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Abstract 

Tissue engineering (TE) is an interdisciplinary field, in continuous 

evolution, that possesses as main goal the creation of efficient 

systems for tissues and organs healing and regeneration. For bone, 

TE strategies are typically based on the combined use of scaffolds, 

cells, and bioactive molecules. 

Different materials were successfully studied and proposed for the 

fabrication of scaffolds. Among them, silk fibroin (SF) was evaluated 

as particularly promising for different TE applications, especially for 

bone tissue regeneration. Silk fibroin, a natural protein forming the 

structural core of silk filaments, holds biocompatibility, mechanical 

properties and biodegradation rate suitable for applications in bone 

regeneration. However, in the past, SF has shown some limitations, 

especially in terms of bioactivity and effective differentiating ability of 

hMSCs in regenerating bone tissue.  

In this work, we wanted to demonstrate that SF, properly processed, 

chemically modified, and conjugated with selected bioactive species, 

can be used to prepare different systems: a functionalised scaffold; a 

bioresorbable material with mineralization ability; an implantable 

immunomodulatory material. The experimental activities performed 

and the deep investigation of the properties of the SF-based systems 

prepared, led to promising results, indicating that SF could be a 

flexible and powerful platform for the realization of different 

therapeutic tools. For some of the SF-based systems described in 

this dissertation, further studies are needed to assess the biological 

activity of the materials prepared. 
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Preface 
This manuscript contains the report of the research activities 
conducted during my PhD program, at the BIOtech Research Center 
and Industrial Engineering Department of the University of Trento, 
under the supervision of Professor Antonella Motta. Parts of the 
researches were performed at the Department of Biomedical 
Engineering of Tufts University (Medford, USA), under the 
supervision of Professor David Kaplan, and at the Department of 
Chemical Engineering of Chulalongkorn University (Bangkok, 
Thailand), under the supervision of Professor Sorada Kanokpanont. 
We had the opportunity to design and conduct part of the 
experiments in collaboration with other university laboratories and 
research institutes, in particular: the “Klaus Müller” NMR Lab, at the 
Department of Industrial Engineering of the University of Trento 
(Professor Sandra Dirè and Doctor Emanuela Callone); the RAMSES 
Laboratory at Istituto Ortopedico Rizzoli in Bologna, Italy (Doctor 
Francesco Grassi); the Regenerative Medicine Laboratory at the 
Ospedale Policlinico San Martino in Genoa, Italy (Doctor Roberta 
Tasso). The existence of collaborations is stated in the text. 
The general goal of this work was to develop original strategies for 
the realization of silk fibroin (SF)-based devices with therapeutic 
properties for bone tissue engineering and regenerative medicine 
(TERM) applications. By presenting the experimental activities 
conducted and the results obtained from the deep investigation of the 
properties and in vitro performances of the SF-based systems 
prepared, we aimed to demonstrate that SF could be a flexible and 
powerful platform for the realization of different therapeutic tools. The 
one and only source of silk used in the research activities performed 
was silkworm cocoon; the material details are given in Chapter III. 
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The materials and methods adopted, the experiments performed, and 
the results obtained are described and discussed in this manuscript, 
structured in the following chapters: 

- Chapter I: Introduction. In the first part, an overview of silk 
proteins composition, structure and properties is reported, 
with a specific focus on silk fibroin. The concepts of 
bioactivity, biodegradation and biocompatibility are 
explained. Fibroin is described for its applications as a 
biomaterial and the state-of-the art of the research about 
fibroin for biomedical applications is discussed. In the 
second part, since the most promising applications for the 
fibroin-based systems investigated in this work are in the 
field of bone tissue engineering, a general introduction on 
bone biology, specifically bone tissue characteristics, 
common diseases and healing processes, is given. 

- Chapter II: Rationale, aims and design of the research 
activity. In this chapter, the goals and the outline of the 
research work are presented together, in order to expose 
the logic of the dissertation.  

