjugation of these biomolecules is based on 

parameters such as biocompatibility, cytotoxicity and mechanical properties. Collagen 

has been found in all connective tissues, in each of them possesses unique mechanical 

and signalling properties, making it one the most studied substrate for scaffold 

applications in regenerative medicine. Collagen molecules are composed by of three α 

chains that assemble together due to their molecular structure; every α chain is 

composed of more than a thousand amino acids based on the sequence -Gly-X-Y-. The 

presence of glycine is essential at every third amino acid position in order to allow for a 

tight packaging of the three α chains in the tropocollagen molecule, the X and Y 

positions are mostly occupied by proline and 4-hydroxy-proline. Cell-matrix 

interactions consist mainly in the interaction of cells with collagen, directly or 

indirectly. Direct cell-collagen interactions consist of cell receptors recognition of 

specific peptide sequences within collagen molecule;123 in indirect-collagen 

interactions; on fibronectin the integrin recognized sequence RGD (Arg-Gly-Asp) was 

identified, 124 moreover, other proteins show this RGD or other motifs, binding to 

collagen, thus allowing indirect cell-collagen interactions. These are the reasons why 

collagen based scaffolds represent a great promise in regenerative medicine fields and it 

is selected as substrate for peptide bioconjugation. In addition, hVN, and its derivatives, 

have been used to promote osseointegration of implantable devices by improving 

surface cell interactions and increasing implant connectivity with surrounding 

bone.125,126 These are reasons why collagen based biomaterials, RGD functionalized, 

need to be studied, improved and then applied to restore injured states. 
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2.3.  Aim of the work 

 

In this paragraph has been developed new biomaterials (in this case 2D collagen based 

biomaterials) which present functional motifs of these proteins, obtaining in this way 

new tools able to promote specific cellular behaviours inherent to vasculogenesis or 

adhesion processes. As a matter of fact, since collagen based biomaterials are well 

known to be biocompatible and approved for clinical use, it is here proposed a study of 

collagen bioactivation with an angiogenic motif of Thymosin β4 and an adhesion 

sequence of Human Vasonectin (called HVP). Then, these new bio-inspired scaffolds 

were tested to study their properties by several cellular lines culture as Human Dermal 

Lymphatic endothelial cell (HDLE) and human osteoblast (HO). All this in order to 

evaluate proliferation and adhesion capacity. 

 

 

2.4. Results and discussion 

 

One of the most popular click reactions in proteins conjugation, reported above, is 

Thiol-Michael addition.127 In this reaction, the focal point is the thiol group acting as 

nucleophile toward an alkene linked to electron with drowing groups, in our case, given 

by the maleimido group; the reaction give a new stable thioether as final bond. 

 

 

Scheme 2.1. Proposed mechanism for Thiol-Michael type addition in aqueous base catalysed conditions. 
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In this paragraph, Thiol-Michael type reaction represents a focal point of the collected 

results, which describe and reinforce all that is known in literature about extracellular 

matrix providing, at the same time, a new bio-inspired materials useful to enhance 

focalized cellular response. With this reaction is possible introduce thiol group on 

amino-acidic sequence, just adding cysteine residue to N-terminus. Moreover, classical 

click reactions sometimes, involve use of metal/copper catalyst (i.e. Huisgen 

cycloaddition to give azide-alkyne cycloaddition) or UV irradiations that can damage 

eventually tertiary protein or polypeptide structure (especially in the case of UV or x-

ray). In presence of biological building blocks, as collagen, these conditions can cause 

alteration or damage to materials, making them less suitable to use for biological 

studies. Thiol-Michael type reaction, instead, allow to have an aqueous solvent able to 

give desired product with higher yields, optimal conditions to give fast reaction kinetics 

and quantitative conversion are: 1)weakly basic aqueous solution, 2) room 

temperature.128 Therefore, (as shown Scheme 2.2), maleic groups have been previously 

functionalized on collagen scaffold surface, and subsequently, have been used as 

substrate for Michael reaction in order to functionalize collagen based matrix with the 

two peptides already described. 

 

 

Scheme 2.2, upward, it is shown the sequences of used peptides. At the carboxyl end, a residue of 

cysteine was added to provide thiol group, necessary for the reaction. On the lower side it has been 

presented synthetic strategy to collagen scaffold bioactivation. 
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Many parameters can influence the reactivity of this reaction,129 among them, adjacent 

amino acids to cysteine (in peptide sequence) represent the most evident variation which 

can alter kinetic and rate conversion. Generally, positive charged amino acids, like 

arginine, decrease the pKa of the neighbouring thiol and accelerate the reaction, while, 

negatively charged amino acids, like aspartic acids, show the opposite effect.130 

Reasonably, pH of aqueous solution and peptides isoelectric point may influence the 

reactions, but generally it has been study that basic conditions prompt higher reaction 

rates, the common pH used is 7–8.5.131 Further, others parameters can alter reaction 

kinetics, for example it is known that the nature of structure of electron deficient vinyl 

groups can allow to higher or lower conversions rate. By chemical point of view, it has 

been reported the order of reactivity among types of C=C bond in Thiol-Michael 

addition as follows: maleimide > vinyl sulfone > acrylates/acrylamides > acrylonitrile > 

methacrylates/methacrylamides. Maleimide groups conversions are considered almost 

quantitative reaction.132 

After 24 hour of reaction (390 μg, 0.30 μmol, 0.4 ml) FT-IR analysis confirm the 

success of the reaction. As a matter of fact, at 866 cm-1 it is possible see a new peak 

arising by first functionalization (figure 2.1; a. and b.; coated-mal., red line). In more 

detail the new absorption peak was assigned to alkene double bond stretching 

absorbance, confirming maleimido grafting. In the second step, cysteine thiol group 

reacts with this C double bond to give a new stable thioether (scheme 2.2), as 

consequence, the peak at 866 cm-1 disappears as result of peptide conjugation. (figure 

2.1; a. and b.; coated-Tβ4 and HVP; respectively blue and green lines). 



 

SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 
 
 

 

 
 

Figure 2.1 Analysed FT-IR spectra. a. global view of stacked FT-IR spectra (Coated-Tβ4 represent 

collagen coating Tβ4 functionalized; Coated-HVP, collagen coating HVP functionalized, Coated-Mal, 

collagen coating maleic grafted; Coated-CTR, collagen coating without functionalization) . b. region 

between 1100-700 cm-1 has been reported; in this case characteristic C=C stretching results after 

maleimido functionalization (Coated-Mal, red arrow/line) which disappears after peptide conjugation 

(Tβ4-coated and HVP-coated, respectively green and blue lines). c. represents a zoom between 1750-

1400 cm-1 around Tyrosine region. In the coated-HVP sample (HVP-functionalized collagen, green line) a 

weak signal (see green arrow) is appreciable at the right of amide II stretching signal. 

 

 

In addition, a further result emerges. Observing the region near to amide II absorption 

signal is possible note a slight deviation in coated-HVP sample (figure 2.1; c.; green 

line) It’s our opinion that since collagen is really poor of tyrosines (less than 0.75%) and 

since HVP peptides conjugation involves tyrosine insertion, this results in FT-IR spectra 

modification in this region. Moreover, as reported in literature,133 at 1516 cm-1, a band, 

referred to tyrosine signals, can be found. This is the case of HVP in which the presence 

of new tyrosines has been noted after peptide conjugation (Figure 2.1; a. and c.). These 

a)  

b)  c)  

FT-IR Analysis 

C=C stretching region Tyrosine-Region 
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results were confirmed by second derivatives analysis. Furthermore, through the ratios 

between the intensity of a selected bands (in this case C=C) and an internal control 

bands is possible quantify relatively the intensity of the bands and estimate if the 

differences are verified by statistical t-student analysis. (figure 2.2; b. and d.).  

 

 

Figure 2.2 FT-IR second derivatives spectra were reported (CTR=pristine collagen, Coated-Mal=first 

functionalization with maleic groups, Coated-HVP=HVP grafted scaffold, Coated-Tβ4=Tβ4 grafted 

scaffold) a. in the range 1100-700 cm-1 is possible follow the peak arising from maleimido groups during 

each steps of functionalization. b. second derivatives of region between 1750-1400 cm-1 in which a new 

d)  

a)  b)  

c)  

Analisis of Secondary Derivativevs 

C=C stretching Intensity (866,84 cm-1) Tyrosine intensity (1513,84 cm-1) 
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peak confirms the presence of new tyrosines on collagen matrix. On down side, c e d show relative 

quantification of intensity peaks respectively of C=C and tyrosine (bars indicate standard deviation, t-

student test for **p<0.01, *p<0.05). 

 

 

Subsequently, these bio-inspired biomaterials, were tested for the study of biological 

properties, growing two cellular lines. In particular: Human Osteoblast, (HO) and 

Human Dermal Lymphatic Endothelial cell, (HDLE). In these fields HO and HDLE are 

used as model in order to evaluate proliferation and adhesion capacity, as a matter of 

fact and, as described subsequently, these cellular lines represent a good tool for these 

studies due to their key roles in angiogenesis processes. The capacity of adhesive 

peptides to promote cell adhesion and vitality was compared, following 2h culture on 

HVP functionalized collagen scaffold, osteoblasts adhesion significantly enhances, if 

compared with pristine collagen (HO_coated HVP Vs CTR, green and black, figure 2.3, 

c.). After 24 hr, adhesion is 5 time higher than control and then, over 3 days of growth, 

the cells reach confluence (figure 2.3, c.). On the other side, Tβ4 peptide weakly 

improve adhesion capacity of HDLE cells if compared with control (HDLEC_coated 

Tβ4 vs CTR, blue and black bars, figure 2.3, d.). In the same manner no exciting 

evidences have been seen between pristine collagen and Tβ4 coated collagen following 

HDLEC vitality (figure 2.3, b.). 
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Figure 2.3. a. and b. respectively cell vitality of HO and HDLE. c MTT assay of HO (c. graph) and 

HDLE (d. graph).  Significantly higher values observe for both Tβ4 and HVP (bars indicate standard 

deviation, t-student test for **p<0.01, *p<0.05) referred to CFSE assay. 

 

After cellular culture, VEGF expression in HDLE was tested by quantitative relative 

PCR (figure 2.4). Here, cellular growth on Tβ4 grafted biomaterial results into 

significative increase of Vascular Endothelial Growth Factor (VEGF) if compared with 

control or HVP grafted material; suggesting a role in vasculogenesis processes. 

Furthermore, interesting is also the value of VEGF when cells are followed on HVP 

functionalized collagen, in this case VEGF expression are lower than pristine collagen, 

suggesting a regulatory role of HVP. All that verifies our hypothesis and suggesting the 

importance of these peptides in bio-inspired biomaterials developing. 

 

a)  b)  

c)  d)  
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Figure 2.4. VEGF expression has been reported as results of qPCR.  CTR indicates qPCR control, 

Coated-CTR=pristine collagen; HO_Coated HVP= osteoblast grown up on HVP grafted scaffolds, 

HDLE_Coated Tβ4= HDLE cells grown up Tβ4 grafted scaffolds, (bars indicate standard deviation, t-

student test for **p<0.05). 

 

 

2.5. Materials and Methods. 

 

All reagents and solvents were purchased from Sigma-Aldrich and used without any 

further purification. The two peptides were provided by Prof. Monica Dettin in 

collaboration with Prof. Paola Brun (University of Padova, respectively: Department of 

Chemical Process Engineering and Department of Histology, Microbiology and Medical 

Biotechnology). The sequence of peptides are: 

HVP = H-Cys-Phe-Arg-His-Arg-Asn-Arg-Lys-Gly-Tyr-NH2(N-terminus) (99% purity) 

Tβ4=H-Cys-Ser-Lys-Leu-Lys-Lys-Thr-Gln-Glu-NH2 (N-terminus) (98% purity) 

VEGF expression (qPCR data) 
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Collagen Preparation (coated-CTR).  

Type I collagen coating from bovine Achilles tendon (Sigma-Aldrich, catalog no. 

C9879, CAS no 9007-34-5) were produced by solvent-casting method. Briefly, the 

collagen was dissolved in acetic acid 0.5 M (2g/L) for 4 h at 40 °C. The suspension was 

homogenized with a mixer for 10 min at maximum speed. The collagen solution was 

poured into a 24 culture multi-well (0.5 mL per well) and the solvent evaporated under 

the fume hood for 2 days. After complete solvent evaporation, thin transparent coatings 

(1 mg per well) were washed two times with deionized water (1 mL for 15 minutes on 

shaker with three-dimensional tumbling motion) and one time with ethanol (1 mL for 10 

minutes).134 

 

Collagen maleimido functionalization (Coated-Mal.).  

In order to have maleimido grafting on collagen coating surface and coupling all amino 

groups of lysine side chains (expected 0.045mg per mg of collagen), a solution 2M of 

maleic anhydride in DMSO was prepared, then 1 mL was added to each well 

(containing collagen coating). Subsequently it was reacted over night, after this time, 

supernatant (containing an excess of maleic anhydride) was eliminated and collagen 

coating extensivel washed. one time with DMSO (1 mL for 10 minutes), then two times 

with deionized water (1mL for 15 minutes on shaker with three-dimensional tumbling 

motion) and one time with ethanol (1mL for 10 minutes). 

 

Collagen Tβ4-functionalization. (coated-Tβ4). 

A solution of Tβ4-Cys peptide was prepared dissolving 3 mg of peptide (MW=1300 

g/mol) in 1 mL of PBS buffer solution (pH= 7.4). Then, 0.120 mL of this solution (390 

μg, 0.30 μmol) was added to each well presenting scaffold (containing 1 mg of 

collagen), the final volume was adjusted around 0.4mL by addition furthers 0.280 mL of 

PBS. The solution was reacted for 24 hr. After this time, collagens coating was washed 
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two times with deionized water (1mL for 15 minutes on shaker with three-dimensional 

tumbling motion) and one time with ethanol (1mL for 10 minutes). 

 

Collagen HVP-functionalization (coated-Tβ4). 

 solution of HVP-Cys peptide was prepared dissolving 11 mg of peptide (MW=1335 

g/mol) in 2 mL of PBS buffer solution (pH= 7.4). Then, 0.074 mL of this solution (400 

μg, 0.30μmol) was added to each well presenting scaffold (containing 1 mg of 

maleimide functionalized collagen), the final volume was adjusted around 0.4mL by 

addition furthers 0.326 mL of PBS. The solution was reacted to react for 24 hr. After 

this time, collagens coating were washed two times with deionized water (1mL for 15 

minutes on shaker with three-dimensional tumbling motion) and one time with ethanol 

(1mL for 10 minutes). 

 

FT-IR Characterization. 

ATR-FTIR spectra of collagen coatings specimens were collected with the Varian 670-

IR spectrometer equipped with the Quest (Specac) ATR device. Functionalized collagen 

scaffolds were analysed by FTIR measurements in attenuated total reflection (ATR). 

The ATR-FTIR absorption spectra of the different collagen coating samples display the 

typical spectral features of polypeptides and are characterized by the Amide I and 

Amide II bands. Small spectral changes were observed after maleimide 

functionalization and peptide coupling (see above).  
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2.6. Conclusion 

 

In this section has been presented new bioinspired collagen based biomaterials which 

were functionalized with two different peptides giving two new biomaterials with 

different biological properties. The chemical structure has been analysed by FT-IR 

which highlights peptides conjugation. With same strategy has been shown how, 

modifying tyrosines content, its signal emerges reinforcing our result, with further 

confirm regarding biomaterial peptide grafting. 

Biological responses were tested following growth of two cell lines considered as a 

model for these kinds of study. In the first case, it has been used human osteoblast to 

distinguish which, among two peptides, possesses adhesion capacity. Human osteoblast 

are implicated in bone tissue regeneration and this is the reason why these cells kind 

grow up necessary in the presence of adhesive motif. On the other hand, human dermal 

lymphatic epidermal cells, as widely described, are implicated in vasculogenesis 

process. In this chapter has been analysed the role of Thymosin Tβ4 motif in VEGF 

expression as fundamental key to drive cell fate, of injured tissues, toward regeneration 

and vasculogenesis.  
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Chapter 3 - Perfluoro Compounds (PFCs) as oxygen 

storage systems 

 

 

3.1. Introduction  

 

One of the main challenges in tissue repair is vascularization for new tissues and organs; 

currently, the application of new bio-inspired scaffolds for regenerative medicine are 

based on the ability to stimulate angiogenesis and blood vessel systems development. 

As a matter of fact, only in a few tissues like skin, cartilage or cornea, cells can be 

supplied with nutrients and oxygen via diffusion mechanisms,135 instead, in almost all 

other tissues, cells are supplied by branched blood vessel systems which allow gas and 

nutrient perfusion; for example bone tissue. 136,137,138,139 During fracture bone healing, 

first step is represented by a well-organized response to injury and just subsequently, 

remodelling of newly formed bone which results in a repair that is indistinguishable 

from adjacent bones. During this last phase, it is well known that an interrupted 

angiogenic response may inhibit bone regeneration, leading several pathophysiology 

such as osteomyelitis, and osteonecrosis.140,141,142.  

In more detail, recent studies have shown that in osteoblast cells type, there is an active 

participation to angiogenesis processes during fracture repair by promoting, angiogenic 

factors in response to a variety of growth factors (as well known) and other extracellular 

stimuli (i.e. oxygen perfusion). Interesting, it was also demonstrated that osteoblasts 

elaborate most specific factors for endothelial cells, triggering consequently VEGF 

expressions and/or upregulations. At the same time, several factors are regulated by 

same processes such as insulin-like growth factor (IGF), TGF-b1, FGF-2, 



 

SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 
 
 

 

 
 

prostaglandins E1 and E2, and 1,25-dihydroxyvitamin D3 143, 144, 145,146,147. 

Furthermore, and as seen before (in chapter 1) VEGF expression can be supposed 

controlled not only classical signalling peptides; but also mechanism such as hypoxia 

and gas perfusion; suggesting the key role of oxygen diffusion in bone wound healing. 

148  

At the same time cardiovascular diseases are the most frequent cause of death in the 

western world, 149 in these situation therapeutic angiogenesis through biomaterials 

engineering proposes to restore original blood flow in ischemic tissues by controlling 

blood flux. Although, often the obstruction (in the case of ischemic situations) is located 

in the large arteries, expansion of the microvascular capillary tissue controlled by 

angiogenic factors, has been shown to induce the enlargement of upstream collateral 

arteries producing a biological bypass and restoring downstream perfusion. 150 

Summarizing these processes have the goal to supply tissues with sufficient nutrients 

and oxygen. As mentioned, angiogenesis is regulated mainly by oxygen levels within 

tissues. Hypoxic conditions result in growth factors and chemokines tissues secretion 

which, in certain conditions, promote vascular growth and remodelling of vascular 

network already present. 151 In these situation several study suggest how endothelial 

cells are stimulated to activate themselves to coordinate branching, and new lumenized 

network formation. 152 Increasing oxygen perfusion cell quiescence can be re-

established resulting in a stable vascular network.153 

Studying these arguments involves the knowledge of hypoxia regulating mechanisms 

and, to do this, it is necessary developing new oxygen delivery/storage systems to 

control gas perfusion in cells culture. Here it has been proposed a preliminary study 

about the strategies possible to achieve this focus. 
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3.2. Fluorinated compounds and oxygen perfusion 

 

For the reasons described, and also as well known, the lack of oxygen perfusion leads 

cells to apoptosis with related tissues necrosis and therefore, is a critical limiting factor 

for developing functional tissues.154,155  

In order to find potential solutions to overcome vasculogenesis problems, several 

strategies have been developed, studied and improved. Starting from the use of VEGF 

as simple additive in cell cultures, or the use of signalling peptide to conjugate scaffolds 

for cell cultures (see chapter 2); to pre-engineered tissues placed adjacent to a heavily 

vascularized tissue. In vivo conditions, these strategies help to achieve adequate 

vascularization.156,157 However, not always this operation is feasible because the target 

implantation site may not be in close proximity to a heavily vascularized tissue. 

Alternatively several studies have presented the use of oxygen generating 

biomaterials158 or synthetic oxygen carriers, such as perfluorocarbons or covalent 

bounded of  four covalently stabilized hemoglobin tetramers, resulting in a polymeric 

hemoglobin molecule159,160,161suggesting so called “oxygenated biomaterials”.162,163 

Oxygen generating biomaterials Among these systems, the most extensively studied 

are those employing peroxides (such as CaO2,
164 MgO2,

165 etc.) and enzymes coupled 

with H2O2 as oxygen generating systems.166 Nevertheless, both systems involve the 

production, without an accurate kinetic control, of reactive oxygenated species (ROS), 

whose levels could harm cells and tissues.167 

perfluorocarbons (PFCs): are class of molecule in which fluorine atoms replace 

hydrogen ones, are inert and stable (related to strong C-F bonds and to the dense, 

protective and repellent electron sheath that coats fluorines chains); designed and 

synthesized as amphiphilic molecules. The presence of fluorine allow them to dissolve 

large amounts of physiologically gases, among them oxygen and carbon dioxide, 

finding a plethora of application in biological fields, such as synthetic hemoglobin168 

and/or oxygen storage systems. Functional studies have shown that O2 solubility in 

PFCs enriched medium is approximately 50 times higher than traditional BSA culture 
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medium.169 Several studies explain how the bases of this phenomena are similar to the 

interaction between oxygen and hemoglobin heme groups, certainly with some 

differences. In detail, the interaction between O2 and PFCs result to higher oxygen 

solubilization, this occurs by intermolecular interaction between oxygen and PFCs. In 

detail, while haemoglobin-oxygen interaction involves new strong localized chemical 

bond between O2 and iron atom mediated by histidine residue (figure 3.1 a.), In the case 

of PFCs, fluorines low polarizability involve many non-directional Van der Waals 

forces, between molecules, allowing a greater interaction (figure 3.1 b.).  

 

 

Figure 3.1: a. Oxygen interaction with haemoglobin and perfluorochemicals: in the case of Hb, O2 is 

bound to the iron atom of a heme through a strong localized chemical bond (mediated by histidine 

residue). b. In PFCs, there exist only lose, non-directional van der waals interactions; PFCs and gases are 

alike, both present very low cohesive energy densities, which facilitates mutual solubilization. In c. is 

presented a classical PFC, in our case oxadiazole derivatives. 

 

a) Haemoglobin, heme group  b) PerFluoro Chemicals  

Strongly Bound Loosely Dissolved (Gas-like, No saturation) 

c) 
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Furthermore, at this level, PFCs and non-polar gases (such as oxygen) both have very 

low cohesive energy densities, as expressed by very close Hildebrandt coefficients, the 

difference in the interaction mechanisms is reflected by the difference in O2 uptake 

profiles as function of pO2, i.e. sigmoidal for Hb vs. linear for PFC formulations. With 

PFCs, since there are not possibilities of chemical bonds, there is no saturation and 

interference with NO, CO or other reagents.170As consequence, PFC-dissolved O2 is 

immediately available to tissues; it is also characterized by high extraction ratios.171 

 

 

Figure 3.2: Comparison of oxygen capacity of hemoglobin, myoglobin and a generic PFC. (Pilarek, M. 

Chem Process Eng 2004; 35(4), 463-487.).  

 

However, since PFCs have only a limited capacity to supply oxygen and do not become 

reoxygenated, they can increase oxygenation by enhancing dissolved oxygen effective 

diffusivity through the matrix and not by serving as an oxygen reservoir. For these 

reasons, PFC solutions possess linear correlation between oxygen partial pressure and 

oxygen concentration, and could rapidly increase oxygenation of tissues under hypoxic 

condition (figure 3.2).  
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Nowadays, PFCs have been widely studied and, in some cases, used as pharmacological 

tools with several focus, including artificial blood substitution, organ preservation, 

ultrasound imaging and fluorine magnetic imaging.172,173 More importantly, due to their 

high oxygen solubility, PFCs have been extensively explored as oxygen suppliers to 

increase the therapeutic outcome of radiotherapy or photodynamic therapy. In the first 

case, for example nano-PFCs were studied using an oxygen meter to measure dissolved 

oxygen concentrations in aqueous solutions e oxygen release profile, especially under 

certain circumstance. In more low-power/low frequency US treatment were applied 

onto solution nano-PFCs enriched; showing higher value of oxygen release in this 

solution, resulting into rapid increase of dissolved oxygen concentration Those results 

demonstrate that the oxygen release from PFC is sensitive to the applied external 

ultrasound waves finding many applications in innovative to realize highly efficient 

oxygen delivery into tissues174.  

Furthermore, PFCs are advantageous thanks to their commercial availability, chemical 

and biological inertness (as previously mentioned), and easy sterilization.175 In this 

chapter is illustrated the use of 5-(2,3,4,5-Pentafluorophenyl)-3-perfluoroheptyl-1,2,4-

oxadiazole as fluorinated substrate to functionalize collagen 2D scaffold in order to 

develop new bioinspired scaffold with gasses perfusion abilities. 

 

 

3.3. Aim of the work 

 

In the field of 2D bio-inspired materials, oxygen perfusion remains an important 

limiting step because the micro-inhomogeneity prevents a correct oxygen (and 

nutrients) perfusion, bringing cells to a metabolic suffering experience. At this point our 

approach is based on developing new oxygen higher content materials through the 

tethering of a fluorinated oxadiazole moiety to collagen based surface, thus obtaining 
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novel 2D collagen matrix, possessing collagen biocompatibility and the ability of PFCs 

to increase diffusivity of gases. This strategy will allow to obtain new biomaterials able 

to favour oxygen exchange.  

For described reasons, the focus of this section is the project and design new potential 

matrix with a molecular system able to release and guarantee oxygen perfusion. To 

make this, already mentioned, 1,2,4-oxadiazole fluorinated derivative were used to 

functionalize collagen based biomaterials. In order to obtain PFC functionalization 

nucleophilic aromatic substitutions of fluorine atom in para position with lysine amino 

group were performed, exploring different conditions.  

 

 

3.4. Results and discussion 

 

In order to covalently functionalize 5-(2,3,4,5-Pentafluorophenyl)-3-perfluoroheptyl-

1,2,4-oxadiazole (Compound 3.1) on collagen scaffold, a nucleophilic substitution was 

proposed as chemical strategy. In this case, nucleophilic attack is performed by amino 

groups of side chains lysine toward fluorine atom in para position, in these conditions, 

SNAr reaction is favoured at the ortho position (scheme 3.1).176,177 On the other side, 

fluorine atom leaves molecular site as F-; and here, to avoid HF formation; an organic 

base are added restoring neutral conditions. Several conditions were tested to study the 

reaction and the different products were analysed by several spectroscopic techniques. 
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Scheme 3.1 upward represents a chemical strategy used for covalent functionalization, below (in the 

table) the condition which change as function of i) molar ratio between lysine and compound 3.1 ii) time 

of reaction. 

 

In detail, three different molar ratios between lysine and compound 3.1(Lys/30, 1/5; 

1/10; 1/15) were set to produce a series of conditions. Further, for each molar ratio, 

three times of reaction were tested in order to study which are the best conditions 

(scheme 3.2, table). In order to follow reactions, from qualitative point of view, UV 

spectra of collagen derivatives scaffold were recorded in 200-400 nm range 

transmittance mode and converted in absorbance. In figure 3.3 UV/Vis spectra were 



 

SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 
 
 

 

 
 

reported in which functionalized collagen, with compound 3.1, shows maximum peak at 

325 nm, while unreacted oxadiazole presents a maximum peak around 249 nm. These 

data are in accordance with those already reported, refers to analogue compounds 

highlighting, on one side, characteristic spectroscopic red-shift as consequence of 

fluorine para-SNar and, on the other side, success of covalently functionalization.178 

 

Figure 3.3 Absorbance graphs, red line represents the absorbance trend of unreacted compound 3.1; 

Black dashed-line: pristine collagen; blue line: absorbance of generic condition of collagen-3.1 

functionalized material. 

 

However, it hasn't been possible recording data under 275 nm due to notable 

background noise given by collagen and  plastic support absorption. For these reasons 

we cannot exclude also the presence of 1,2,4-oxadiazoles fluorinated absorbed. 

Nevertheless, the observed differences between unreacted compound 3.1 and the 

functionalized collagen are enough to exclude interferences of the medium and 

experimental setup. Subsequently FT-IR analysis were performed in order to evaluate 

UV/Vis spectra of collagen derivatives scaffold 
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3.1. functionalization and collagen coating integrity. As possible observe in (figure 3.4, 

Stacked spectra), collagen scaffolds (functionalized and not) displayed almost 

superimposable IR spectra also in the amide I band, which is due to the CO stretching 

vibrations of the peptide bond. This result indicates the maintenance of the overall 

protein secondary structures after chemicals conjugation. In the red line has been 

displayed 1,2,4-oxadiazoles fluorinated characteristic spectra, which give characteristic 

absorption bands with properties fingerprint regions.  

 

Figure 3.4 FT-IR spectra of fluorinated collagen coated. Red line represents 5-(2,3,4,5-

Pentafluorophenyl)-3-perfluoroheptyl-1,2,4-oxadiazole (3.1); blu line unreacted collagen, other 

colours describes FT-IR spectra of different conditions as described in scheme 4.1. In detail the first two 

number describe molar ratio between Lys content and Compound 30, the third number describes time of 

reactions. 

  

As reported in figure 3.5 (a zoom of figure 3.4, range 1160-1100 cm-1 and 900-700 cm-

1) C-F(ar) stretching band and CF2 stretching vibration band (of fluorinated oxadiazoles, 

red line), respectively at 834.06 cm-1 and 1145 cm-1 (a e b), appear also in collagen 

functionalized samples and concur as previously reported.179,180  However, due to high 

complexity of proteins IR spectra, these peaks appear weak and with low intensity. 

Second derivative analysis confirm observed differences, if compared with controls 

(figure 3.5, c. and d.); quantitative relative evaluation of these peak suggests an 

FT-IR Analysis 

Wavenumber (cm-1) 

Conditions 



 

SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 
 
 

 

 
 

important difference between unreacted collagen and functionalized samples. A signal 

inversion, due to new introduced peak, if compared with control collagen were seen 

(figure 3.4 d, 834.06 cm-1). Nevertheless, no appreciable differences between 

fluorinated collagens with themselves are seen (figure 3.4 e. and f.). 

 

 

Analisis of Secondary Derivativevs 

a) b) 

Wavenumber (cm-1) 

c) d) 

Conditions 

Wavenumber (cm-1) 
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Figure 3.4 FT-IR spectra of fluorinated collagen scaffold. As shown figure 3.3., Red line represents 5-

(2,3,4,5-Pentafluorophenyl)-3-perfluoroheptyl-1,2,4-oxadiazole (compound 3.1); blue line unreacted 

collagen, other colors describes FT-IR spectra of different conditions described in (scheme 3.1). a. zoom 

between 1160-110 cm-1 shows overlapped peaks of fluorinated oxadiazole around 1145.5 cm-1 and several 

functionalized collagen b. a. zoom between 900-700 cm-1 with a peak around 834.06 cm-1. c and d 

represent second derivatives analysis of a and b, where respectively peaks are confirmed. e and f highlight 

a relative quantification of the peak 1145.5 and 834.06 normalized to control value. (bars indicate 

deviation standard).  

 

 

Furthermore, 19F-NMR were performed on media reaction in order to quantify via NMR 

the degree of compound 3.1 bounded and then calculate the functionalization degree for 

each conditions. Reaction mixtures were collected and fluorurated oxadiazoles 

quantified using hexafluorobenzene as internal standard with coaxial tube method; in 

which a coaxial insert containing a standard solution of hexafluorobenzene is placed 

into the sample tube. In this way is possible introduce a reference standard with analyte 

without mixing them, avoiding any chemical interaction. Knowing the molar content of 

starting compound into reaction media and through remaining compound quantification, 

is possible find how much oxadiazole binds lysine amino groups (figure 3.5).  

As NMR signal intensities represent the total number of their respective nuclei when 

acquired under quantitative conditions, they also represent the concentration of the 

corresponding component contained within the NMR sample tube.   

Analisis of Secondary Derivativevs 

e) Relative Intensity at 834,05 cm-1 f) Relative Intensity at 1145,5 cm-1 
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Figure 3.5 19F-NMR retro quantification for each conditions, the colours follow the same legend used in 

fig. 4.3. Histogram show an increasing trend toward higher value. (bars indicate standard deviation, t-

student test for **p<0.05, *p<0.01). 

 

As observed by 19F quantification (figure 3.5), an increasing trend until plateau 

depending on molar ratio between lysine content and compound 3.1 results appreciable.  

Concluding, no difference between 48 or 72 hrs time of reaction were seen for each 

condition. It was suggested that an equilibrium over 48 hrs could be presents between 

bonded or absorbed forms. Equilibrium not present at low molar ratio. The value of first 

condition (around zero), suggests us that washing procedure is enough to washout 

completely the unreacted oxadiazoles. Nevertheless, further analysis are necessary to 

discriminate absorbed compound from bound it. 

    

 

 

19F-NMR quantification 

Mmol mg-1 
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3.5. Materials and Methods. 

 

All reagents and solvents were purchased from Sigma-Aldrich and used without any 

further purification. 5-(2,3,4,5-Pentafluorophenyl)-3-perfluoroheptyl-1,2,4-

oxadiazole were provided by Prof. Andrea Pace (Department of Biological, Chemical, 

and Pharmaceutical Sciences and Technologies, University of Palermo). 

FT-IR spectra of gelatin specimens were collected with the Varian 670-IR spectrometer 

equipped with the Quest (Specac) ATR device.The absorption spectra were reported 

after baseline correction between 1800 and 900 cm−1 and normalization at the amide I 

band intensity to compensate for the different protein content. The ATR-FTIR 

absorption spectra of the different collagen coating samples display the typical spectral 

features of polypeptides and are characterized by the Amide I and Amide II bands. 

NMR spectra were recorded on a Varian Mercury instrument at 400 MHz (19F- NMR). 

Chemical shifts are reported in parts per million downfield from CFCl3 as an internal 

standard. Hexafluorobenzene has been used as further internal standard in order to 

quantify as seen. For 1:10 and 1:15_24/48/72hr conditions, 600 μl of Hexafluorobenze 

(10.7 μmol/ml) as been prepared and used as coaxial standard.   For 1:5_24/48/72hr 

conditions, hexafluorobenzene as been used at 1.07 μmol/ml concentration.  

 

Collagen Preparation (coated-CTR).  

Type I collagen coating from bovine Achilles tendon (Sigma-Aldrich, catalog no. 

C9879, CAS no 9007-34-5) were produced by a solvent-casting method; as describe in 

Chapter 3. 
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Collagen 5-(2,3,4,5-Pentafluorophenyl)-3-perfluoroheptyl-1,2,4-oxadiazole 

functionalization (compound 3.1).  

In order to functionalize collagen coating and evaluate functionalization degree, several 

conditions were thought and performed. Following a general scheme for each condition, 

an appropriate amount of 5-(2,3,4,5-Pentafluorophenyl)-3-perfluoroheptyl-1,2,4-

oxadiazole (3.1) was solubilized in DMSO (dry conditions) and an adequate aliquote 

added to each coated collagen. Than, trimethylamine added to neutralize hydrofluoric 

acid.  

Conditions explored change based on molar ratio between lysine amino groups (as 

previously reported in chapter 2, 2.5) and compound 3.1 and time of reactions. (See 

table in the scheme 3.1). At the end of reactions each condition was extensively washed, 

first with 1 ml of DMSO for 15 minutes, then three times with deionized water (1ml x 

15 minutes) and last time with ethanol (1 ml x 5 minutes). 

 

a. Conditions 1 (1:5). 13 mg of compound 3.1. weas solubilize in 1.2 ml 

DMSO (dry conditions, 2.1*10-2 mmol, 1.7*10-2 M). Then, 0.1 ml of this solution was 

added to collagens coated (1.7*10-3 mmol, 5 eq. referred to lysine content), and volume 

adjusted to 0.3ml of DMSO. In addition, 50 μl of a solution of triethylamine 0.03M was 

added (1.7*10-3 mmol, 5 eq.)   

 

b. Conditions 2 (1:10). 25 mg of compound 3.1 were solubilize in 1.2 ml 

DMSO (dry conditions, 4.1*10-2 mmol, 3.5*10-2 M). Then, 0.1 ml of this solution was 

added to collagens coated ( 3.5*10-3 mmol, 10 eq. referred to lysine content), and 

volume adjusted to 0.3ml of DMSO. In addition 50 μl of a solution of triethylamine 

0.03M was added (1.7*10-3 mmol, 5 eq.)  and solutions leading to react for different 

times (24, 48, 72 hours). 

c. Conditions 3 (1:15). 38 mg of compound 3.1 were solubilize in 1.2 ml 

DMSO (dry conditions, 6.3*10-2 mmol, 5.2*10-2 M). Then, 0.1 ml of this solution was 



 

SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 
 
 

 

 
 

added to collagens coated ( 5.2*10-3 mmol, 15 eq. referred to lysine content), and 

volume adjusted to 0.3ml of DMSO. In addition 50 μl of a solution of triethylamine 

0.03M was added (1.7*10-3 mmol, 5 eq.)  and solutions leading to react for different 

times (24, 48, 72 hours). 

For each of these conditions three times of reactions were tested in order to identificate 

the best reaction condition, in detail were tested 24, 48, 72 hours. 

 

NMR quantitative study. 

In order to quantify functionalization degree, quantitative 19F-NMR was performed 

using coaxial tube containing Hexafluorobenze (0.01 M, -164.9 ppm, s, 6F, C-F) as 

reference standard. 

For each sample, supernatant was collected and 0.1ml of new DMSO was added to 

washing sample. Subsequently, also this volume it was collected and added to 350 ul 

previously token. NMR quantification was performed on this media and fluorurated 

oxadiazole quantity calculated as described.181 Briefly, with coaxial method, the 

concentration of analyte (Ca) can be calculated directly by following equation: 

(Eq 3.1) 

 

𝐶a = [mr

1

(MWr ∗ Va)
] (

𝐼r

𝐼a
) 

 

Where: “mr“represents the mass of reference compound, “MWr“its molecular weight, 

and “Va” volume of analyte added to the NMR sample tube. “Ir “and “Ia
” indicate 

respectively the integral of reference signal CF and analyte CF3.  
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3.6. Conclusion 

 

The collagen coated scaffold has been treated with fluorinated 1,2,4 oxadiazoles to 

obtain a new biomaterial, in principle able to increase solubility of oxygen when used 

for cell culture applications. Our synthetic approach is based on Aromatic substitution, 

exploiting amino groups of lysine side chain. In this way, we obtained a set of 

derivatives with different compound 3.1 derivatization degree based on reaction 

conditions. In particular conditions 1:15_48hr and 1:15_72hr, by our data, result best 

conditions for these systems generating good candidates to be employed for further test 

regarding gas solubility and releasing in cell culture conditions. Gasses release test and 

biological evaluations are in due course in order to test both oxygen solubility, and 

biocompatibility or citotoxicity.  
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Chapter 4 - Gelatine-based Hydrogels. 

 

 

4.1. Introduction  

 

An interesting further approach to drive cell fate or control cells behaviour in vitro 

conditions is the use of natural or synthetic polymers, able to form hydrogels (such as 

alginate or gelatine) which can be injected into the body and mimic extra-cellular 

environment, as a 3D “ECM-like structure”. Hydrogels are structure able to retain a 

large quantity of water with a certain similarity to ECM macromolecular components, 

182 finding numerous applications in drug delivery, and in the last years in tissue 

engineering.183 As mentioned in the chapter 1, also hydrogels can be subdivided in 

three main categories, natural, synthetic or made of copolymers in accordance to their 

provenance. Among which gelatine, a form of hydrolysed collagen, has emerging as 

powerful and biocompatible tool for these purpose. 

In the last decades, hydrogels have become one of the possible strategies for three-

dimensional (3D) cell cultures and kinetics drug delivery studies. Furthermore, 3D 

cultures are applied for studying cellular physiology, stem cells differentiation, tumoral 

models and for the investigation of interaction mechanisms between extracellular matrix 

and cells.184 In the field of medicinal chemistry and tissue engineering, hydrogels should 

have traditional properties such as biocompatibility, cells spreading and promote tissues 

formation. The properties include, also, traditional physical parameters, such as 

hydrogel degradation, enzymatic stability and good mechanical features, as well as 

described biological parameters. Certainly, one of the most critical parameters is the 

biocompatibility of hydrogels, which is based on the material’s ability to stay within the 

body without causing detrimental effects, supporting at the same time, cells life. 

Furthermore, another important key feature of hydrogels is represented by their 
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stability. Hydrogel structural integrity depends on cross-links generated between 

polymeric chains, with different chemical bonds and physical interactions. Often 

chemists and physics work together to ensure the desired stability degree in order to 

avoid premature degradation or by-products liberation, which could involve harmful 

side effects. From chemical/physical point of view hydrogels are composed by 

hydrophilic and hydrophobic polymeric chains that can be either synthetic or natural in 

origin. As mentioned previously, hydrogels structural properties are designed in order to 

mimic as close as possible ECM, and they can be delivered in a minimally invasive 

manner. 