- Chapter III: Silk fibroin scaffolds loaded with a sulphur (H2S) 
donor agent as a novel therapeutic approach for bone 
regeneration applications. This chapter describes the 
preparation of a novel type of SF scaffold loaded with the 
H2S donor GYY4137, intended to operate as H2S releasing 
system to be used in bone regeneration studies. The results 
obtained, reported and discussed concern the chemico-
physical characterization of the scaffolds. This study was 
supported by the grant “Ricerca Finalizzata” awarded by the 
Italian Ministry of Health to the coordinator Doctor 
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Francesco Grassi (number and title of the project: RF PE-
2011-02348395; “Novel approach for bone regeneration and 
repair using sulphur donor-based therapy”). 

- Chapter IV: Biological evaluation of silk fibroin scaffolds 
loaded with GYY4137. The results of the biological 
evaluation performed on the scaffolds, in order to explore 
their ability to induce bone formation in vitro, are presented 
and discussed. 

- Chapter V: Fibroin/alginate beads containing β-TCP for the 
treatment of bone defects. This chapter describes an 
alternative SF-based strategy to treat some classes of bone 
diseases. Spheres consisting of a source of calcium 
phosphate encapsulated in fibroin and alginate gel were 
produced to work as bioresorbable bone void filler. The 
results obtained from the structural and chemico-physical 
characterization of the spheres are reported and discussed 
in this chapter. This work was funded by “REMIX” Project, 
G.A. 778078 H2020-MSCA-RISE-2017. 

- Chapter VI: Fibroin films combined with the neuropeptide 
substance P as models of immunomodulatory systems. The 
immunity system is always activated when a biomaterial is 
implanted, and its response is determinant for the success 
of the treatment. Fibroin films combined with the 
neuropeptide substance P (SP) were chosen as prototypes 
to study the potential immunomodulatory effects of a 
functionalized fibroin biomaterial. The results obtained by 
investigating the chemico-physical properties and the 
bioactivity of the films are reported and discussed. 

- Chapter VII: Conclusions and future perspectives. The 
conclusions deduced from the results discussed in the 
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previous chapters are reported and considered as a starting 
point to suggest possible future developments of the 
research activities addressed in this dissertation. 
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Chapter I. Introduction 

1.1. A brief history of silk 

The etymology of silk in all the different European dictionaries comes 
from Old Chinese, the language of the geographic area where the 
production of silk began (Wang, 1993; Hildebrandt and Gillis, 2017). 
Many scholars agree that the word was transmitted together with the 
trade of silk fabric in antiquity, along the transcontinental “Silk Road”.  
During this historical route, the Old Chinese *sə or *siəg, meaning 
“thread” or “string”, was rearranged but maintained as common root 
in the different languages.  
In fact, the domestication of the mulberry silkworms for silk 
production and silk textiles fabrication started in China, around 2500 
BC, but the techniques regarding these practices were maintained 
secret for many years (Good, 2002; Kuzmina, 2008). The important 
procedure of boiling the cocoons to unroll silk fibers was developed in 
China as well and guarded jealously until the official initiation of silk 
trade outside the country, authorised by the imperial dynasty of the 
Han (roughly contemporaneous with the Romans), in 200 BC. Since 
then, silk materials diffused and sericulture, together with mulberry 
tree cultivation, could spread first in Korea and Japan, then towards 
western countries, particularly from India to central Asia, from Greece 
to Italy and finally to France. The silk industry in Europe prospered 
until the 19th century, but when it was at its peak in France, an 
epidemic disease of silkworms broke out and marked the end of 
sericulture in major part of Europe and the Middle East (International 
Sericultural Commission). Nowadays, the major silk producing 
countries are: China, India, Thailand, Uzbekistan, Brazil, Japan, 
Republic of Korea, and Vietnam. 
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Silk is a natural material of animal origin, produced by various insects 
and arachnids to serve for a variety of functions, in different periods 
of their lifecycles. The domesticated mulberry silkworm Bombyx mori 
is the species that produces most of the silk fibers used nowadays. 
The larvae of their moths can secrete significant amounts of silk to 
form the cocoons that protect them during the metamorphosis (Fig. 
1).  
 
 
 
 
 
 

 

Fig. 1 The pictures show details of a silkworm eating mulberry leaves (on 
the left), and a moth that just exited the cocoon at the end of its 
metamorphosis (on the right). 