 

 

4.1.1. Hydrogels composition 

 

Nowadays, a great variety of natural or synthetic hydrogels are produced starting from 

several sources. In the first case, typical naturally derived polymers include gelatin, 

collagen, alginate, chitosan, fibrin, and hyaluronic acid (HA), meanwhile in the case of 

synthetic materials, hydrogels often are based on synthetic cross-linked network 

obtained from polymerization steps.185 In biological field, naturally derived materials 

find much more applications in tissue engineering than synthetic based materials being 

either components of ECM or having macromolecular properties similar to the natural 

ECM. Collagen fibers and scaffolds can be created and their mechanical properties 

improved by inserting various chemical crosslinks (e.g., glutaraldehyde, carbodiimide), 

or physical treatments (e.g. UV irradiation, and heating), and by the combination with 

other polymers (e.g. hyaluronic acid, polylactic acid, poly (glycolic acid), poly(lactic-

coglycolic acid), chitosan, PEO).  

Naturally derived biomaterials can be divide in protein based hydrogels and 

carbohydrate based hydrogels. 
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Protein based hydrogels display interesting properties for use in the synthesis of 3D 

scaffold thanks to their excellent biocompatibility and biodegradability, due to higher 

degradability in the body than synthetic polymers. Gelatine, which is known as 

hydrolysed collagen, represents one of the most interesting starting material for 

hydrogels preparation due to its biocompatibility and facility of gelation. Gelatine 

based-hydrogels have been used for delivery of growth factors to promote 

vascularization of engineered new tissues. However, the weakness of the gels is still a 

problem, and this is a practical case of study in which multidisciplinary scientists (from 

chemist to physic) co-work in order to developing methods able to ameliorate the 

chemical stability and mechanical properties of gelatine based-hydrogels.186 

On the other side, carbohydrates based hydrogels show particular structural forming 

self-assembled carbohydrate-rich networks in which specific small-molecule drugs can 

released more slow down than protein based hydrogels, 187 among which the most 

famous is hyaluronic acid. Hyaluronic acid (HA) is the simplest glycosaminoglycan 

(GAG) and is found in almost every mammalian tissue and fluid. It was found 

prevalently during wound healing and in synovial fluids of joints. It is a linear 

polysaccharide composed of a repeating disaccharide of (1–3) and (1–4)-linked β-D-

glucuronic acid and N-acetyl-β-D-glucosamine units. HA hydrogels were produced by 

covalent crosslinking and stabilization for example with hydrazide derivatives 188, by 

esterification, and by annealing189. Among polysaccharides, alginate represents another 

alternative due to its ability to gelify under mild conditions, and low cytotoxicity. This 

polysaccharide is a linear copolymer of (1–4)-linked β-D-mannuronic acid (M) and α-L-

guluronic acid (G) monomers which are sequentially distributed in either repeating or 

alternating blocks. Hydrogels are produced when divalent cations such as Ca2+, Ba2+, or 

Sr2+ cooperatively interact with blocks of  “G monomers” to form ionic-bridges between 

different polymer chains; in this case gelation process is driven by physical interactions 

and could be easily manipulated by using different M and G ratio and molecular weight 

of the polymer chains.190 Another interesting bio-polymer is chitosan, which is similar 

to naturally occurring GAGs and is degradable by human enzymes. This 

polysaccharide, formed by of (1–4)-linked D-glucosamine and N-Acetyl-D-glucosamine 
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residues, can be gelled just working on pH variation during its solubilisation. 

Nevertheless, several chemical strategies of crosslinking, based on glutaraldehyde191,  

UV irradiation192  and thermal variations193 were optimized in last years, making them 

stable and fine tuneable. 

 

On the other side, Synthetic hydrogels produced by building blocks, possess chemical 

properties which can be easily controlled, making them more reproducible then 

naturally derived hydrogels. Starting from specific monomers, synthetic polymer based-

hydrogels can be produced by polymerization steps creating hydrogels which 

components possess specific molecular weights, also here using chemical or physical 

strategies. Consequently, properties such as gel formation, density, viscosity or more 

simply mechanical and degradation properties can be regulated easier than protein or 

polysaccharide based-hydrogel, in order to obtain desired products. Examples of 

synthetic materials are PEO ((poly(ethylene oxide)), PVA (poly(vinyl alcohol)), and 

P(PF-co-EG) (poly(propylene fumarate-co-ethylene glycol). PEO and other 

poly(ethylene glycol) (PEG) are hydrophilic polymers that can be crosslinked by 

modifying  each end of the polymer with either acrylates or methacrylates and, then, by 

photo-initiator is possible drive cross linking processes via UV light exposure.194 

Furthermore, thermally reversible hydrogels can also be produced from block 

copolymers of PEO and poly(l-lactic acid) (PLLA) and PEG and PLLA.195 Another 

synthetic hydrophilic polymer largely used in space filling and drug delivery 

applications is PVA; it can be physically crosslinked by repeated freeze-thawing cycles 

of aqueous polymer solutions or chemically crosslinked with glutaraldehyde or succinyl 

chloride to form hydrogels.196  

Nevertheless, several classifications have been employed to hydrogels. Below (Scheme 

4.1), briefly are reported the main categories used to describe hydrogels.197  
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Scheme 4.1 Hydrogels classifications. In red, reported auto degradable hydrogels which are gained more 

interest in the last years.   

 

 

4.1.2. Hydrogel preparation 

 

Hydrogels preparation represents certainly one of the main challenges in the last 

decades Various methods were reported and extensively optimized in literature, 

depending on the designed structure and applications. Hydrogels preparation methods 

can be divided into “Chemical strategies” or “Physical methods”, obtaining 

consequently new covalent bonds formation or physics interactions (scheme 4.2). 
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Scheme 4.2, major strategies to hydrogels preparation, based on physical or chemical approaches, in the 

last years.  

 

Among chemical strategies, crosslinking agents represent a strategy through which 

permanent gels are formed, thanks to the formation of new covalent and stable bonds 

between polymer chains. These types of gels attain an equilibrium swelling state in 

aqueous environment, which depends on the polymer–water interactions and 

crosslinking density.198 

Physicals crosslinking or reversible gels, are formed when the networks of the system 

are held together by molecular entanglements, and or secondary forces including ionic, 

hydrogen bonding or hydrophobic interactions. In physically cross-linked gels the 

dissolution is prevented by physical interactions, which exist between different polymer 

chains.199 Hydrogels that are formed through physical interactions are mostly reversible, 

and can be disrupted by changes in physical conditions or application of mechanical 

stresses.200  
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With respect to the hydrogels prepared with chemical strategies, which are mostly 

irreversible, physical gels can be subcategorized into strong and weak physical gels. 

Strong physical gels are mainly made up of strong physical bonds between polymer 

chains and they are effectively more stable at a given set of experimental conditions. 

For these reason, they are basically similar to the chemical gels. Some examples of 

strong physical gels might be those of lamellar microcrystals, glassy nodules or double 

and triple helices. On the other hand, weak physical gels are mainly composed of 

reversible links that are formed from some temporary associations between chains, and 

they are categorized by finite lifetimes, able to breaking and reforming continuously, 

depending on the conditions at which they are subjected. Some examples of weak 

physical bonds are hydrogen bond, block copolymer micelles and ionic associations.201 

In the field of Chemical treatments to hydrogel development we find: 

a) free radical polymerizations, which is the favourite technique based on 

monomers such as acrylates, amides and vinyl lactams.202,203 In these case, starting 

material have appropriate functional groups or can be decorated with radically 

polymerizable groups useful for free radical polymerization. The method typically 

requires several free radical polymerizations steps, which are: initiation, propagation, 

chain transfer and termination. In the initiation step, thermal, ultraviolet and red-ox 

initiators can be utilized for radical generation; these radicals then can react with 

monomers transforming them into active forms that react with more monomers and so 

on in the propagation step.204  

b)  A second technique for hydrogels preparation is based on photoreaction; 

hydrogels crosslinking by irradiation is very efficient, especially when ionizing 

radiations, such as electron beam and γ-rays, ionize simple molecules either in air or 

water. As a matter of fact, during irradiation processes, active sites are created along 

the polymer strands and bring to generation of a wide number of crosslinks. Hydrogels 

production, using these techniques can be achieved via irradiation of the polymers in 

bulk or in solution.205 
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c) One of the main techniques used for hydrogel preparations is represented 

by the use of crosslinking agents, for polymeric precursors functionalization. In this 

case, a bi-functional crosslinking agent is added to a solution of a hydrophilic polymer, 

which should have appropriate functionalities, able to react with the agent; this 

technique is adequate for generation of hydrogels from both natural and synthetic 

hydrophilic polymers. For example, gelatine–based hydrogels were produced using di-

aldehydes as crosslinking agents206 and, since, this is one of focal point of my work, 

below, a section will be dedicated to use of crosslinking agents. 

On the other side, physical crosslinking with physical interaction is one of the general 

reverse techniques used for hydrogel development. Often, physical interactions are 

based on polyelectrolyte complexation, hydrogen bonding and hydrophobic association, 

weak interactions obtainable under mild conditions, without chemical treatments. 

a) Polyelectrolyte complexation (ionic interactions) is based on systems 

where links are generated between pairs of charged sites on the polymer backbones. 

Carboxylate groups of sodium alginate and amino groups of chitosan chains are often 

used to complexation with electrolytes (as previously cited, Ca2+, Ba2+), in this way 

polysaccharide based hydrogels are obtained from polyelectrolyte complexation 

hydrogels.  

b) Hydrogen bonding is represented by polymer chains which can be 

subjected to weak interaction with aqueous solvents contributing to hydrogel 

development. For example, producing gelatine-based hydrogel, the association of an 

electron deficient hydrogen atom and a functional group, with high electronegativity, 

involve into hydrogen bond formation. Hydrogels generated by this method could be 

altered by many factors: swelling process, polymer concentration, molar ratio of each 

polymer, type of solvent, solution temperature, and the degree of association between 

the polymer functionalities. For these reasons, in the case of gelatine, structure need to 

be furthermore stabilized by chemical treatments. 
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c) In hydrophobic association, polymers and copolymers, generally form 

disconnected structures with hydrophobic micro domain, can associate themselves 

generating physical crosslinking points toward polymeric structure. Hydrophilic poly 

(hydroxyethyl methacrylate) (PHEMA) based hydrogel, often were obtained in 

association with a small amount of hydrophobic poly(methylmethacrylate) (PMMA) 

as a long branch. Typically, the mechanical features of these hydrophobically 

combined polymers are poor because of the poor interfacial adhesion. Nevertheless, 

this technique for hydrogels formation have some advantages such as the low cost of 

the system. 

 

 

4.1.3. Preparation of protein based hydrogel 

 

In biological field, collagen (and its hydrolyzed forms such as gelatines), owns excellent 

properties among which are well known biocompatibility, good cell-adhesion, good 

spreading properties, biodegradability and low immunogenicity. For these reasons 

chemically modified gelatin with other natural or unnatural (macro)molecules have been 

extensively used in the field of regenerative medicine, developing new 3D biomaterials 

able to support cell-culture, engineering new tissues in order to restore injured state or 

failed organs,207 finally, developing new drug release systems.208 

However, gelatine and related natural proteins (such as elastin, fibrin, etc…), once 

gelified (naturally or by physical treatments) don’t possess adequate mechanical 

properties, in fact, their high degradability in physiological conditions bring to several 

difficulties in gelatine-based hydrogels design with mechanical and chemical desired 

features. 209,210, 211 
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In order to overcome these drawbacks, gelatine starting materials are usually modified 

with physical, enzymatic or chemical processes. The most used strategy, developed to 

improve cited features, is based on cross linking procedures (enzymatic or 

chemical).212,213,214,215 In this case bio polymer functional groups react with crosslinker 

chosen affording 3D network with a  well-defined architecture..  

Moreover, with chemical cross-linking may be possible exploit either the intrinsic 

reactivity of functional groups present in the biopolymers (i.e. amino acids side chain, 

such as tyrosine or lysine)216,217 and further reactive groups introduced specifically, 

which can be lately reacted bio-orthogonally.218 Another approach often relies on click-

reactions,219,220 already analyzed, such as thiol-ene coupling,221,222 or  Huisgen-type 

cycloaddition (see chapter 1).223  

Several crosslinking strategies have been developed in the last decades, for example, 

aldehydes, di-aldehydes, but also carboxylic or di-carboxylic acids (malic or malonic 

acids) have been used in combination with carbodiimides (EDC, DCC..., See scheme 

4.3) to crosslink proteins through amidic bonds formation between lysine side chains 

and carboxyl/carbonyl functionalities. In these case gels enzymatic stability, toward 

collagenases or more generally proteases (in the case of proteic gels), is fundamental 

property to testing, and it was seen that an increase of crosslink degree results an 

improvement of swelling degree, thermal and enzymatic stability, promoting then cell 

adhesion and growth.224,225  
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Scheme 4.3 Representative scheme of a generic di-aldehyde which reacts simultaneously with proteic 

hydroxyl groups (H+ conditions, a) and amino groups (neutral conditions, b). c, An example of 

condensation between an hydroxyl group and amino group EDC mediated. EDC in this case work as 

activator. d, reaction mechanism of EDC activation. 

 

Otherwise, enzymatic cross-linking, by transglutaminases (scheme 4.4), catalyzes new 

bonds between same or different functional groups. In the case of transglutaminase 

a) b) 

c) 

d) 
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(more used), glutamine side chains and lysine amino groups represent principal 

substrates, giving new amidic bonds stabilizing overall hydrogel structure. In addition, it 

was demonstrated how this innovative approach could be used to allow a controlled 

release of proteins (i.e. serum albumin, BSA) as tool for protein delivery. In this case, 

amino groups crosslinking was confirmed by denaturation temperature of hydrogel 

which increases from 38 °C to 68 °C.226 

 

 

Scheme 4.4 Representative scheme of a generic cross-linking based on chemical methods (a), physical 

methods (b) and enzymatic methods (c).  

 

However, all mentioned cross-linking agents react exploiting amino, hydroxyl or 

carboxyl groups in the amino side chains, excluding aromatic ring of tyrosine or 

tryptophan. To including aromatic rings ligation, oxidative cross-linking of tyrosine 

phenolic groups need to be proposed, based on oxidation processes of phenolic 

moieties.227,228,229 In addition to the oxidative coupling affording zero-length dityrosine 

adducts, very recently triazoledione chemistry has been proposed to chemoselective 

conjugations to tyrosine residues, without use of metal mediated catalyzer or drastic 

conditions.  

a) 

b) 

c) 

= Functional Groups 

= Crosslinking agent 

= Enzyme 
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4.1.4.  Protein-based hydrogel, Swelling ability 

 

Another important hydrogel application regards controlled release of molecules, 

including drugs, therapeutic peptides, proteins, and nucleic acids.230 The high water 

content of most hydrogels, for drug delivery systems, results in rapid drug release over a 

few hours to several days, carrying eventually harmful side-effects.231,232 

Nowadays great efforts focus on extending the duration of drug release, and expanding 

the range of molecules which can be delivered.233 A large number of parameters 

participate to the result, such as  the geometry of the delivery system, hydrogel swelling 

capacity, and the type and amount of release medium.234  In addition, release kinetics 

can also take large time and the sampling can last up from few hours to several days 

making them time-consuming and expensive, if referred to large drug loads.235  To 

overcome these troubles, screening large libraries of potential drug delivery 

formulations results necessary as well as improve analytical methods that directly asses 

drug diffusivity, improving certainly the development of new hydrogel-based drug 

delivery systems.    

Generally, hydrogels drug release mechanism involve simultaneous absorption of 

solvent/cell-culture medium and desorption of drugs via swelling/de-swelling controlled 

mechanism.236 When a dried hydrogel comes into contact with water or any other 

compatible medium, solvent penetration into free spaces on the surface promote 

swelling process. When enough water has absorbed by the scaffolds, hydrogels reach, 

so called, water equilibrium. In this situation, an increase of end-to-end distance of 

polymer molecules were observed. Swelling ability drive the factors mediating drug 

delivery.237 Regarding bio-inspired hydrogel (such as collagen or gelatin based 

hydrogel), polar amino acids side chain, represent the first groups will be hydrate, 

leading to “primary bound water”. When the polar groups are hydrated, the network 

swells, changing its conformation and geometry, exposing hydrophobic groups, which 

also interact with water molecules; leading to hydrophobically-bound water, or 



 

SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 
 
 

 

 
 

‘secondary bound water’. Primary and secondary bound water are often referred as 

‘total bound water’. After complete interaction between hydrophobic or polar amino-

acids side chain, the structure (or swollen network) will imbibe additional water, due to 

the osmotic driving force of the network chains. However, this process called 

“additional swelling”, is opposed by covalent or physical crosslinks; in this way, 

hydrogel will reach an equilibrium swelling level. As the network swells, if the network 

chains or crosslinks are leaky, the gel will begin to disintegrate and dissolve, at a rate 

depending on its composition. It should be noted that a gel used as a tissue engineering 

matrix may never be dried, but the total water in the gel is still comprised of ‘bound’ 

and ‘free’ water. There are a number of methods used by researchers to estimate the 

amounts of water, as fractions of the total weight of the hydrogels.238,239  

Among numerous methods to evaluate swelling ability, gravimetric analysis results the 

easiest and fastest method. Dried cross-linking hydrogels are placed into specific 

volume of solvent (in the case of hydrogels, aqueous-solvent); the samples, removed, 

are quickly blotted free of surface water and then weighed on an analytical balance. The 

weigh collected in this manner can be represented by Dynamic Swelling Graphs, build 

on calculated Swelling Degree from follow equation.240 

(Eq. 4.1) 

 

Swelling Degree =
1

𝐷w ( Sw - Dw ) 

 

 

Where Sw symbolizes “Swallen weight of the sample” and Dw “Dry weight of the 

sample”. The absorbed water can be quantitatively represented by the equilibrium water 

content (EWC), the ratio of weight of water in the hydrogel to the weight of the 

hydrogel at equilibrium hydration, expressed as a percentage. 
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(Eq.4.2) 

Equilibrium Water Content (%EWC)  = 1𝑆𝑤(𝑆𝑤e − 𝐷𝑤) ∗ 100 

 

Swe = Swelling weight of the sample at equilibrium, (total weight of hydrate gelatin); 

Dw = Dry weight of the sample”;  and ”Swe- Dw“ represents the total weight of hydrate 

gelatin. 

The hydrogel water-swelling ability can find several applications in several drugs 

delivery systems and cellular growth model. As a matter of fact, hydrogels with high 

degrees of swelling could provide rate-controlling barriers to the diffusion of water-

soluble drugs allowing the highest attainable fluxes from polymers. Several authors 

have reported on the diffusion of a wide variety of species through water-swollen 

hydrogels and shown that both in vitro and in vivo the diffusion coefficients can be 

calculated from the following semi-empirical expression: 

(Eq.4.3) 

Dp = D0 exp [ -0.05 + (10-6 M) P] 

 

In this equation, Dp, represents the diffusion coefficient of the specified diffusing 

species of molecular weight “M” in the water-swollen hydrogel of percentage polymer 

content of P. D0, is the diffusion coefficient of the identical compound in pure water. 

From this equation it is possible to estimate the hypothetical change in the diffusion 

coefficient Dp, for an hypothetical drug, when some condition have been changed.241  
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4.1.5. Protein-based hydrogel, Applications 

 

There are a lot of applications where hydrogels found efficacy. Hydrogels, in 

regenerative medicine, traditionally have been used as scaffolds to supply structural 

integrity for cellular organization, but at the same time several application as barriers 

and bio-adhesive, cell encapsulation or drug depots were studied.242  

Hydrogels as barriers. There are lot of consequence caused by surgical procedures, 

among which restenosis and thrombosis, caused by post-operative adhesion formation, 

appear as most problematic issues243. In this field hydrogels were introduced as a thin 

layer intravascularly where they are able to inhibit restenosis, reducing intima 

thickening and thrombosis. The thin layer is able to decrease intimal thickening 

avoiding the contact with platelets, coagulation factors and plasma proteins with the 

vascular wall. The contact between these factors and vessel walls stimulates smooth 

muscle cell proliferation, migration and ECM synthesis events, involving restenosis. 

Furthermore, hydrogels barriers were tested to prevent post-surgical adhesion 

formation, by intraperitoneal insertion, or ovoid over fibroblast attachment at the tissue 

surface.244   

Hydrogels as drug delivery systems. As will be described later, hydrogels with drug 

delivery capabilities are often thought to localized drug depots, and then, drug release 

rates can be controlled, and triggered smartly after physical or chemical stimuli, which 

can be physiological or not.245,246 Often, hydrogels can be made of proteins that are 

hydrophilic. As described, monitoring swelling degree, crosslinking thickness and 

degradation rate, kinetics of drug delivery, can be modulated in accordance with the 

desired drug release plan.  Alternatively, photopolymerizable hydrogels possess the 

ability to adhere to tissue and polymerize in vivo and in situ. Drug delivery systems and 

hydrogels as barriers can be used simultaneously to release specifics drug, and at the 

same time, avoid post-surgical effects.247 In this field, hydrogels were formed in 

bilayers with different permeability. Inner layer is less permeable than the outer layer, in 
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this way we are able to improve, on one side, the delivery of released drugs into 

environment, meanwhile, on the other side we can avoid undesired cellular adhesion, 

just working on hydrogels preparation. Moreover, different drug concentrations can be 

encapsulated into each layer during synthesis of a multilayer matrix device to obtain 

excellent release behaviour.248 

Cell encapsulation. In certain conditions, hydrogels can be used to supply 

immunoisolation, while still enabling oxygen, nutrient, and metabolic products to 

distribute with facility into the hydrogel. With this aim, several PEG diacrylate 

(PEGDA) hydrogels have been formed for cells transplantation applications. For 

example, islets of Langerhans to restore pancreas deficiency. working on this thema, 

researchers was able to suspend islet cells in a photopolymerizable PEG di-acrylate 

prepolymer solution, and the solution was used to create PEG-based microspheres with 

captured islets.249 

 

 

4.2. Targeting tyrosine residues through homobifunctional 

triazolediones.  

 

As widely described, gelatine, due to its properties such as: biodegradability, 

biocompatibility, cell-adhesion and low- immunogenicity, have been extensively 

employed as biomaterial for tissue engineering and drug delivery systems.250,251,252In 

addition, gelatine modification could give a plethora of products find several 

applications in field of regenerative medicine. However, pristine gelatine, without 

further modifications (both chemical or physical) doesn’t possess mechanical properties 

which can be used, for example, its short degradation time prevents developing 

hydrogels with stable morphology.253,254,255 For these reasons, physical, enzymatic, or 

chemical cross-linking256,257,258,259  are often necessary to improve desired mechanical 

properties.  
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In respect of all previously cited methods, chemical cross-linking is generally preferred, 

since it affords stable covalent bonds and better reproducibility of the process.  In order 

to provide new covalent bonds between amino acids chains, intrinsic reactivity of 

functional groups or extrinsic reactivity of introduced groups, can react bio-

orthogonally. Bio-orthogonally chemistry relies on click-chemistry strategies260,261, 

offering advantages (for example high yield) but also some disadvantages such as the 

necessity of two step chemical processes.262 During the last years gelatine were cross-

linked both taking advantage of extrinsic functional groups263,264,265,266,267  or through 

direct cross-linking based on intrinsic amino acid reactivity.  

In biological chemistry lysines provides primary amine groups and although their side 

chains are protonated under physiological pH, they can still react as nucleophiles 

making them the most suitable aminoacids groups for biological functionalization in 

order to introduce new biological properties.268 For the same reasons, is reasonable 

thinking that using these groups to improve hydrogels mechanicals properties, through 

cross linking strategies, results in an impoverishment of the groups themselves for 

further functionalizations. These are the reasons why, nowadays to find new strategic 

ways to functionalize several amino acids side chains is great interest. In addition to 

traditional methods previously described, oxidative cross-linking of tyrosine phenolic 

groups has been proposed through triazoledione chemistry.  

Triazoledione chemistry recently emerged as a click-reaction for the chemoselective 

bioconjugation to tyrosine residues, mediated by cyclic monofunctional 

diazodicarboxamides, such as 4-phenyl-1,2,4-triazole-3,5-dione (PTAD).269,270,271,272 

Hetherobifunctional triazolediones (TADs), have been used for the synthesis of 

DNA−protein conjugates,273 while homobifunctional TADs have been applied to the 

cross-linking of synthetic polypetides.274 In the present work, we propose, for the first 

time, the use of homobifunctional TADs for gelatin cross-linking towards the 

production of stable hydrogels.  
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4.2.1.  Results and discussion 

 

New bio-orthogonally strategies has been developed by the use of two different 

homobifunctional reagents with two terminals 1,2,4-triazole-3,5(4H)-diones groups, 

namely 4,4'-hexane-1,6-diylbis(3H-1,2,4-triazole-3,5(4H)-dione) compound 4.2 and 

4,4'-[methylenebis(4,1-phenylene)]bis(3H-1,2,4-triazole-3,5(4H)-dione) compound 4.4 

(Figure 4.2.1) were chosen as cross-linking agents.  Compound 4.2 and 4.4 were 

synthesized following literature methodologies.275,276 

 

 

Figure 4.2.1 a) The gelatin cross-linkers TADs 4.2 and 4.4 and the corresponding reduced forms 4.1 and 

4.3, respectively; b) TADs stability in different solvents (DMSO, 1:1 DMSO/H2O, 1:1 TRIS Buffer 

solution-pH= 7.4/acetonitrile). The disappearance of the fuchsia colour indicate the degradation of 4.2 

and 4.4.   

 

b) 

a) 
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First, we tested TADs stability in three conditions in order to find best operative 

conditions. While pristine gelatine can be easily dissolved in aqueous solutions above 

37 °C; TADs degrades in aqueous medium as indicated by the disappearing of their 

characteristic fuchsia colour in a few seconds (Figure 4.2.1 b). Thus, suitable reaction 

conditions should be found for effective gelatine cross-linking by TADs, in order to 

allow the cross-linking agents to react with tyrosine residues present in the protein, 

affording the desired chemical reaction towards network formation.  

In our study, DMSO shows compatibility with gelatine solubility (12 mg/mL at 37°C) 

and TADs stability (for several hours) as proven by our solubility tests in figure 4.2.1 b. 

As a matter of fact, in these conditions characteristic fuchsia colour is maintained, 

confirming the stability of the two cross-linking agents in this medium (figure 4.2.1 b).  

In this way DMSO was selected as solvent for the reactions. 

Given the amino acid composition of porcine gelatin, tyrosine is expected to be present 

from 3 to 4 mmol per 100 g of dry gelatin277. In order to study cross linking reactions, 

4TADs/tyrosine molar ratios were experimented, in detail 0.5:1, 1:1, 2:1, 5:1. During 

the reactions characteristic fuchsia colour of TADs disappears, under continuous 

stirring, indicating the progress and the end of reaction. Upon completion reaction 

products were recovered by precipitation (adding methanol in the case of TAD 4.2, and 

acetone in the case of TAD 4.4).  
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Scheme 4.2.1. a) cross-linking reaction between gelatin and TAD 4.2 or TAD 4.4; b) recovered 

hydrogels; c) cross-linked gelatin scaffolds after freeze-drying of hydrogels. 

 

After recovery of the products, thermal resistance at pH 7.4 and 37° C, swelling 

properties, FT-IR spectroscopy, and SEM image data were collected. All of this to 

demonstrate the effectiveness of the cross-linking methodology. Cross-linked gelatine 

shows improved thermal stability as TADs/tyrosine ratio increases, in accordance to 

SEM images (figure 4.2.5), showing increase in reticulation. 

Subsequently it was demonstrated that cross-linked occurs prevalently through covalent 

bonds formation (chemical cross-linking), instead of non-bonding interactions (i.e.  

hydrogen bonds, physical cross-linking). In fact, treated gelatin with the reduced form 

(urazole) of the TADs (compounds 4.1 and 4.4 Figure 4.2.1, a.), in a 5-fold excess in 

respect to tyrosine for 30 minutes (as for the treatment with 4.2 and 4.4) and identically 

worked up, doesn’t show any improved properties in terms of thermal stability or 

swelling ability. Thus gelatin treated with 4.1 and 4.3 was soaked in water at 40° C: the 

specimen promptly dissolved in water at 40° C, indicating that physical cross-linking 

did not occur. This demonstrate that chemical covalent cross-linking is actually 

occurring with TADs 4.2 and 4.4.  

a) 

b) c) 
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Then, thermal stability was tested in order to evaluate the compatibility with cell culture 

conditions. Freeze-dried cross-linked gelatin specimens were rehydrated with 1 ml of 

PBS buffer (pH 7.4) and placed in a 37 °C chamber to test their thermal stability 

(Figure 4.2.2), and compared with pristine gelatin samples. As expected, pristine 

gelatin dissolved almost immediately; cross-linked gelatin with TADs/tyrosine 0.5:1 

ratio displayed better resistance when compared to untreated gelatin, dissolving in about 

1h for TAD 4.2 and 2h for TAD 4.4, respectively. In general, it was observed that the 

increase of TADs/tyrosine ratios affords better performing cross-linked gelatin.  For 

TAD/tyrosine ratio 5:1, cross-linked gelatin was stable over a month. 

 

Figure 4.2.2 Thermal resistance of hydrogels at 37°C; results for any TAD/tyrosine ratio are means of 3 

independent experiments. 

 

Considering thermal stabilities, cross-linked gelatin with TADs/tyrosine 2:1 and 5:1, 

which result more stable, were tested for their swelling abilities in an aqueous medium 

by gravimetric technique. Thus, lyophilized freeze-dried cross-linked gelatin 2:1 and 5:1  

(figure 4.2.3) were placed in 4 ml of  deionized water, and weight changes over time 

collected. From these data the swelling degree can be extrapolated. In literature swelling 

Thermal stability 
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degree is defined  as weight change due to solvent absorption and it can be represented 

by kinetics curves (see figure 4.2.3 a.).278 

Although all specimens tested show water retaining ability at room temperature, without 

dissolving, swelling degree assays highlight differences related to cross linked ratios 

(2:1 and 5:1). Interestingly, TAD 4.2 affords hydrogels featured with lower water 

retaining properties than TAD 4.4  (figure4.2 a.), suggesting a better cross-linking 

degree. 

 

Figure 4.2.3 a) Swelling degree for lyophilized hydrogel cross-linked either with TADs 4.2 or 4.4 at 

TAD/tyrosine molar ratio 2:1 and 5:1; b) equilibrium water content (graphs and histograms represent 

average values of three independent measures, bars indicate standard deviation and statistical analysis 

were performed with t-student with **p<0.01; *p<0.05) 

 

b) 

Swelling degree (SD) 

a) 

Equilibrium water content 
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As possible see in figure 4.2.3 b. increasing ratio between cross link agent and tyrosine, 

results in a swelling degree decrease, as general consideration. In addition, analysing 

Equilibrium water content, at steady state, it is possible note that: samples Gel_TAD 4.2 

(both 2:1 and 5:1) absorb approximately 92-93% w/w of water, meanwhile; Gel_TAD 

4.4 (2:1) get to 90% of its weight. Finally, Gel_TAD 4.4 (5:1) reaches just 85%, 

absorbing smaller volumes of water. 

Afterwards, gelatin specimens were analyzed by FTIR measurements in attenuated total 

reflection (ATR). The ATR-FTIR absorption spectra of the different gelatin samples 

display the typical spectral features of polypeptides and are characterized by the amide I 

and Amide II bands and several partially overlapped components in the fingerprint 

region around 1500-800 cm-1 (Figure 4.2.4, insets a-1 and b-1). Small spectral changes 

were observed after TAD 4.2 and TAD 4.4 treatments. The intensity variations were 

evaluated by second derivative analysis that enable to discriminate among overlapped 

components of the absorption spectra. In particular, a significant increase of the 1013 

cm-1 and 952 cm-1 peaks was observed in the 5:1 TAD 4.2/tyrosine ratio (Figure 4.2.4, 

insets a-2 and a-3). These components, which are also present in the neat TAD 4.2 

cross-linker (Figure 4.2.4, inset a-1), were tentatively assigned to the CN 

vibrations.279,280 In the case of TAD 4.2 cross-linker, a strong increase of the 1512 cm-1 

component was observed in the  5:1 TAD 4.4/tyrosine ratio (Figure 4.2.4, insets b-2 

and b-3). This component is typically assigned to the CC vibrations of the aromatic 

ring.281 The FTIR data thus confirm the gelatin cross-linking through TAD 4.2 and TAD 

4.4. 
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Figure 4.2.4 Insets a1 and b1: ATR-FTIR absorption spectra of untreated gelatin, TADs and cross-linked 

gelatin specimens reported in the 1725-800 cm-1 region.; the second derivatives of TAD 4.2 (inset a-2) 

and TAD 4.4 (inset b2) cross-linked samples are reported in the spectral regions where the contributions 

of the TADs moieties can be detected. The intensities of the indicated components were evaluated from 

the second derivative spectra (insets a-3 and b-3). Error bars refer to three independent measurements. 

Spectra are shown after normalization at the Amide I band area. 

 

Finally, low-vacuum scanning electron microscopy was used in order to investigate the 

surface morphological changes induced by the different TADs cross-linking ratio used.  

A porous structure along with the foam-like morphology was easily recognizable and 

measurable in all specimens (Figure 4.2.5). As a general trend, moving from 0.5:1 to 

5:1 TAD/tyrosine ratio (Figure 4.2.5) the increased cross-linkers amount results in an 

increase in the reticulation texture and a less heterogeneity in porosity and pore size due 

to increased cross-linking, while pristine gelatin shows a heterogeneous texture with 

open pores ranging from 5 to 20 µm (Figure 4.2.5 a). The addition of the cross-linkers 

increases the interconnected porosity and the pore size shrinks down ranging from 5 to 2 

µm. 

Wavenumber (cm-1) 

a-1)  

FT-IR Analysis 

Wavenumber (cm-1) 

a-2)  a-3)  

b-1)  b-2)  b-3)  
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Figure 4.2.5 - Representative SEM micrograph of gelatin samples (a) pristine gelatine and cross-linked 

with 1 in (b)  0.5:1 and (c) 5:1 TAD 1/tyrosine ratio respectively. 

 

 

4.2.2. Materials and Methods 

 

All reagents and solvents were purchased from commercial sources (Aldrich Chemical 

Co. and Fluorochem) and used without further purification (Gelatin is purchased from 

by Sigma-Aldrich, catalog no. G2500).  1H NMR spectra were recorded with a Bruker 

Avance 500. ATR-FTIR spectra of TAD 4.2 and 4.4 and related synthetic intermediates 

were recorded with a Perkin-Elmer Spectrum 100; ATR-FTIR spectra of gelatin 

specimens were collected with the Varian 670-IR spectrometer equipped with the Quest 

(Specac) ATR device.282  

Cross-linked gelatin was freeze-dried by a Christ alpha 1–2 freeze dryer (Christ, 

Osterode am Harz, Germany). Melting points were measured with a Stanford Research 

Systems Optimelt apparatus. 

 

Synthesis of cross-linking agents. 

Cross-linkers 4.2 and 4.4 were kindly provided by Prof. Antonio Papagni, dept. of 

material science, University of Milano-Bicocca. 
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Gelatin cross-linking 

Synthesis of 4,4’-hexane-1,6-diylbis(3H- 1,2,4-triazole- 3,5(4H)-dione) (compound 4.2) 

cross-linked gelatine (Gel_TAD 4.2) 

100 mg of gelatin were added to 8 mL of DMSO at 37°C until complete dissolution. 

Then,  starting from tyrosine content (3.68 μmol on 100 mg of gelatin, referred to 

Eastoe, J. E. Bioch. Journal 1955, 589 ); a starting solution of TAD1 was prepared in 

DMSO (5mg/ml). Depending on TAD/tyrosine desired ratio, 103, 206, 412 μl and 1.030 

ml were added to gelatin solution (respectively 1.84, 3.68, 7.36, 18.4 μmol, 

corresponding to 0.5:1, 1:1, 2:1 and 5:1 molar ratios). 

The solutions were kept at r.t. and in the darkness, and reacted under stirring until the 

purple solution becomes colorless (30 min). Then, gelatin was precipitated by addition 

of 8 ml of methanol, then the precipitate was centrifuged (6500 rpm, 45’) and 

extensively washed for 1 time with methanol (5ml) and two times with deionized water 

(2 ml for each times). The hydrogels formed on the bottom of centrifuge tube were 

lyophilized  

 

Synthesis of 4,4’-[methylenebis(4,1-phenylene)]bis(3H- 1,2,4-triazole- 3,5(4H)-dione) 

(compound 4.4) cross-linked gelatine (Gel_TAD4.4) 

At the same manner previously described, a starting solution of TAD 4.4 (5 mg/ml) was 

prepared and then 133, 266, 532 μl and 1.030 ml (respectively 1.84, 3.68, 7.36, 18.4 

μmol, corresponding to 0.5:1, 1:1, 2:1 and 5:1 molar ratios  μmol), added to a gelatin 

solution, previouslyprepared.  

On the contrary, TAD 4.4 Cross-linked gelatin was recovered by acetone addition (8 

ml), also here the suspension was centrifuged with the same protocol used for TAD 1 

cross-linked gelatin, using this time acetone for the washing procedure. 
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Thermal stability studies. 

Lyophilized Gel_TAD (ca 90 mg) specimens were hydrated with 2 mL of PBS buffer, 

pH=7.4 (physiological conditions), placed in a 12 multiwell plate were left in hot room 

at 37°C. The samples were visually inspected to check sample dissolution. The thermal 

stability was esteemated on the basis of hydrogels integrity optical observation.  

 

Swelling Degree studies. 

Swelling measurements were made by gravimetric analysis. Dried cross-linked gelatin 

was placed in a well and 4 mL of water were added at room temperature. The sample, 

removed at different time intervals, was quickly blotted free of surface water using filter 

paper, weighed on an analytical balance (Analytical Balance 220g x 0.1mg, Radwag AS 

220/C/2) and returned to the swelling medium. 

 

SEM analysis. 

Scanning electron microscopy (SEM) analysis were performed with a Philips XL30 

ESEM, working at 8kV accelerating voltage and in low vacuum mode (1 torr). Sample 

were dried, cut, fixed with conductive carbon tape to standard SEM stubs and directly 

analyzed. Working at low vacuum condition, no conductive coatings were applied in 

order to preserve the original structure. Samples showed good stability under electron 

beam illumination at the operating conditions. 
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4.2.3. Conclusions 

 

A new cross-linking methodology for proteins such as gelatin useful for the preparation 

of hydrogels has been proposed through the use of homobifunctional triazolinediones. 

The reaction is effective, as demonstrated by several characterisation techniques and 

thermostability of obiianed specimens if compared to untreated gelatin. TADs are 

expected to target mainly tyrosine residues, however reaction of TADs with tryptophan 

has been reported recently,283 using an organic solvent as reaction medium. 
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4.3. Targeting Lysine residues as a new method for gelatin 

cross-linking. 

 

Nowadays, just few hydrogels can find application as drug delivery systems. In this 

context, beyond the swelling abilities, also “situ gelation” property represent a key point 

for success of hydrogel development. More efficient gelation strategies are based on 

chemical cross-linking (see chapter 4, paragraphs 1 and 2), often related to chemical 

functionalization, UV polymerization or click chemistry. The several strategies offer 

gelation time-dependent triggered by several kind of stimulus  (e.g. pH, temperature, 

light, etc.).284 

Nowadays, hydrogels, as drug delivery systems don’t find many application, however, 

sometimes can be used with this purpose. One of the applications of hydrogels, regards 

glioblastoma treatments (GBM), where, several kind of anticancer drugs are, in situ, 

provided by these systems. In this way, side effects due to drugs overdose are lower 

than classical formulations. However, in these case hydrogels need to be directly 

administered in the brain (or more general, in situ). In this way, drugs can be released 

intratumorally or in the surgical resection cavity.285  

Some loading strategies have been developed in the last years, in some cases, the drug is 

directly loaded in the hydrogel matrix, while in other cases nan-devices loaded with 

drugs are necessary to support hydrogel formulation, in order to prolong the sustained 

release of the drug.  Furthermore, hydrogels need to sustain drug release over specific 

time sheet with initial controlled burst effect and, obviously, need to be compatible, 

non-immunogenic and biodegradable within 6 to 12 months and prevent cell 

infiltration.286  

One of the most challenge in proteins bioconjugation and hydrogels development is 

related to find a correct amino acid side chain to bind molecules of interest. While, in 

previous chapter, we explored tyrosine chemistry, using triazolinediones, here, amino 
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groups of lysine side chains have been selected. It’s our opinion that, consequently to a 

different amino acids distribution in collagen or gelatine matrix, it should be possible 

modulate mechanic properties of the product. Choosing cross-linking agents, with high 

chemo-selectivity, if referred to a specific amino acid side chain, we can control 

crosslinking degree and fine tuning physical properties. In this case lysine, as reported 

previously, represents the most amino-acid present in collagen sequence. In this optic is 

reasonable thinking that: with appropriate cross-linking strategies we can modulate 

mechanical properties in order to stimulate specific biological response. for these 

reason, lysine side chains functionalization offers a great starting point to work on with 

the aim to develop new hydrogels with interesting properties, each ones useful for 

specific applications. 