Silk farmers stop the larvae life cycle at the cocoon stage in order to 
obtain the silk in a continuous filament and process it for different 
commercial uses, mainly for the fabrication of textiles. 
Beyond this application, it is of great importance the use of silk fibers 
as medical sutures since hundreds of years ago. The Greek surgeon, 
Galen of Pergamon (131-211), was probably the first to describe the 
use of silk to treat and suture injured tendons in gladiators (Muffly et 
al., 2011). Successively, silk fibers were kept in use as sutures for 
different tissues, and, in 1887, Johnson & Johnson became the first 
mass-producer of sterile silk fibers for medical applications 
(Mackenzie, 1973). 
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Fig. 2 The first sterile silk materials fabricated for suturing by J&J. 
Reproduced from https://ourstory.jnj.com/sterile-surgical-sutures. 

More recently, from the late 90s, the pioneering studies conducted in 
Japan by different research groups were determinant for the diffusion 
of silk materials in the biomedical field. Silk was studied for its 
biological properties, and the use of silk-based materials to fabricate 
scaffolds for tissue engineering started to be reported (Minoura et al., 
1990). In the following paragraphs, the concepts needed to describe 
silk as biopolymer and biomaterial are presented and investigated. 

1.2. Composition, structure and 
properties of silk proteins 

 1.2.1. General properties of Bombyx mori silk 

Silkworm silk is typically obtained from natural cocoons spun by 
domesticated Bombyx mori silkworms at the larvae stage. The larvae 
spin variously shaped cocoons, which are characteristic of particular 
races: some build globular cocoons, others ellipsoidal or even 
cocoons with a peanut-like shape. The process of cocooning is 
characterized by the spinning speed and periodical reverse changes 
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of larval body direction, and it consists of two phases: first the larvae 
makes a scaffold for the cocoon by spinning small amount of silk, 
then it begins to spin the cocoon, anchored to the scaffolding net 
(Kiyosawa et al., 2004). Silkworms larvae produce silk fibers by their 
spinning glands, which contain the silk proteins in the liquid state 
(Akai et al., 1987). In a normal larva, the gland is divided into three 
regions, two of which are designated to the spinning of the different 
proteins constituting silk fibers: fibroin and sericin. By applying shear 
and elongation stresses on the solution (present at a protein 
concentration up to 30% weight/volume), the silkworm spins through 
the gland spinneret fibroin and sericin, which become solid and 
crystallize together in a unique fiber outside the animal (Jin and 
Kaplan, 2003). In particular, it was observed that a fine structural 
change occurs, when the liquid columnar fibroin in the lumen of silk 
gland passes from the posterior to the anterior silk gland during the 
spinning stage. In the posterior silk gland, the columnar fibroin 
locates in the lumen in spherical masses of fibroin fibers (MFFs). 
These fibers adhere closely together and become homogeneous and 
compact in the anterior silk gland. It was concluded that the cocoon 
filament is composed of oriented elementary fibroin fibers derived 
from MFFs. On the other hand, liquid sericin in the middle silk gland 
is easily crystallized by drying, thanks to its amino acid composition, 
and becomes film of non-oriented crystal conformation (Mondal et al., 
2007).The structure of the final natural fiber consists of two filaments 
of fibroin, accounting for about 75% in weight, surrounded by a 
sericin film (20-25% in weight) that coats fibroin and sticks together 
the folded fiber thus forming the silk cocoon (Fig. 3).  
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Fig. 3 SEM image of silk fiber cross-section (photo courtesy of Rungnapha 
Yamdech, adapted from www.chulapedia.chula.ac.th). 