 

 

4.3.1.  Aim of the work 

 

In this section it was proposed a new methodology to crosslink gelatine in order to 

obtain new, biocompatible hydrogel for drug release system. In this case amino groups 

of lysine side chains were selected of target groups to generate a network based on 

chemical interaction between carboxyl groups of 3,4-dihydroxy-3-cyclobutene-1,2-

dione (SQ, compound 4.3.1) and lysine amino groups.  

In this way, we obtained a new lysine cross-linked hydrogel and its mechanicals, 

chemicals and physical properties were evaluated. Then biocompatibility and drug 

release abilities were assessed in order to understand the potentialities, and eventually, 

applications of these systems providing an overview behind protein based hydrogels. 

Here, the reaction gives products with interesting properties which were deeply studied 

from chemical, mechanical and physical point of view. Moreover, reactions can be 
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conducted in aqueous environment (with controlled pH), making them available for 

further biological studies,  

 

 

4.3.2. Results and discussion 

 

Lysine cross-linked hydrogels were prepared by two different conditions which give 

two products with different chemical, physical and mechanical properties. The different 

conditions regard the concentration in which gelatine were solubilized. In the first case 

pristine gelatine were solubilized keeping a concentration of 5% (w/w, “Gel_SQ 5%”), 

in the second case, concentration was set to 10% (w/w, “Gel_SQ 10%”) (for 

experimental detail see below). As cross-linking agent was selected 3,4-Diethoxy-3-

cyclobutene-1,2-dione (SQ, scheme 4.3.1), which has been added after gelatine 

solubilisation at different concentrations.  

 

 

a) 

b) 
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Scheme 4.3.1- reaction representation, at the top has been illustrated lysine side chains reacting with 3,4-

Diethoxy-3-cyclobutene-1,2-Dione (acid Squaric or SQ). Down, has been illustrated the same reaction 

carry on as model with 1-Aminopropane (AP) at different molar ratios. 

 

After reactions, FT-IR analysis were performed in order to evaluate chemical 

modifications and check secondary structure of protein. As shown in scheme 4.3.2, after 

reactions, hydrogels 5% show overall almost superimposable IR spectra, if compared to 

control (Gel_SQ 5% vs Pristine gelatine, figure 4.3.2). However, a new absorption band 

has been detected around 1804 cm-1, probably due to stretching of new introduced CO. 

In addition, this new group is placed near to C double bond, normally absent in pristine 

gelatine or collagen. This result was further confirmed by second derivatives analysis in 

which, is appreciable the inversion of the peak.  

 

 

 

Figure 4.3.2 -a global view of FT-IR spectra; a. has been shown comparison between hydrogel obtained 

from reaction product with gelatin 5% (Gel_SQ5%, blu line) and pristine gelatin (red line). 

a. a) 

Wavenumber (cm-1) 

Pristine Gelatin Gel_SQ 5% 
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Figure 4.3.2 – continued - b. is a zoom of the same situation seen in Figure 4.3.2 “a” around 1900-1700 

cm-1, c. represents second derivative of the peak described, at 1804 cm-1. 

 

With the aim to confirm further as reported, a model of study was proposed to follow 

the reaction with FT-IR analysis. In detail 3 reaction conditions were set up with 3,4-

Diethoxy-3-cyclobutene-1,2-dione (SQ) and N-aminopropane (AP) to mimic and 

simplify our case of study. The reactions were prepared exploring several molar ratios 

between SQ and AP and evaluate through FT-IR analysis the stretching of CO bond, 

and how its chemical shift change as result from amino groups insertion (Figure 4.3.3). 

 

b. c. b) 

Wavenumber (cm-1) 

c) 
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Figure 4.3.3- in a. it has been reported a reaction scheme between SQ and AP with different molar ration 

and the respectively products. In b. respectively FT-IR spectra of compounds shown in “a” with a generic 

control. In c. second derivatives of spectra collected in “b”. In d. relative quantification of 1804 cm-1 

absorption band. 

 

As reported by our FT-IR analysis, SQ possesses a typical absorption band around 1811 

cm-1 due to CO stretching, while 1-aminopropane doesn’t possess this band (figure 

a. 

b. c. 

d. 

b) 

Wavenumber (cm-1) 

d) 

a) 

c) 
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4.3.3, b and c; respectively green and grey lines). In the case of reaction product SQ/AP 

1/1, (figure 4.3.3, b and c, light purple line) this band appears with a small shoulder 

shifted of some cm-1 units (from 1811 cm-1 to 1804 cm-1). In SQ/AP 1/2 (figure 4.3.3, b 

and c purple line), a shift of CO stretching peak toward lower wavenumber is observed 

(1804 cm-1); data were confirmed by second derivatives analysis (figure 4.3.3, b and c 

dark purple). The same result was also collected for SQ/AP 1/5 (figure 4.3.3, b and c, 

dark purple), confirming further the shift. Interesting, in second derivatives, this band is 

completely superimposable with Gel_SQ 5% and Gel_SQ 10% and it is completely 

absent in pristine gelatine sample, (figure 4.3.3 c, line blue). It’s our opinion that, the 

observed shift is due to insertion of aminic groups; since these groups are adjacent to 

carbonyl moiety, chemical makeup changes, involving minimal shift of CO absorption 

peak toward lower wavenumber. In addition, being this group normally absent in 

pristine collagen, we are able to confirm the success of reaction. 

Moreover, other assay was also performed in order to confirm cross linking reactions 

and evaluate physical and mechanical properties of hydrogels and how these change, 

dependently, from substrates concentration. Since one of the most studied hydrogels 

properties is the resistance by enzymatic degradation, in vivo conditions, it was 

performed collagenase assay with the aim to obtain further informations about it.287 As 

shown in figure 4.3.4 a, gelation products were treated with a solution of collagenase 

and weight collected over the time until complete sample degradation. In these 

conditions hydrogel 5% show a lower stability than hydrogels 10%, degrading in less 

than one hour, meanwhile hydrogel 10% resists over two hours confirming cross linking 

greater degree. In addition, also preliminary two parallel plate test rehometry suggests a 

greater crosslinking degree. As a matter of fact, as shown in Figure 4.3.4 b, increasing 

shear rate value, the viscosity of the system decrease preferentially with Gel_SQ 5%. 
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Figure 4.3.4, in this figure has been shown an overview of principal techniques used to evaluate globally 

hydrogels resistance. in a. Enzymatic stability assay shown the difference of two gel toward protease. in 

b. has been illustrated rheometry analysis, c. swelling ability and d. extrapolated equilibrium water 

content determined as previously described. (Gel_SQ 5%: gelatin starting concentration 5%; Gel_SQ 

10%: gelatin starting concentration 10 %; bars indicate standard deviation, t-student test for **p<0.01). 

 

Dried gelatine hydrogels were then tested for their swelling abilities in an aqueous 

medium by gravimetric technique (with analogue procedure seen in previously 

paragraph). Thus, carefully weighted freeze-dried cross-linked gelatine (with cylinder 

shape, 100mg for Gelatin SQ 5% and 200 mg for gelatin SQ 10%) (Figure 4.3.4, c) 

were placed in 40 ml of deionized water, and weight measured over the time until 

equilibrium. From these data, the swelling degree can be extrapolated, as further 

confirmation of effective cross-linking and gel stability toward water absorption.288 

Although all two dried samples tested show water retaining ability at room temperature, 

without dissolving, Gel_SQ 5% show higher retaining water ability if compared with 

d. 

b. a. b) Rheometry analysis 

d) Equilibrium water content (EWC%) 

a) Enzymatic stability assay 

 

c) Swelling ability 
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Gel_SQ 10%. Furthermore, it was possible calculate, as reported in previous chapter, 

equilibrium water content from which, greater crosslinking degree involves as 

consequence lower water absorption (Figure 4.3.4, c). All These data suggest that, 

changing gelatin concentration and gelatine/cross linking molar ratio, we are able to 

modulate finely enzymatic stability, dynamic viscosity and swelling features, With the 

aim to verify our hypothesis on different water retaining behaviours, the two dried 

hydrogels (Gel_SQ 10% and Gel_SQ 5%) were analyzed by SEM microscopy 

following the indicated sections in figure 4.3.5. As observed in figure 4.3.5, both 

Gel_SQ 5% and Gel_SQ 10% show characteristic porous structures with misurable 

average diameters. In the case of gel_SQ 5%, figure 4.3.5, a.  porous average diameter 

is around to 30-35 μm, whereas in the case of Gel_SQ 10% rarely diameter exceeds 

over 20 μm. These value are verified for two different sections (figure 4.3.5, section A 

and 4.3.6, section B). 
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Figure 4.3.5, SEM images of Section A of Gel_SQ 5% a;  and Gel_SQ 10%. b;. On the right of each 

pictures have been reported average pores diameter 

 

a) Section A of Gel_SQ5% 

b) Section A of Gel_SQ10% 
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Figure 4.3.6, SEM images of Section b of Gel_SQ 5% a;  and Gel_SQ 10%. b;. On the right of each 

pictures have been reported average pores diameter 

 

Both swelling tests and SEM images suggest how, modifying reaction conditions 

(Gel_SQ 10% and Gel_SQ 5%) we can alter porous average diameters. In detail, an 

increase of starting gelatin concentration involve to decrease of porous diameter, 

meanwhile, decreasing concentration imply an increase of diameters.  

 

 

 

a) Section B of Gel_SQ5% 

b) Section B of Gel_SQ10% 
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Subsequently, in collaboration with Michela Ceriani (assistant professor, Dept. 

Biosciences and biotechnologies of Milano Bicocca), two cells cultures were prepared 

in order to evaluate cell hydrogel permeability and biocompatibility, using primary 

Human Cartilage Cells (C28/I2), and secondary human embryonic renal immortalized 

cell line (HEK293 cells). C28/I2 represents a good cellular model for tissue engineering 

in regenerative medicine, useful for biocompatibility studies of hydrogels. In fact, 

C28/I2 on 3D matrices are known to grow up with difficulties, for these reason they 

represent a good starting point to test also other cell lines. On the other side, HEK293 

cells, have been used due to their lowest dimension.  

Dry gelatin sponge were placed in each well of a 24-well plate, here C28/I2 suspension (5 × 

106 cells/mL) or HEK293 suspension (5 × 106 cells/mL) were incubated for 4 h at 37°C with 5% 

CO2 and cultures were conducted for 2 weeks. Then hydrogels were cut into thin slices and 

stained with of  Phalloidin-TRITC and DAPI to stain at the same time cytoskeleton and DNA. 

With the first stain it was possible study the morphology of the cells, and through second it was 

possible observe DNA by two photon microscopy. 
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Figure 4.3.7 Confocal microscopic images of Gel_SQ 5% a.   and Gel_SQ 10% b.  Each pictures shows 

the difference in cellular growth of C28 Chondrococytes. 

 

As possible observe in figure 4.3.7, after 2 weeks’ chondrocytes colonize our 3D 

matrices, into images is possible observe chondrocytes adhere toward the walls of the 

pores. It is interesting observe the variation of cells colonization between hydrogel_SQ 

5% and 10%. In fact, in the second case the number of the cells seen is lower than first 

case (figure 4.3.8, a and b). Changing starting gelatin concentration, SEM analysis 

highlights a narrowing of pores at high concentrations, reaching to 20 μm. Since 

chondrocytes diameter is around 30 μm is our opinion that, in the second case, pores are 

too small to allow cell growth. Finally, as general consideration, observing the images 

can be noted how pores diameter increase from SEM images to confocal acquisition, 

both 5% and 10%. This fact could be explained by swelling process that involves into 

a) Chondrocyties, Hydrogel 5% 

b) Chondrocytoes, Hydrogel 10% 
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increase pores dimensions. At the same time also cytoskeletal morphology looks 

different from Gel_SQ5% to Gel_SQ10%, but this is just preliminary macroscopically 

observation, further analysis are in due course to evaluate this point. 

 

 

Figure 4.3.8 Confocal microscopic images of Gel_SQ 5% (above the line)  and Gel_SQ 10%. (under the 

line). Each pictures shows the difference in cellular growth of Hek 293 cells. 

 

As further confirmation of what has been seen, HEK 293 cells also have been seeded. 

As well known in literature this embryonic cells are really smaller than chondrocytes, 

reaching also 10-15 μm. As a matter of fact, HEK cells appear numerous in the porous 

structure, in some case it almost seems like they close the pores highlighting, by DAPI 

stain, an important DNA volume. No appreciable differences appear between 

a) HEK, Hydrogel 5% 

b) HEK, Hydrogel 10% 
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Gel_SQ5% and Gel_SQ10% confirming the hypothesis in according to key role of 

average diameter pores.    

 

As seen before, most hydrogels applications are based on water absorption. Therefore, 

the equilibrium swelling degree and the study of drug delivery kinetics are essential 

from the point of view of their application in the biomedical field. For these reasons, 

and based on the fact that hydrogel prepared to 10% doesn’t result compatible with cells 

penetration (by preliminary biological assay), we chosen to proceed only with hydrogels 

obtained by 5% condition; testing drug delivery and diffusion properties. 

The first step to study diffusivity and eventually release properties of drugs, is improve 

the knowledge behind swelling ability and evaluate at the same time the kinetics of drug 

loading process at the same conditions. In this case, it has been chosen to load drug 

directly on produced gel, but to do this, first for all it has been reported a second curve 

of swelling ability, obtained directly on gelation products without further lyophilisation 

processes (Figure 4.3.9, a). Then, rhodamine uptake kinetic was studied (Figure 4.3.9, 

b). Rhodamine uptake was followed spectrophotometrically using Beer-Lambert law, 

by soaking the hydrogel samples in Rhodamine-6G solution. By means of a 

spectrophotometer, we check the absorbance decrease of the solution and then it has 

been possible estimate that, hydrogels absorb about 61 % of initial concentration. All 

these data were collected thanks to Prof. Maddalena Collini (University of Milano 

Bicocca, dept. of physics “Giuseppe Occhialini”). 

Since swelling and absorption processes in hydrogel have the same characteristic time, 

it may be supposed that drug diffusion is swelling controlled.  
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Figure 4.3.9 Dynamic swelling curves of hydrogels (without further treatments, a), and hydrogel 

rhodamine uptake over the time (b).  

 

The release kinetics is followed by soaking the hydrogel samples, containing rhodamine 

solution, in water. Also here, we measured the absorbance over the time, changing the 

water every time. We obtain that hydrogel can release 24 % of the absorbed Rhodamine 

concentration in less than 36 hours (figure 4.3.10). 

a) Hydrogel swelling curbes normalized to ESD * b) Hydrogel Rhodamine uptake 
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Figure 4.3.10 Up side, schematic figure of drug release kinetics, below rhodamine release concentration 

curves over the time. 

 

 

 

Release Kinetics 

Rhodamine release concentration curves 
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4.3.3. Materials and Methods 

 

General 

All chemicals were purchased from Sigma-Aldrich and used without any further 

purification. 

Gelatin from porcine skin is provided by Sigma-Aldrich, catalog no. G2500, CAS 

Number 9000-70-8. For the drying procedure, a Christ alpha 1–2 freeze dryer (Christ, 

Osterode am Harz, Germany) was used. All samples were immersed in liquid nitrogen 

for about an hour before the drying procedure.  

 

Chemistry  

10 % hydrogel preparation. 

To prepare 10% gelatin based hydrogels, gelatin powder type A (CAS Number 9000-

70-8, catalog. N° 2500) ) was dissolved in sodium carbonate-bicarbonate buffer (pH 

8,5) in 100 mg/mL concentration (2mL) at 40 C°. Then, the crosslinker,  3,4-Diethoxy-

3-cyclobutene-1,2-dione (Sigma-Aldrich, CAS Number 5231-87-8 ) was dripped to  

solution with a final concentration of 0.016 M (0.032 mmol, 5 μl 0.5 eq., lysine eq. 1). 

After reaction 2 ml of solution were placed in 24-multiwell, to make a hydrogel mold, 

then samples were incubated for 90 minutes at 37 °C and then left at room temperature 

until complete gelation.  

 

5 % hydrogel preparation. 

To prepare 5% gelatin hydrogel, an aliquot (1ml) of previous 100 mg/ml gelatin 

standard solution was prelevated and diluted to reach a final concentration of 50 mg/ml. 

Then the crosslinker was added as described above (0.008M, 0.0.16 mmol, 2.5) . Also 
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here, 2 ml of the samples were incubated for 90 minutes at 37 °C and then left at room 

temperature until complete gelation. 

 

FT-IR spectra. 

ATR-FTIR spectra of gelatin specimens were collected with the Varian 670-IR 

spectrometer, for final dried hydrogel, 3,4-Diethoxy-3-cyclobutene-1,2-dione, 1-

Aminopropane and the described reaction products. The instrument was equipped with 

quest (Specac) ATR device following the parameters indicate in: 

https://doi.org/10.1016/j.ijbiomac.2016.01.051” 

 

Collagenase assay. 

Collagenase assay was performe using Clostridium histolyticum collagenase type I( 

≥125 CDU/mg solid, CAS: 9001-12-1, EC: 3.4.24.3, Sigma-Aldrich ). All samples 

(directly after gelification, without further treatments) were incubated with 1 mL of a  

solution of  Tris-HCl buffer (0.1M, pH 7.4) e CaCl2 (0.05M) at 37 °C for an hour. Then, 

1 mL of enzyme solution ( 0.5 mg/mL in Tris-HCl 0.1M, pH 7.4) was added. All 

samples were kept at 37 °C and the degradation was followed by gravimetric analysis 

with analytical balance289. 

 

Swelling test. 

Swelling tests were performed immerging each sample in 40 ml of deionized water at 

room temperature. over the time (each 15 minutes approximately), the samples were 

removed from aqueous solvent, quickly dried from surface water using filter paper, 

weighed on an analytical balance (Analytical Balance 220g x 0.1mg, Radwag AS 

220/C/2) and returned to the swelling medium. 

https://doi.org/10.1016/j.ijbiomac.2016.01.051
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 Rheometer analysis. 

Without further manipulation, hydrogel recovered from reaction were submitted to 

rheometric analysis. All the analysis were performed using a MCR 52 rheometer (Anton 

Paar, Graz, Austria). Samples were analyzed with a plate-plate system (5 cm diameter) 

and a standard thickness of 1 mm. During the analysis were collected viscosity data, in 

graph it was shown shear rate as a function of viscosity. 

 

 

(Eq. 4.3.1) 

Shear Stress(𝛕)= 
𝐹

𝐴
  

F = force applied between the plate (N), 

A= cross-sectional area of material (mPa) 

 

(Eq. 4.3.2) 

Shear rate = 
1

τ
 

Viscosity = 𝑚𝑃𝑎𝑠 ∗ 𝑆 

 

 

Cell Culture:   

For the cells cultures were used Human chondrocytes and Human embryonic kidney 

cells  (C28/I2 and HEK293). Human cartilage cells C28/I2 were cultured in Dulbecco’s 
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modified Eagle’s medium/ Ham’s F-12 (DMEM/F-12) (BioWest the serum specialist, 

USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Euroclone 

spa, Pero, Italy), 100U/mL penicillin, 100 mg/mL streptomycin, 4mM L-glutamine, 

17mM of D-glucose (BioWest the serum specialist, USA). C28/I2 cells were maintained 

at 37°C in a humidified atmosphere with 5% CO2 in 100 mm Petri dishes. The medium 

was changed every three days. Cells were cultured in monolayer, grown sub-confluence 

(80%) and passaged at a ratio of 1:8. 

HEK293 cells, were grown and cultivated in 100 mm Petri dishes that contained 

DMEM supplemented with 10% FBS, antibiotics (100U/mL penicillin, 100mg/mL 

streptomycin) and 4mM L-glutamine. HEK cells were maintained at 37°C in a 

humidified atmosphere with 5% CO2 in 100 mm Petri dishes. The medium was changed 

every three days. Cells were cultured in monolayer, grown sub-confluence (80%) and 

passaged at a ratio of 1:8. 

Briefly, for cellular inoculation into hydrogels, confluent monolayer cultures of both 

cell lines were released by Trypsin-EDTA from mother culture and cells were counted 

and re-suspended in growth medium at a density of 5 × 106 cells/mL. 

 

Cellular inoculation.  

Before seeding C28/I2 and HEK293 cell lines, lyophilized hydrogels were sterilized in 

75% ethanol for 20 min, followed by 30 min UV irradiation and several washing with 

1mL PBS. After sterilization, sponges were equilibrated in 1 mL culture medium 

(DMEM/F-12 for C28/I2 and DMEM for HEK293) for 12h. All samples were dried by 

aspiration prior to cell seeding to ensure the removal of remaining ethanol. The dried 

gelatin hydrogel were placed in each well of a 24-well plate. Each gelatin sponges were 

seeded with 200 µL of C28/I2 suspension (5 × 106 cells/mL) or HEK293 suspension (5 

× 106 cells/mL) and were incubated for 4h at 37°C with 5%CO2 in a humidified 

atmosphere to allow cells to attach to the material. Subsequently, 1 mL of culture 

medium was added in each well. The culture was conducted for 2 weeks, maintained at 
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37°C in a humidified atmosphere with 5% CO2 and medium was changed twice a week. 

Cells were observed daily using an inverted microscope (CK40, Olympus, Tokyo, 

Japan). 

 

Immunofluorescence.  

After two weeks of culture, gelatin sponges containing cells were fixed with PBS-4% 

paraformaldehyde for 2 h at 4°C and washed twice with PBS. Afterwards, gelatin 

sponge were cutted into thin slices sections of 300 µm or 250 µm (with 10% gelatin 

sponges was possible to obtain 100 µm section) using vibratome (VT1000S, Leica, 

Wetzlar, Germany). The slides were permeabilized with 1mL of 0.1% Triton X-100 in 

PBS for 15 min, blocked with 1mL of 1%BSA/PBS for 45 min, washed four times with 

1%BSA/PBS and stained with 1µL of Phalloidin-TRITC (Sigma-Aldrich, Saint-Louis, 

Missouri, USA) in 1 ml of 1%BSA/PBS for 1h. After five washing with PBS, DNA was 

stained using DAPI (Sigma-Aldrich, Saint-Louis, Missouri, USA) and slides were 

washed four times with PBS. At the end, slides were mounted using Eukitt® quick-

hardening mouting medium (Sigma-Aldrich, Saint-Louis, Missouri, USA) and were 

analyzed using two-photon confocal microscope. 

  

Rhodamine loading study 

Fresh Gelified hydrogel (5 %, obtained from 100 mg of substrates) were placed in 3 ml 

of Rhodamine-6G solution (7 μM) in milliQ water. Every 20 minutes the absorbance of 

solution were checked in order to estimate the concentration. The measures were 

performed in accordance with Lambert-Beer law using spectrophotometer. Rhodamine 

extinction molar coefficient as  = 116000 M-1*cm-1 and the path length L = 0.2 cm.  

The hydrogel sample concentration was reported as normalized data to the equilibrium 

value of  Ce = 4.5± 0.1. 
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Rhodamine release study. 

The release kinetics is followed by soaking the hydrogel samples, containing 

Rhodamine solution, in 3 ml of  milliQ water. We measured the absorbance at intervals 

of 15 minutes, changing the sample water every time at the same condition previously 

cited (molar extinction, path length). Also here, graph was reported as normalized data 

to equilibrium value. 

 

 

4.3.4. Conclusion 

 

In this section we developed new hydrogels using 3,4-Diethoxy-3-cyclobutene-1,2-

dione as cross-linking agents specific toward lysine amino groups functionalization. 

Through its chemical structure, which imply a sort of conjugated system between 

carbonyl bond and C double bond, it was possible think a way to follow the reaction 

with FT-IR spectroscopy. As a matter of fact, this spectroscopic technique often doesn't 

give information about single bond formation (if applied on protein structure) but here, 

these system appears as a diagnostic tool, by which we can affirm the successful of 

crosslink. This data was further confirmed by several physico-chemical analyses, such 

as enzymatic stability toward collagenase or swelling properties, highlighting a series of 

fine modulating properties, depending on gelatin starting concentration. Increasing this 

parameter, characteristic porous structure of this systems undergoes a decrease of pores 

average diameter, as seen by SEM imaging and confirmed by two photon microscopy. 

Here, hydrogels network can support cell growth just if pores diameter appears 

compatible with dimension of cells, acting as a filter excluding big cells if compared 

with pores dimension. Preliminary rheological tests with two parallel plate suggest 
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changing starting concentration could help to obtain an ECM like structure with similar 

properties to native ECM if compared. 

Regarding future applications, drug release systems represent an alternative. Here it was 

tested rhodamine release kinetics, highlighting a complete release in less than three 

days; making this system interesting, although further physical studies are necessary. In 

conclusion, it’s our opinion that the best result could be collected from these systems 

based on protein physiologically present in ECM structure, which possess 

biocompatibility, low cytotoxicity and no adverse effect arising from vivo degradation. 
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Chapter 5 - Dendrons, dendrimers and multivalency 

 

 

Another important topic in regenerative medicine is knowing the deepest mechanisms 

of proteins interactions such as, carbohydrate-lectin interactions, which are based on 

multivalent interaction. The Affinity between a single glycol-residue and lectin is 

usually relatively low; to circumvent this issue, nature uses a so called “cluster effect”, 

in which multiple simultaneous weak interactions, between ligands and their receptors, 

reinforce one-another, yielding an higher affinity than the sum of the individual 

interactions.290 Nowadays, the design of glyco-clusters with high affinity and selectivity 

for lectins may rely on rational design.291 In addition lectins mediate several biological 

processes such as cell–cell communication, molecular recognition and molecular 

interactions between pathogenic microorganisms and viruses and the surfaces of 

mammalian cells.292,293 For these reasons, developing new glycol-functionalized 

biomaterials is powerful progress in regenerative medicine. However, to make this, first, 

we had to study the role of carbohydrate as signalling molecule, in particular way the 

role of multivalent interaction between carbohydrate and lectins. In this context 

dendrimers and dendrons have been developed to provide multivalent 

glycoconjugates.294,295 For over a century, dendrimers and other chemical structure, 

have been used to understand biochemical mechanisms behind cellular responses, but 

only last three decades these concepts have been aplicate in material engineering in 

order to replicate ECM micro-environmental.  

 

 

 



 

SCUOLA DI DOTTORATO 

UNIVERSITÀ DEGLI STUDI DI MILANO-BICOCCA 

 
 
 

 

 
 

5.1. Introduction 

 

The binding events between the cells or cells-environment, as previously mentioned, are 

the basis of cellular communication, spreading a large informations amount about local 

or peripheral states. In these cases, the complexity of binding processes increases if 

multivalent partners are involved, especially when, at this level, the interactions occur 

also through different mechanisms (see scheme 5.1). An example could be represented 

by homomultimeric lectins, which can interact simultaneously with several ligands, 

arising from a multi-glycosylated molecule.296 This mechanism is typical of multimeric 

lectins (such as AB5 toxins, hemagglutinins), which are membrane anchored proteins, 

able to interact with glycosylated partners. Furthermore, other mechanisms have been 

shown to be the base to multivalency. For example, are well known biochemical 

processes, referred as receptor clustering, in which monovalent lectins can associate on 

outer side cell membrane, by diffusion across dynamic lipid bilayer. Here, these cluster 

are tightened by the binding to the multivalent ligand, triggering signalling transduction 

events.297,298,299,300 Moreover, an improvement can be caused by multivalent 

glycosylated structures, interacting with monovalent lectins, through an higher density 

of available ligands in proximity of the binding sites (statistical re-association).301  
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Scheme 5.1 Binding modes engaged by multivalent ligands, a. Multivalent ligands can bind 

homomultimeric receptors by occupying multiple binding sites, b. causing receptor clustering in the 

membrane, c. By monovalent lectins through an higher density of available ligands.    

 

For these reasons, hyper-branched structure, has great promise in medicinal chemistry 

giving the basis of knowledge behind multifactorial binding events, exploring 

parameters such as density of exposure ligands; which is a necessary requirement to 

rational design of 2D scaffolds. While on one side, dendrons are defined as 

hyperbranched structures with a central core (like a “tree”), dendrimers represent an 

evolution of this structure. In detail are defined as structure with nano-size scale, 

structurally constituted by a central core covalently linked to repeated monomers, 

c) 

a) 

b) 
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forming consecutive layers called generations. Each generation expose an elevated 

number of functional groups on the surface, giving interactions with different kinds of 

biomolecules. Two main approaches can be followed in order to synthesize dendrimeric 

structures, often referred as convergent or divergent approaches. On one hand, 

convergent approach is based on synthesizing dendron monomers and then linking them 

on central core structure.302 On other hand, divergent approach is focused on 

developing, first “the central core”, proceeding towards the branches via step by step 

addition of suitably protected monomers.303 Moreover, this strategy allows more strict 

control over dendrimer structures and their physical and chemical properties. Up to 

now, a wide variety of different cores and building blocks are used in dendrimers 

development, so this several subfamilies are defined with the aim to explore 

possibilities offered by organic chemistry, ranging from monodisperse dendrons and 

dendrimers to polydispersed dendrigrafts and dendritic linear hybrids (Figure 5.1).304     
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Figure 5.1 General architecture of dendrons, dendrimers and alternative hyperbranched structures. 

 

The multivalent nature of dendrimeric structures represent an ideal scaffold for ligand 

presentation, moreover, their stability, low immunogenicity, monodispersity (favouring 

reproducible pharmacokinetics), and high cellular uptake levels (due to efficient cell-

membrane permeability), make them excellent tools for biomedical applications, for 

examples drug and gene delivery.305 

In the last decades, glycodendrimers are gained more interest as one of the most 

promising classes of dendrimers for biomedical applications. In fact it was seen that 

functionalization of hyper-branches dendrimeric structure, significantly involves a 

lowered cytotoxicity, improved biocompatibility and prolonged their blood half-
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life.306,307,308 Moreover, the glycosylation is one of the most important post translational 

modification in eukaryotic organism and that is involved in cell-cell interaction, cell-

environment interaction and last but not least in self-recognition processes, in addition 

several proteins of ECM are glycosylated in order to control end promote cellular 

behaviour. On the other side, glycosyl-profile of cellular surface is a dynamic process 

and its alterations are indicative of changes in cellular environment and physiology. The 

biological events in cells and environment interactions, happen through lectin-sugar 

interaction so that any modification in Glycoprofile (both cellular surface or ECM) can 

lead different pathophysiological states such as cancer or host-pathogen interactions. 

The alteration in glycosignature has been associated with malignant transformation, 

cancer progression, and metastasis is very well documented. For example, in breast 

cancer cells, extension of O-linked glycosylation of MUC1 protein is defective and 

aberrant, resulting in increased expression of truncated O-linked glycans, known as T 

(â-D-Gal-[1f3]-D-GalNAc-R-Ser/Thr) and Tn (GalNAc-R-Ser/Thr) antigens.309 

Understanding the roles of glycans involvement and regulation in these pathological 

processes become increasingly urgent, as matter of fact, they have been shown  mediate 

multiple functions both directly and indirectly, through post-translational modifications 

of proteins, conjugation of lipids and also as modulators of DNA/RNA activities. 

Therefore, how these systems explicate their functions are not fully understood and an 

improvement of that may be essential for basic research, tissue engineering and finally 

drug design.310 Many studies have shown that lectins on cell surfaces mediate cell-cell 

interactions by combining with complementary carbohydrates promoting specific 

cellular processes such as proliferation, adhesion or differentiation. As seen before the 

affinity towards their carbohydrate ligands is rather weak so that, in order to increase 

the efficiency of interaction, different multivalent recognition process take place. For all 

these reasons, glycodendrimers provide an enhanced molecular recognition system due 

to the sugar-dependent interactions with lectins;311,312,313 thus setting themselves as 

promising tools in the targeting of a variety of pathological states.314 In addition, 

dendrimers offer also other therapeutics promises. For example, some scientists suggest 

that dendrimers of opportunely dimension and functionalization, in some circumstance 
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of pH or ionic activity, can suffer an important conformational change, assuming a 

structure like packed globular protein. From this point it has been proposed and 

discussed the potential of tuning dendrimers to develop macromolecules that can mimic 

some proteins, triggering then, a specific biochemical response.315,316,317 This feature 

brings to many new technological applications in the field of regenerative medicine, for 

example, if these architectures are able to mimic globular proteins, reasonably, 

dendrimers may be a valuable tool for the development of synthetic serum-free culture 

media and adequate substratum for superior cell culturing in order to direct cellular fate. 

At the level of protein interactions, have been study several stable complex between 

these “nano-size machines” and proteins suggesting that both the structures and 

functions may be similar to native and original protein.318,319  

 

 

5.2. Glycodendrimers classification 

 

Although the huge backbone structural variety, glycodendrimers can be classified into: 

a. carbohydrate-coated (figure 5.2, a); 

b. carbohydrate-centered (figure 5.2 b); and 

c. fully carbohydrate based glycodendrimers 320 (figure 5.2 c) 
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Figure 5.2 General subdivisions of glycodendrimers. 

 

Among these subfamilies, there are wide range of possible hybrid structure, such as:  

● Carbohydrate-coated glycodendrimers (figure 5.3, a.), which are constituted by 

non-saccharide central cores and linkers (i.e. polyamidoamine, PAMAM; 

poly(propylene)imine, PPI; poly(ethylene)imine, PEI; 2,2-bis-(hydroxymethyl)-

propionic acid, bis-MPA or various aromatic scaffolds) functionalized with 

sugar moieties linked to peripheral functional groups.  

● Carbohydrate-centered glycodendrimers (figure 5.3, b.), with a saccharide core, 

in which hydroxyl groups are exploited for functionalization with organic linkers 

to achieve a multivalent exposure of other sugars.  

● Fully carbohydrate-based glycodendrimers concept (figure 5.3, c.), was inspired 

by the vast degree of structural diversity than can be achieved by natural 

polysaccharides, considering the variety of building blocks, the inherent 

a) b) 

c) 
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stereochemistry and regiochemistry of glycosidic linkages and the possibility of 

ramification through the polymer.  

 

Figure 5.3 some examples of Glycodendrimers. 

In this scenario, glycosylation appears to be first choice to create carbohydrate-based 

glycodendrimers, however, it is not a simple reaction and often requires extensive 

protecting group chemistry in order to ensure region- and stereo-selectivity.321,322 To 

a) b) 

c) 
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overcome glycosylation troubles, introduction of unique functional groups in the 

monomers, such as peptides, has been proposed to allow other kinds of coupling, as in 

the case of glycopeptidodentrons synthesized by Sadalpure and Lindhorst, in  which 

carbohydrate and dendrimer chemistries have been combined in order to design 

multivalent glycoconjugate mimetics (figure 5.4) In this case, the structure combine the 

binding properties, influencing, potentially, carbohydrate- protein interaction.323 

 

 

Figure. 5.4 An example of glyco-peptide dendrons (by Chem. Int. Ed. 2000, 2010-2013) 

 

Further, another different strategy to develop fully carbohydrate based dendrimers via 

click chemistry, could be Thiol-ene coupling. In this case thiol-ene is used to obtain 

interesting architectures (figure 5.5 a).324 Alternatively, reductive amination, has also 

been used to give glycoconjugation, here, amine functions were used as substrate for 

reductive amination with other two saccharides derivatives producing glycoconjugates. 
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In this way, is possible synthesize an oligosaccharide-based glycodendron with reduced 

use of protecting groups with a controlled stereochemistry of anomerics bonds.325,326 in 

fact, this strategy ensures a chemoselective exposure of glycosyl epitopes (figure 5.5 b).  

 

Figure. 5.5 In a. an example of applications of Thiol-ene chemistry (Org. Lett., 2000, 1113-1116), in b. a 

supposed mechanism for reductive amination. 

 

In addition, the stereochemistry of this structure could also be modified substituting 

maltosyl units, for example, with cellobiose; changing, in this manner, anomeric 

configuration of the terminal glucose from α to β, or with others saccharides of 

biological relevance to broaden their interactions spectrum. All this in order to study the 

relevance of anomeric bond stereochemistry in biological field, also, developing where 

possible, power to pharmaceutical tools in the regenerative medicine. 

 

 

a) 

b) 
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5.3. Aim of the work 

 

Given their peculiar structure and properties, dendrimers have been proposed for a 

variety of applications in the biomedical field 327,328,329,330 (i.e., for drug and gene 

delivery, anti-cancer agents, magnetic resonance imaging contrast agents, photodynamic 

therapy, biosensors) or as scaffolds for light harvesting, emission, and amplification.331, 

332. However, as previously mentioned, working with carbohydrate often requires 

extensive protecting groups chemistry in order to ensure regio- and stereoselectivity of 

the last glycopeptiopes linked; here, we propose the synthesis of novel oxime-armed 

dendrimers structures which allow for the multivalent conjugation of carbohydrates in 

order to ensure a correct glyco-epitopes exposition. The dendrons architectures has been 

synthesized  using cross-metathesis for focal point coupling, it was possible obtain 

dendrimer like structure.333 On the other hand, maltose has been exploited as 

functionality for oxime coupling; as strategic way to ensure a correct alpha-

glycoepitopes exposition. Hypothetically these structure could drive biological response 

modulating interaction events between lectin and appropriate sugar epitopes.  

 

 

5.4. Results and discussion 

 

As  reported in literature, dendritic structures based on polyester structures, such as bis-

MPA, are biocompatible, non-immunogenic, biodegradable, and bioproducts are not 

toxic, thus eligible as promising scaffolds for a wide collection of biomedical 

applications.334,335,336,337 Moreover, these branched structures may provide good benefits 

to biomedical and tissue engineering applications, where high density of ligand 

exposure and spatial topographical presentation are crucial to bring desired biological 
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effects.338,339,340 Here, carbohydrates represents one of the major biomolecules involved 

in the immune response, in cellular recognition, and in cellular adhesions.341,342 

During my phD course, new methodology for the synthesis of multivalent 

glycodendrimers has been performed using a metathesis reaction with Hoveyda–Grubbs 

as second generation catalyst. In this way, by dendrons dimerization has been possible 

obtain several final structures with high branching degree. The terminal ends have been 

with aminoxy groups, which can be exploited for glyco-conjugation of unprotected 

sugars. In detail the final structures were synthesized starting from building block in 

scheme 5.1, obtaining respectively G1, G2 and G3 dendrons, with a double bond at the 

focal point and multiple alkoxy-amino termini. 

 

 

Scheme 5.1 Building Blocks 5.1, 5.2, 5.3, 5.4 for the synthesis of dendrons bivalent 5.6, tetravale 5.9, 

octavalent 5.12  

 

5.6 5.12 

5.9 

5.1 5.2 

5.3 5.4 
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First, second and third generation of heterobifunctional dendrons (compounds 5.6-5.9-

5.12) were synthesized starting from (Boc-aminooxy) acetic acid (compound 5.4) and 

selected building blocks (compounds 5.1-5.2-5.3, Scheme 5.1) through esterification 

and protection/deprotection steps (Scheme 5.2); in accordance as already reported.343,344 

The reaction of 2,2-Bis(hydroxymethyl)propionic acid (compound 5.1) with 5-Br-

pentene (compound 5.3), in the presence of Cs2CO3, afforded compound 5.5, which was 

coupled with (Boc-aminoxy) acetic acid in presence of DPTS (4-

(dimethylamino)pyridinium p-toluenesulfonate) and DCC, giving compound 5.6 (40% 

overall yield). To obtain G2 dendron (5.9), compound 5.5 was reacted with protected 

Bis-MPA (compound 5.2) in the presence of DPTS and DCC to promote coupling 

reaction giving compound 5.7. After deprotection of 5.7 in acidic condition (to give 5.8) 

a further coupling reaction was performed with the same condition seen previously to 

give 5.9 with 21% overall yield.  

 

 

Scheme 5.2 Synthesis of dendrons 5.6 and 5.9. 

5.9 
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With the same strategy seen for the synthesis of dendrons 5.6 and 5.9, was synthesized 

also third generation dendrons. In this case we started by compound 5.8 and after 

coupling and sequential deprotecting strategies we obtained also compound 5.12 

(scheme 5.3, 0.13% overall yield). 

 

Scheme 5.3 Synthesis of dendrons 5.12. 

 

 

Subsequently, Dendrimers 5.13 and 5.16 were synthesized exploiting terminal double 

bond from dendrons 5.6 and 5.9,  by described metathesis reaction, using 

octafluorotoluene as solvent, because it permits a faster and more efficient reaction by 

boosting the activity of the catalyst.345 Then, dendrimers 5.13 and 5.16 were reacted 

with trifluoroacetic acid to remove t-butoxycarbonyl (Boc) protecting groups, giving 
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dendrimers 5.14 and 5.17. Then, it was demonstrated the efficacy of the metathesis 

reaction by synthesis of hexadeca-valent dendrimer 5.19 (Scheme 5.4) with the same 

procedure. 

 

 

Scheme 5.4. Reaction conditions: (a) Hoveyda–Grubbs second generation, octafluorotoluene; (b) TFA 

30%, dry DCM;  

 

 

Now, glyco-conjugation were performed exploiting aminoxy arm (compound 5.14 and 

5.17, scheme 5.4) by reaction with maltose, as sample saccharide. In this case Aniline 

5.12 

5.6 
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were used as catalyst in acetate buffer at pH 4.5 yielding glycodendrimers 5.20 and 5.21 

exposing multiple sugar moieties at their ends, potentially capable of eliciting a 

biological response in a biochemical context.  

 

Scheme 5.5. glycoconjugation step to give products 5.20 and 5.21, (d aniline in buffer solutions pH 4.5, 

for detail see experimental section). 

 

The use of aniline for the aminoxy-carbonyl coupling allows the equilibrium to shift 

from the stable carbohydrate cyclic hemiacetal form towards a more reactive open chain 
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intermediate,346 which can now react with aminoxy groups (proposed mechanism in 

scheme 5.6).  

 

Scheme 5.6 Proposed main reaction pathways of nucleophilic catalysis of carbohydrate oxime Formation 

at pH 4-5. R1O-NH2 could represents a schematic view of alcoxy-amino arms of structure 5.14-5.17. 

 

 

In more detail, as suggested in carbohydrates chemistry, carbonyl coupling suffers 

additional equilibria due to the dynamic masking of the reactive aldehydic tautomer 

5.23 as cyclic hemiacetals 5.22(Scheme 5.6; >99.9%). Moreover, in the presence of 

aniline, the trapping of iminium ions 5.25 as (protonated) glycosyl and amine 5.24 

involves potentially further rate-limiting intermediates.347,348 However it was also 

demonstrated an high reactivity by imine intermediates 5.26 toward carbonyl addition 

product 5.27.  These contradictory evidences are thought to be largely a result of the 

ease of protonation of these species relative to the carbonyl species, where subsequent 

elimination of aniline is fast.349,350 Maltose, once exposed on the dendrimers, will 
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presents an alpha-glucoside epitope, which is a fundamental signalling moiety in a 

variety of biochemical interactions351,352. 

All compounds have been analysed by NMR spectroscopy and MS spectrometry. 

However, since the complexity of the dendrimeric structure increases, spectra show a 

high degree of overlapping signals. Nevertheless, most significant peaks have been 

identified. Glycosylated structures 5.20 and 5.21 (see figure 5.7), show complex NMR 

spectra, probably due to highly crowded pattern of signals belonging to the sugars and 

possible E/Z isomer of oxime bonds (figure 5.7). In addition, also, amphipathic nature 

of these molecules could give some problems in NMR spectra analysis. For the same 

reasons, since glycosylation proceeds in aqueous media, dendrimers may tend to 

aggregate into micellar structures, masking hydrophobic backbone. Regarding 

glycodendrimers 5.20, 1H-NMR spectra shows the oxime and double-bond signals with 

relative integral of 4:2 (figure 5.7, on the left), as expected from the presence of four 

sugar, instead, octavalent dendrimer 5.21, 1H-NMR spectra shows similar signals but 

with a ratio between oxime and double-bond signals 7:2(figure 5.7, on the right), 

suggesting a partial glycosylation.  
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Figure 5.7. Proposed product and respectively NMR spectra, in the circle signals arising from oxime 

bond. The red glycofunctionality in structure 5.21 represents the lack of last glycoepitope 

 

 

All data were confirmed by MS analysis. Moreover, in the case of dendrimer 5.21, MS 

analysis show a partial degradation deriving from the loss of one, two, or three terminal 

aminoxyacetic groups.  

Considering hexadeca dendrimer 5.19 (figure 5.8), NMR spectra are much more 

complicated than the others, due to the high complexity of its structure; however, 1H-

NMR spectrum displays the expected double bond signals and a peak corresponding to 

the doubly sodiated molecule (m/z = 2292) has been detected in the MS spectrum, thus 

confirming the presence of the product. 

5.20 5.21 
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Scheme 5.8. NMR spectra of compound 5.19 

 

 

5.5. Materials and Methods 

 

Reactions were monitored by thin-layer chromatography (TLC) on silica gel 60-F254 

coated glass plates (Merck). The spots were visualized by charring with a concentrated 

H2SO4(18 M)/EtOH/H2O solution (10/45/45 v/v/v) or with a solution of (NH4)6Mo7O24 

(21 g), Ce(SO4)2 (1 g), concentrated H2SO4 (18 M, 31 mL) in water (500 mL) and then 

by heating to 110 °C for 5 min. Flash column chromatography was performed on silica 

gel 230–400 mesh (Merck). Routine 1H and 13C NMR spectra were recorded on a 

Varian Mercury instrument at 400 MHz (1H NMR) or 100.57 MHz (13C NMR). 

Chemical shifts are reported in parts per million downfield from TMS as an internal 
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standard; J values are given in Hertz. Mass spectra were recorded on a QSTAR Elite 

instrument (AB Sciex) equipped with a nano-electrospray ion source. The samples were 

directly injected at room temperature by borosilicate capillaries (Thermo Scientific) 

employing a spray voltage of 1.1 kV and a  declustering potential of 80 V. 

 

General procedure for Synthesis of 5.6, 5.19, 5.12. 

To obtain several progressive families of protected dendrons figure 5.1, sequential 

condensation reactions were performed following modified literature procedures 

starting from 2,2,5-trimethyl-1,3-dioxane-5- carboxylic acid as a building block through 

sequential condensation steps (DCC, PPT 0.04 equiv., dry DCM 0.1 mol/L, room 

temperature) and deprotection. Products were purified by flash chromatography column 

and obtained in 20%–40% yields using a mixture of petroleum ether and EtOAc as 

eluent. All reagents were purchased from Sigma-Aldrich and used without any further 

purification. 

 

Pent-4-en-1-yl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate (5.5) 

Bis-MPA 1 (2.0 g, 14.9 mmol) and Cs2CO3 (5.54 g, 17.0 mmol) were dissolved in 

anhydrous DMF (11.2 mL) and heated at 100 °C in oil bath for 2 h. 5-Bromo-1-pentene 

3 (2.2 mL, 17.9 mmol) was added; after 15 h at 100 °C, the solvent was evaporated to 

dryness. The residue was dissolved in 40 mL of EtOAc and washed twice with water. 

The organic layer was dried over anhydrous Na2SO4 and concentrated. The crude 

product was purified by flash column chromatography (petroleum ether/EtOAc, 25:75) 

affording pure 5.5 (1.266 g, 6.26 mmol, 42 % yield). 1H NMR (400 MHz, CDCl3): δ = 

5.80 (ddt, J = 13.4, 10.1, 6.7 Hz, 1H, CH=CH2), 5.09 – 4.94 (m, 2H, CH=CH2), 4.18 (t, 

J = 6.5 Hz, 2H, CH2-O-C=O), 3.90 (d, J = 11.2 Hz, 2H, CH2-OH), 3.71 (d, J = 11.2 Hz, 

2H, CH2-OH), 2.65 (bs, 2H, -OH), 2.14 (dd, J = 14.1, 7.0 Hz, 2H, CH2-CH=CH2), 1.83 

– 1.72 (m, 2H, O-CH2-CH2), 1.06 (s, 3H, CH3). 
13C NMR (100.57 MHz, CDCl3): δ = 
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175.95 (C=O), 137.26 (CH=CH2), 115.49 (CH=CH2), 68.01(CH2OH), 64.41(CH2-O-

C=O), 49.12 (C-CH2OH), 29.97 (CH2-CH=CH2), 27.63 (O-CH2-CH2), 17.14 (CH3). MS 

(TOF, m/z): [M + Na]+ calcd for C10H18O4, 225.1; found 225.2. C10H18O4 (202.25): 

calcd. C 59.39, H 8.97; found C 59.45, H 8.99. 

 

2-Methyl-2-((pent-4-en-1-yloxy)carbonyl)propane-1,3-diyl bis(2-(((tert-

butoxycarbonyl)amino)oxy)acetate) (5.6) 

(Boc-aminooxy)acetic acid 5.4 (340 mg, 1.78 mmol), 5.5 (150 mg, 0.74 mmol),DMAP 

(36 mg, 0.30 mmol) and p-toluenesulfonic acid (56 mg, 0.30 mmol) were dissolved in 

dry CH2Cl2 (6.9 mL). DCC (382 mg, 1.85 mmol) was added and the solution was stirred 

for 48 h at r.t.. The formed precipitate were filtered off and washed with CH2Cl2, then 

the solvent was evaporated, and the residue was purified by flash column 

chromatography (petroleum ether/EtOAc, 72.5:27.5) to afford pure 5.6 (393 mg, 0.72 

mmol, 97 % yield). 1H NMR (400 MHz, CDCl3): δ = 7.92 (s, 2H, NH), 5.74 (ddt, J = 

16.9, 10.2, 6.6 Hz, 1H, CH=CH2), 5.04 – 4.92 (m, 2H, CH=CH2), 4.40 (s, 4H, O-CH2-

C=O), 4.34 (d, J = 11.1 Hz, 2H, CH2O-CO-CH2), 4.28 (d, J = 11.1 Hz, 2H, CH2O-CO-

CH2), 4.12 (t, J = 6.5 Hz, 2H, CH2-CH2-O- C=O), 2.07 (dd, J = 14.4, 6.9 Hz, 2H, CH2-

CH=CH2), 1.76 – 1.66 (m, 2H, O-CH2-CH2), 1.44 (s, 18H, CH3 Boc), 1.24 (s, 3H, CH3). 

13C NMR (100.57 MHz, CDCl3): δ = 172.33, 169.13, 156.21 (C=O), 136.96 

(CH=CH2), 115.63 (CH=CH2), 82.17 (C Boc), 72.32 (O-CH2-C=O), 65.45 (CH2O-CO-

CH2), 64.86 (CH2-CH2-O-C=O), 46.29 (C-CH2O-C=O), 29.83 (CH2-CH=CH2), 28.11 

(CH3 Boc), 27.52 (O-CH2-CH2), 17.88 (CH3). MS (TOF, m/z): [M + Na]+ calcd for 

C24H40N2O12, 571.3; found 571.4. C24H40N2O12 (548.58): calcd. C 52.55, H 7.35, N 

5.11; found C 52.63, H 7.37, N 5.10. 

 

(E/Z)-((oct-4-ene-1,8-diylbis(oxy))bis(carbonyl))bis(2-methylpropane-3,2,1-triyl) 

tetrakis(2-(((tert-butoxycarbonyl)amino)oxy)acetate) (Boc-protected tetravalent 

dendrimer 5.13.) 
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425 mg of compound 5.6 (0.775 mmol), 22 mg of Hoveyda–Grubbs second generation 

catalyst (4% mol in respect to 1), were dissolved in anhydrous octafluorotoluene (0.1 

mol/L). The solution was stirred at room temperature, in the dark, and under argon 

atmosphere. After 48 h, the solvent was evaporated under vacuum, and then, the crude 

product was purified by flash chromatography (petroleum ether/EtOAc, 6/4), affording 

compound 2 (152 mg, 37% yield). 1H NMR (400 MHz, CDCl3) : 7.92 (bs, 4H, NH–O), 

5.40 (bs, 2H, CH=CH), 4.43 (s, 8H, NH–O–CH2), 4.34 (ABq, J = 11.1 Hz, 8H, CO–

CH2), 4.13 (t, J = 6.4 Hz, 4H, CO–CH2–CH2), 2.07–1.97 (bs, 4H, CH2–CH=), 1.74–1.64 

(m, 4H, CH2–CH2–CH), 1.47 (s, 36H, CH3(Boc)), 1.27 (s, 6H, CH3). 
13C NMR (101 

MHz, CDCl3) : 172.34 (2s, 2COO), 169.15 (4s, 4COO), 156.22 (4s, 4CONH), 129.52 

(2d, 2CH=CH), 82.23 (4s, 4C(Boc)), 72.34 (4t, 4NH–O–CH2), 65.42 (4t, 4COOCH2C), 

64.92 (2t, 2COOCH2CH2), 46.30 (2t, 2C(CH2OCO)2), 28.65 (2t, 2CH2–CH=), 28.33 (2t, 

2CH2–CH2–CH=), 28.14 (12q, 12CH3(Boc)), 17.93 (2q, 2CH3). NanoESI–MS: 

C46H76O24N4 calcd mass 1068.48, observed m/z = 1069.10 (H+ adduct) and m/z = 

1091.10 (Na+ adduct), experimental mass 1068.00.  

(E/Z)-((oct-4-ene-1,8-diylbis(oxy))bis(carbonyl))bis(2-methylpropane-3,2,1-triyl) 

tetrakis(2-(aminooxy)acetate) (Deprotected tetravalent dendrimer 5.14). 

A solution of compound 5.13 (108 mg, 0.101 mmol) in anhydrous dichloromethane 

(DCM, 0.1 mol/L) was cooled to 0 °C; then, trifluoroacetic acid (TFA) was added 

dropwise and stirred for 2 h. The reaction was quenched with saturated aq. Na2CO3 to 

neutrality, extracted twice with DCM, and the organic layers were collected and dried 

over anhydrous Na2SO4. The solvent was evaporated affording product 3 quantitatively 

(66 mg). The product was used for the subsequent reaction without any further 

purification. 1H NMR (400 MHz, CDCl3) : 5.81 (bs, 8H, NH2–O), 5.39 (bs, 2H, 

CH=CH), 4.33 (ABq, J = 11.1 Hz, 8H, CO–CH2), 4.22 (s, 8H, NH–O–CH2), 4.11 (t, J = 

6.5 Hz, 4H, CO–CH2–CH2), 2.11–1.98 (bs, 4H, CH2–C =), 1.75–1.58 (m, 4H, CH2–

CH2–CH), 1.24 (s, 6H, CH3). 
13C NMR (101 MHz, CDCl3) : 172.46 (2s, 2COO), 

170.30 (4s, 4COO), 129.79 (2d, 2CH=CH), 72.27 (4t, 4NH–O–CH2), 65.45 (4t, 

4COOCH2C), 64.77 (2t, 2COOCH2CH2), 46.31 (2s, 2C(CH2OCO)2), 28.65 (2t, 2CH2–
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CH=), 28.17 (2t, 2CH2–CH2–CH=), 17.88 (2q, 2CH3). NanoESI–MS: C26H44O16N4 

calcd mass 668.27, observed m/z = 669.00 (H+ adduct), experimental mass 668.00. 

 

Tetravalent glycosylated dendrimer (5.20). 

To obtain multifunctional glycosylated dendrimer 5.20, 25 mg of compound 5.14 (0.037 

mmol) were dissolved in 2.5 mL acetate buffer (pH 4.5), and then, maltose (101 mg, 

0.296 mmol) and aniline (41 mg, 0.444 mmol) were added. After 72 h, the product was 

recovered by washing with a small amount of DCM. The aqueous phase was 

concentrated to dryness and the crude product purified by flash chromatography 

(gradient eluent from 100% EtOH to EtOH/H20 9/1), affording compound 5.20 (22 mg, 

30% yield). 1H NMR (400 MHz, D2O) : 7.48 (d, J = 6.0 Hz, 3H, CH=N), 7.42 (d, J = 

6.3 Hz, 1H, CH=N), 5.31 (bs, 2H, CH=CH), 2.11–1.98 (bs, 4H, CH2-CH). Nano- ESI–

MS: C74H124O56N4 calcd mass 1964.70, observed m/z = 1005.35 (2Na+ adduct), 

experimental mass 1964.70. 

2-Methyl-2-((pent-4-en-1-yloxy)carbonyl)propane-1,3-diyl bis(2,2,5-trimethyl-1,3-

dioxane-5-carboxylate) (5.7) 

5.2 (845 mg, 4.85 mmol), 5.5 (408 mg, 2.02 mmol), DMAP (99 mg, 0.81 mmol) and p-

TSOH (154 mg, 0.81 mmol) were dissolved in dry CH2Cl2 (19 mL). DCC (1.042 g, 5.05 

mmol) was added and the solution was stirred for 24 h at room temperature. The solids 

were filtered off and washed with a small volume of CH2Cl2. The solvent was 

evaporated, and the residue was purified by flash column chromatography (petroleum 

ether/EtOAc, 80:20) to afford compound 5.7 (795 mg, 1.54 mmol, 76 % yield). 1H 

NMR (400 MHz, CDCl3): δ = 5.74 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H, CH=CH2), 5.01 – 

4.94 (m, 2H, CH=CH2), 4.29 (s, 4H, CH2O), 4.12 – 4.09 (m, 6H, CH2O), 3.58 (d, J = 

12.1 Hz, 4H, CH2O), 2.08 (dd, J = 14.2, 7.0 Hz, 2H, CH2-CH=CH2), 1.74 – 1.67 (m, 

2H, O-CH2-CH2), 1.37 (s, 6H, CH3), 1.32 (s, 6H, CH3), 1.25 (s, 3H, CH3), 1.11 (s, 6H, 

CH3). 
13C NMR (100.57 MHz, CDCl3): δ = 173.53, 172.54 (C=O), 137.12 (CH=CH2), 

115.51 (CH=CH2), 98.08 (C(CH3)2), 65.94, 65.31 (CH2O), 64.69 (CH2-CH2-O-C=O), 
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46.70, 42.01 (C-CH2O), 29.94 (CH2-CH=CH2), 27.62 (O-CH2-CH2), 24.99, 22.19, 

18.52, 17.75 (CH3). MS (TOF, m/z): [M + H]+ calcd for C26H42O10, 515.3; found 515.6. 

C26H42O10, (514.61): calcd. C 60.68, H 8.23; found C 60.74, H 8.21. 

 

2-Methyl-2-((pent-4-en-1-yloxy)carbonyl)propane-1,3-diyl bis(3-hydroxy-2-

(hydroxymethyl)-2-methylpropanoate) (5.8) 

Compound 5.7 (772 mg, 1.48 mmol) was dissolved in 10 mL of methanol. Amberlite 

IR-120 H+ resin (772 mg) was added, and the reaction mixture was stirred for 15 h at 

room temperature. After completion of the reaction, the resin was filtered off and 

thoroughly washed with methanol. The methanol was evaporated to give 5.8 (652 mg, 

1.48 mmol, quant. yield). 1H NMR (400 MHz, CDCl3): δ = 5.78 (ddt, J =16.9, 10.2, 6.6 

Hz, 1H, CH=CH2), 5.07 – 4.94 (m, 2H, CH=CH2), 4.43 (d, J = 11.1Hz, 2H, 

CH2OC=O), 4.25 (d, J = 11.1 Hz, 2H, CH2OC=O), 4.15 (t, J = 6.6 Hz, 2H,CH2-CH2-O-

C=O), 3.82 (dd, J = 11.3, 3.0 Hz, 4H, CH2OH), 3.73 – 3.65 (m, 4H, CH2OH), 3.24 (bs, 

4H, OH), 2.11 (dd, J = 14.5, 6.9 Hz, 2H, CH2-CH=CH2), 1.80 – 1.69 (m, 2H, O-CH2-

CH2), 1.29 (s, 3H, CH3), 1.04 (s, 6H, CH3). 
13C NMR (100.57 MHz, CDCl3): δ = 

174.97, 173.02 (C=O), 137.04 (CH=CH2), 115.56 (CH=CH2), 66.41, 64.76 (CH2O), 

49.79, 46.22 (C-CH2O), 29.87 (CH2-CH=CH2), 27.54 (O- CH2-CH2), 18.11, 17.07 

(CH3). MS (TOF, m/z): [M + H]+ calcd for C20H34O10, 435.2;  found 435.4. C20H34O10 

(434.48): calcd. C 55.29, H 7.89; found C 55.37, H 7.88. 

 

(((2-Methyl-2-((pent-4-en-1-yloxy)carbonyl)propane-1,3-

diyl)bis(oxy))bis(carbonyl))bis(2-methylpropane-2,1,3-triyl) tetrakis(2-(((tert-

butoxycarbonyl)amino)oxy)acetate) (5.9) 

(Boc-aminooxy)acetic acid 5.4 (450 mg, 2.35 mmol), 5.8 (213 mg, 0.49 mmol), DMAP 

(48 mg, 0.39 mmol) and p-toluenesulfonic acid (74 mg, 0.39 mmol) were dissolved in 

dry CH2Cl2 (4.5 mL). DCC (505 mg, 2.45 mmol) was added and the solution was stirred 
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for 24 h at room temperature. The solids were filtered off and washed with a small 

volume of CH2Cl2. The solvent was evaporated, and the residue was purified by flash 

column chromatography (petroleum ether/EtOAc 10:0→1:9) to give 10 (371 mg, 0.33 

mmol, 67 % yield). 1H NMR (400 MHz, CDCl3): δ = 8.00 (s, 4H, NH), 5.76 (ddt, J = 

16.8, 10.2, 6.6 Hz, 1H, CH=CH2), 5.05 – 4.93 (m, 2H, CH=CH2), 4.41 (s, 8H, O-CH2-

C=O), 4.33 – 4.19 (m, 12H, CH2OC=O), 4.13 – 4.06 (m, 2H, CH2-CH2-O-C=O), 2.08 

(dd, J = 14.2, 7.1 Hz, 2H, CH2-CH=CH2), 1.76 – 1.66 (m, 2H, O-CH2-CH2), 1.44 (s, 

36H, CH3 Boc), 1.22 (s, 9H, CH3). 
13C NMR (100.57 MHz, CDCl3): δ = 171.65, 

169.14, 156.30 (C=O), 137.01 (CH=CH2), 115.61 (CH=CH2), 82.13 (C Boc), 72.31 (O-

CH2-C=O), 65.62, 65.24, 64.96 (CH2O), 46.49, 46.40 (C-CH2O), 29.88 (CH2-

CH=CH2), 28.12 (CH3 Boc), 27.55 (O-CH2-CH2), 17.81, 17.60 (CH3). MS (TOF, m/z): 

[M + Na]+ calcd for C48H78N4O26, 1149.5; found 1149.5. C48H78N4O26 (1127.14): calcd. 

C 51.15, H 6.98, N 4.97; found C 51.26, H 6.97, N 4.98. 

 

(E/Z)-(4,17-bis((formyloxy)methyl)-4,17-dimethyl-5,16-dioxo-2,6,15,19-tetraoxaicos-

10-ene-1,20-dioyl)tetrakis(2-methylpropane-3,2,1-triyl) octakis(2-(((tert-

butoxycarbonyl)amino)oxy)acetate) (Boc-protected octavalent dendrimer 5.16). 

A solution of compound 5.9 (834 mg, 0.740 mmol) and 18 mg Hoveyda–Grubbs second 

generation catalyst (4% in mol in respect to 5) was prepared in anhydrous 

octafluorotoluene (0.2 mol/L) and reacted as described for compound 5.13. After 24 h, 

the solvent was evaporated by rotary evaporator, and the crude product was purified by 

flash chromatography (petroleum ether/EtOAc 5/5), affording pure product 5.16 (143 

mg, 30% yield calculated on reacted 5) and 350 mg of unreacted 5.5. 1H NMR (400 

MHz, CDCl3) : 8.02 (bs, 8H, NH–O), 5.42 (bs, 2H, CH=CH), 4.44 (s, 16H, NH–O–

CH2), 4.35–4.23 (ABq, J = 11.2 Hz, 24H, CO–CH2), 4.10 (t, J = 6.4 Hz, 4H, CO–CH2–

CH2), 2.11–2.00 (bs, 4H, CH2–CH=), 1.69 (bs, 4H, CH2–CH2–CH), 1.47 (s, 72H, 

CH3(Boc)), 1.24 (s, 18H, CH3). 
13C NMR (101 MHz, CDCl3) : 171.67 (2s, 2COO), 

169.16 (4s, 4COO), 161.63 (8s, 8COO), 156.31(8s, 8CONH), 129.78 (2d, 2CH=CH), 

82.17 (8s, 8C(Boc)), 72.34 (8t, 8NH–O–CH2), 65.60, (4t, 4COOCH2C), 65.25 (8t, 
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8CO–CH2), 65.06 (2t, 2COOCH2CH2), 46.51 (2s, 2C(CH2OCO)2), 46.43 (4s, 

4C(CH2OCO)2), 28.67 (2t, 2CH2–CH), 28.15 (24q, 24CH3(Boc), 27.92 (2t, 2CH2–CH2– 

CH), 17.84 (6q, 6CH3). NanoESI–MS: C94H152O52N8 calcd mass 2224.95, observed m/z 

= 2247.30 (Na+ adduct), experimental mass 2224.27. 

 

(E/Z)-(4,17-bis((formyloxy)methyl)-4,17-dimethyl-5,16-dioxo-2,6,15,19-tetraoxaicos-

10-ene-1,20-dioyl)tetrakis(2-methylpropane-3,2,1-triyl) octakis(2-(aminooxy)acetate) 

(Deprotected octavalent dendrimer 5.17). 

A solution of 5.16 (210 mg, 0.094 mmol) in dry DCM (0.1 mol/L) was cooled to 0 °C 

and then TFA was added dropwise and stirred for 2 h at 0 °C. The reaction was 

quenched with saturated aq. Na2CO3 to neutrality, the crude product was extracted twice 

with DCM, and the organic layers were dried over anhydrous Na2SO4. The solvent was 

evaporated to give compound 5.17 (114 mg, 85% yield) that was used for the 

subsequent reaction without any further purification. 1H NMR (400 MHz, CDCl3) : 

6.22–5.50 (bs, 16H, NH2–O), 5.42 (bs, 2H, CH=CH), 4.35–4.23 (bs, 32H, NH–O–CH2, 

CO–CH2), 4.17 (8H, CO–CH2), 4.11 (t, J = 6.5 Hz, 4H, CO–CH2–CH2), 2.14–1.98 (bs, 

4H, CH2–CH), 1.75–1.64 (bs, 4H, CH2–CH2–CH), 1.25 (s, 18H, CH3). 
13C NMR (101 

MHz, CDCl3) : 172.10 (2s, 2COO), 171.84 (4s, 4COO), 170.31 (8s, 8COO), 129.78 (2d, 

2CH=CH), 72.25 (8t, 8CO–CH2), 65.65 (4t, 4CO–CH2), 65.34 (8t, 8NH–O–CH2), 64.97 

(2t, 2 COCH2CH2), 46.54, 46.46 (6s, 6C(CH3)3), 28.51 (2t, 2t, 2CH2–CH=), 28.22 (2t, 

2CH2-CH2-CH=), 17.79 (6q, 6CH3). NanoESI–MS: C54H88O36N8 calcd mass 1424.53, 

observed m/z = 713.50 (2H+ adduct), experimental mass 1425.00.  

 

Octavalent glycosylated dendrimer (5.21). 

First, 81 mg of compound 5.17 (0.057 mmol) were dissolved in 2.5 mL acetate buffer 

(pH = 4.5); subsequently, 312 mg of maltose and 126 mg aniline (0.912 mmol and 1.36 

mmol, respectively) were added and the mixture was allowed to stir. After 72 h, the 
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reaction was stopped and washed twice with DCM. Finally, crude product was purified 

through flash chromatography (EtOH + 0.2% AcOH), affording compound 5.21 (13 mg, 

6% yield). 1H NMR (400 MHz, D2O) : 7.47 (d, J = 6.1 Hz, 5H, CH=N), 7.41 (d, J = 6.6 

Hz, 1H, CH=N), 5.31 (bs, 2H, CH=CH), 2.11–1.98 (bs, 4H, CH2–CH). NanoESI–MS: 

C150H248O116N8 calcd mass 4017.37, observed m/z = 1832.50 (2Na+ adduct, minus one 

aminoxyacetic moiety, C14H24O12N), m/z = 1634.00 (2Na+ adduct, minus two 

aminoxyacetic moieties) and m/z = 1435.50 (2Na+ adduct, minus three aminoxyacetic 

moieties), experimental mass 4017.13.  

 

(((2-methyl-2-((pent-4-en-1-yloxy)carbonyl)propane-1,3-

diyl)bis(oxy))bis(carbonyl))bis(2-methylpropane-3,2,1-triyl) tetrakis(2,2,5-trimethyl-

1,3-dioxane-5-carboxylate) (5.10) 

A solution of 5.8 (400 mg, 2.29 mmol), 5.2 (193 mg, 0.95 mmol), DMAP (47 mg, 0.38 

mmol) and p-TSOH (72 mg, 0.38 mmol) were prepared in dry CH2Cl2 (9 mL), then 

DCC (493 g, 2.39 mmol) was added and the solution was stirred for 24 h at room 

temperature. The solids were filtered off and washed with a small volume of CH2Cl2. 

The solvent was evaporated, and the residue was purified by flash column 

chromatography (petroleum ether/EtOAc, 80:20) to afford compound 5.10 (376 mg, 

0.72 mmol, 76 % yield). 1H NMR (400 MHz, CDCl3): δ = 5.74 (ddt, J = 16.9, 10.2, 6.6 

Hz, 1H, CH=CH2), 5.01 – 4.94 (m, 2H, CH=CH2), 4.30 (s, 8H, CH2O), 4.14 (d, 12H, 

CH2O), 3.61 (d, J = 12.1 Hz, 8H, CH2O), 2.11 (dd, J = 14.2, 7.0 Hz, 2H, CH2-

CH=CH2), 1.75 (dt, 2H, O-CH2-CH2), 1.41 (s, 12H, CH3), 1.32 (s, 12H, CH3), 1.26 (s, 

9H, CH3), 1.14 (s, 12H, CH3). 
13C NMR (101 MHz, CDCl3) δ 173.92 (s), 172.29 (C=O), 

137.56 (CH=CH2), 116.00 (CH=CH2), (m), 66.41, 66.36, (CH2O ),65.35 (CH2O), 47.29 

(s), 47.04 (C-CH2-O), 42.48 (C-CH2-O), 34.11 (s), 25.62 (CH3), 22.48 (CH3), 18.94 

(CH3), 18.13 (CH3). 
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(((2-methyl-2-((pent-4-en-1-yloxy)carbonyl)propane-1,3-

diyl)bis(oxy))bis(carbonyl))bis(2-methylpropane-3,2,1-triyl) tetrakis(3-hydroxy-2-

(hydroxymethyl)-2-methylpropanoate) (5.11)  

Compound 5.10 (300 mg, 0.57 mmol) was dissolved in 4 mL of methanol. Amberlite 

IR-120 H+ resin (300 mg) was added, and the reaction mixture was stirred for 15 h at 

room temperature. After completion of the reaction, the resin was filtered off and 

thoroughly washed with methanol. The methanol was evaporated to give 5.11(259 mg, 

0.57 mmol, quant. yield). 1H NMR (400 MHz, CDCl3): δ = 5.84 (ddt, J =16.9, 9.9, 6.5 

Hz, 1H, CH=CH2), 5.07 – 4.94 (m, 2H, CH=CH2), 4.43 (d, J = 11.1Hz, 12H, 

CH2OC=O), 4.25-4.20 (d, J = 11.1 Hz, 12H, CH2OC=O), 4.15 (t, J = 6.6 Hz, 2H,CH2-

CH2-O-C=O), 3.82 (dd, J = 11.3, 3.0 Hz, 4H, CH2OH), 3.73 – 3.65 (m, 8H, CH2OH), 

3.24 (bs, 8H, OH), 2.11 (dd, J = 14.5, 6.9 Hz, 2H, CH2-CH=CH2), 1.80 – 1.69 (m, 2H, 

O-CH2-CH2), 1.29 (s, 9H, CH3), 1.04 (s, 12H, CH3). 
13C NMR (101 MHz, cd3od) δ 

174.44, 172.30 C=O), 137.29 (CH=CH2), 114.44 (CH=CH2), 64.72 (CH2O), 64.63 

(CH2-CH2-C-O-C=O), 64.36 (CH2OH), 29.75 (CH2-CH=CH2), 27.46 (O-CH2-CH2), 

16.83 (CH3), 15.88 (CH3). 

 

(((2-Methyl-2-((pent-4-en-1-yloxy)carbonyl)propane-1,3-

diyl)bis(oxy))bis(carbonyl))bis(2-methylpropane-2,1,3-triyl) tetrakis(2-(((tert-

butoxycarbonyl)amino)oxy)acetate) (5.12) 

(Boc-aminooxy)acetic acid 5.4 (450 mg, 2.35 mmol), 12 (213 mg, 0.49 mmol), DMAP 

(48 mg, 0.39 mmol) and p-toluenesulfonic acid (74 mg, 0.39 mmol) were dissolved in 

dry CH2Cl2 (4.5 mL). DCC (505 mg, 2.45 mmol) was added and the solution was stirred 

for 24 h at room temperature. The solids were filtered off and washed with a small 

volume of CH2Cl2. The solvent was evaporated, and the residue was purified by flash 

column chromatography (petroleum ether/EtOAc 10:0→1:9) to give 5.12 (371 mg, 0.33 

mmol, 67 % yield). 1H NMR (400 MHz, CDCl3): δ = 8.10 (s, 8H, NH), 5.79 (ddt, J = 

16.8, 10.2, 6.6 Hz, 1H, CH=CH2), 5.06 – 4.96 (m, 2H, CH=CH2), 4.44 (s, 16H, O-CH2-
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C=O), 4.36 – 4.18 (m, 28H, CH2OC=O), 4.13 – 4.06 (m, 2H, CH2-CH2-O-C=O), 2.08 

(dd, J = 14.2, 7.1 Hz, 2H, CH2-CH=CH2), 1.76 – 1.66 (m, 2H, O-CH2-CH2), 1.46 (s, 

72H, CH3 Boc), 1.24 (s, 21H, CH3). 
13C NMR (101 MHz, CDCl3) δ 171.69, 169.20, 

156.37 (C=O), 137.09 (CH=CH2), 82.14 (C-Boc), 72.34 (O-CH2=O),65.25, 65.00 

(CH2O), 46.67, 46.44 (C-CH2O), 29.68 (CH2-CH=CH2), 28.15 (CH3-Boc), 17.78, 17.51 

(CH3). 

 

 

Boc-protected hexadeca dendrimer 5.18. 

Compound 5.12 (110 mg, 0.048 mmol) and 2 mg (7% mol in respect to 5.9) Hoveyda–

Grubbs second generation dissolved in anhydrous octafluorotoluene (0.2 mol/L) were 

reacted as described for compound 5.16. After 72 h, the solvent was evaporated under 

vacuum, and then, the crude product was purified by flash chromatography (petroleum 

ether/EtOAc 4/6) to afford pure 5.18 (34 mg, 31% yield). 1H NMR (400 MHz, CDCl3) : 

8.10 (s, 16H, NH–O), 5.44 (bs, 1H, CH=CH), 5.12 (bs, 1H, CH=CH), 4.45 (s, 32H, 

NH–O–CH2), 4.31-4.20 (ABq, J = 11.6 Hz, 56H, CO–CH2), 4.11 (t, J = 6.6 Hz, 4H, 

CO–CH2–CH2), 2.02 (bs, 4H, CH2–CH), 1.66 (bs, 4H, CH2–CH2–CH), 1.47 (s, 144H, 

CH3(Boc)), 1.26 (bs, 42H, CH3). 
13C NMR (101 MHz, CDCl3) : 173.54 (2s, 2COO), 

171.69 (4s, 4COO), 171.43 (8s, 8COO), 169.22 (16s, 16COO), 156.40, (16s, 16CONH), 

82.11 (16s, 16C(Boc)), 72.34 (16t, 16NH–O–CH2), 65.84, (16t, 16CO–CH2), 65.26 

(12t, 12CO–CH2), 65.06 (2t, 2COOCH2CH2) 46.64, 46.43(14s, 14C(CH2OCO)2), 34.01 

(2CH2–CH), 31.83 (2t, 2CH2–CH2–CH), 28.16 (48q, 48CH3(Boc)), 17.79 (14q, 14CH3). 

NanoESI–MS: C190H304O108N16 calcd mass 4537.88, observed m/z = 2291.90 (2Na+ 

adduct), experimental mass 4537.80. 
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5.6. Conclusion 

 

As discussed above, cell–cell and cell–environment interactions are mediated by 

protein–carbohydrate recognition processes at the cell surface during the first step of 

cellular sensing, triggering a wide variety of biological events. In this context 

carbohydrate represent key elements. This is the reason why, highly branched 

glycosylated structures, are considered promising tools to enhance these events and 

further, help us to understand the biological role behind this biomolecule class as 

signalling molecules or as agonist/antagonists of relevant recognition events (i.e. 

involving viruses or bacteria). Here, it was presented a novel method for the synthesis of 

dendrimers, starting from dendrons precursor and, through olefin-metathesis reaction, 

were synthesized hyperbranched dendrimers structures with central double bond as 

focal point. During the synthesis of precursor, dendron arms have been equipped with 

aminooxy functionalities, which were exploited to glycosylations to generate highly 

branched structures displaying multiple carbohydrate moieties. One of the most 

interesting features of these structures regard internal double bond, which might be 

further reduced to the corresponding saturated structure, thus allowing an increase in 

conformational flexibility, broadening possibilities of fruitful interactions with 

biological targets. In addition, the length of the hydrocarbon chain can be varied at will 

(i.e., alkeneterminated linear polymers can be used as the dendron core), allowing an 

additional degree of structural variation. Moreover, aniline has been used as a stabilizer 

of glycosyl intermediate for improving dendron glycoconjugation. It should be noted, 

however, that as the complexity of the structure increases, side reactions may occur, 

affording partially degraded products, as already reported for this kind of hyperbranched 

structures.353 
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Final conclusions and general remarks 

 

During my PhD, several biomaterials were developed, analyzed from chemical and 

physical point of view and tested with biological assay. Several biomaterials were 

developed, starting from 2D collagen based scaffold toward more complex gelatin based 

3D-scaffold with the focus to mimic mechanotransduction stimuli arising from complex 

networks like ECM s. Regarding 2D scaffolds, signalling peptides, due to their 

biological relevance, have been considered as excellent candidates for the decoration of 

these biomaterials, with the aim to study their potential effects on different biological 

systems. The functionalization with peptides has been achieved using the well-known 

Thiol-Michael reaction. Bioactivated-collagen patches have been successfully obtained, 

as demonstrated by their physico-chemical characterizations. Collagen matrices, 

decorated with HVP and Tβ4 have been employed in different biological assays with 

several cell-lines. In all cases, collagen matrices have not caused any detrimental effect 

on cell growth and proliferation. Moreover, based on the peptide conjugated, collagen 

matrices have been able to modulate adhesion, proliferation or growth factor expression. 

Functional analysis have highlighted that collagen matrices, decorated with HVP, 

promote osteoblast in adhesion processes, meanwhile Tβ4 promote human dermal 

lymphatic epithelial cells to VEGF (vascular growth factor) overexpression, 

highlighting the key role of this motif in vasculogenesis processes during wound 

healing. These results reinforce the idea that short signalling peptides represent an 

important tool of enlightenment for cellular and molecular medicine for tissue repair 

processes. The same time, another important key feature for tissue engineering and 

VEGF expression is represented by oxygen perfusion at molecular surface of bio-

engineered scaffolds. For these reasons, exploiting scientific knowledge regarding 

perfluorocarbon (PFC), as oxygen storage systems, and their role in physiological gases 

perfusion, we projected new, in this way inspired, scaffolds. We functionalized 2D 

collagen scaffold with fluorinated oxiadiazoles. An important study about best reaction 

conditions were performed giving desired product. Physical test to evaluate oxygen 
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concentration on scaffold surface is in due course. At the same time biological assay 

were programmed.   

Subsequently, gelatin-based hydrogels have been synthesized using different synthetic 

strategies, based on crosslinking agents. On one side tyrosine chemistry has been 

explored through new synthesized triazolinedions. Hydrogels obtained by this strategy 

possess mechanical and physical properties hardly applicable in biological world, 

especially for their poor stability and necessity to work in non aqueous solvent, due to 

sensibility of triazolinediones toward protic conditions.  

Alternatively, hydrogels obtained by lysine crosslinking with 3,4-Diethoxy-3-

cyclobutene-1,2-dione, shows interesting mechanical and physical properties. In 

addition, the reaction occurs in aqueous solvent making them suitable for further 

biological test. An overall view of mechanical and physical properties such as 

enzymatic stability, viscosity and swelling ability have provided a good analysis of this 

3D scaffoldPreliminary biological tests on two cell lines show average pores diameters 

represent a fundamental requirement to allow cell growth into network, through cells 

adhesion on pores wall. Here it has been reinforced the idea that a porous structure with 

small diameters doesn’t allow cell diffusion, contrasting to adhesion processes. Finally, 

preliminary drug release tests have also been carried on studying rhodamine uptake and 

release properties, affording preliminary data on the release kinetics of the system. 

Finally, new “glyconjugated dendrimers” were synthesized exploiting carbohydrate 

chemistry and optimizing current chemical strategies regarding carbohydrates 

conjugation. In particular, exploiting aldehydic groups of reducing-end carbohydrates it 

was possible develop new dendrimeric like structure presenting alpha anomer glucoses. 

In literature these structures are well known to interact with protein and other 

supramolecular structure providing a plethora of hypothetical applications.  
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