For any of the different uses of silk, after the harvest and larvae 
removal, cocoons must undergo various treatments. The first one 
generally involves boiling in selected conditions to unravel the 
cocoons, and obtain fibers of natural silk fibroin cleared from the 
sericin coating (Shao and Vollrath, 2002). This step is known as silk 
fibers degumming, and it can be executed under a range of different 
experimental conditions. After this step, fibers mechanical properties 
result only slightly modified if compared with natural sericin-coated 
ones, with tensile strength of about 0.5 GPa, a breaking elongation of 
15%, and toughness (breaking energy) of 6x104 J kg-1 (Wilding and 
Hearle, 1996). Both sericin and fibroin are processed and applied in 
research or in the fabrication of commercial products, but there are 
differences between their chemico-physical properties and amino 
acid composition. Moreover, raw silk and the isolated silk proteins 
have different bioactivity in terms of macrophages response and 
inflammation processes, therefore they have different ranges of 
medical application (Panilaitis et al., 2003; Meinel et al., 2005). 

sericin 

fibroin 
10 µm 
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Sericin is a macromolecule and a globular protein, highly hydrophilic, 
insoluble in cold water and soluble in hot aqueous solutions 
(Aramwit, 2012). The molecular weight (MW) ranges from around 10 
to 300 kDa. Sericin contains 18 different amino acids, most of which 
have polar side chain groups such as hydroxyl, carboxyl, and amino 
groups. In terms of composition, it consists of principally serine 
(32%), aspartic acid (18%), and glycine (16%).  
Regarding its utilization, thanks to its properties and processability, 
sericin was reported to be useful as a coating or blending material for 
natural and artificial polymers, fabrics, gels, membranes, foams, 
fibers, and composite materials for biomedical applications. 
Moreover, sericin can also be used to produce cryopreservatives, 
anticoagulants, and biocompatible materials mainly for wound 
healing applications (Zhang, 2002). 
Like sericin, fibroin is a macromolecular protein. Its properties and 
characteristics are described in detail in the following paragraphs. 

 1.2.2. Fibroin composition and protein 
structure 

Fibroin, the constituent of the core of silk fibers, is a fibrous protein of 
approximately 2.3 MDa (Asakura and Miller, 2014). Its “elementary 
unit” consists of heavy (H) and light (L) chain polypeptides of around 
350 and 25 kDa respectively, linked by a disulfide bond. In addition, 
another 30-kDa polypeptide, a glycoprotein named P25 unit, 
associates with the H and L polypeptides by hydrophobic 
interactions. This P25 fraction has a standard amino acid 
composition and a non-repetitive sequence, playing only a minor role 
in the fiber. By experiments of quantitative enzyme-linked 
immunosorbent assays, it was revealed that the three protein 
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components are present with a molar ratio of 6:6:1 (H:L:P25) in the 
fibroin elementary unit (Inoue et al., 2000). 
The heavy chain is the most determinant component in terms of 
chemico-physical properties conferred to the fibroin fiber, and its 
protein sequence was deduced from that of the genomic DNA (Zhou 
et al., 2000). It consists of 5263 amino acid residues organized in 12 
domains, forming the bulk (around 94%) of the polypeptide H. They 
constitute the crystalline fraction of the fibroin fiber, and are 
considered sequences of “low-complexity”, because their primary 
structure consists of Gly-X repeats, where Gly is glycine and X is  
alanine (Ala) in 65%, serine (Ser) in 23%, or tyrosine (Tyr) in 9% of 
the repeats. Non-repetitive and “amorphous” peptide chains, 
consisting of 151 N-terminal residues, 50 C-terminal residues, and 
linkers of around 40 residues that connect the crystalline domains, 
compose the remainder (Fig. 4) (Zhou et al., 2001). The following 
figure shows the hierarchical structure of a naturally spun silk thread, 
with focuses on the polymorphs (Silk I and Silk II) and secondary 
protein structures (mainly β-sheet) constituting fibroin fibers. 
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Fig. 4 Schematic representation of the SF fiber structure (DeBari and 
Abbott, 2019). With permission of John Wiley and Sons. 

The typical composition of a sample of fibroin is reported in Table 1. 
 

Amino acid Mol % 
Glycine  49.9 
Alanine  27.7 
Serine  7.9 

Tyrosine  5.3 
Valine  2.7 

Isoleucine  1.2 
Aspartic acid  1.0 
Glutamic acid  0.9 

Threonine  0.8 
Phenylalanine  0.8 

Leucine  0.6 
Arginine  0.6 

Table 1 From BIOtech Research Center analyses on Bombyx mori fibroin. 



 13 

The peptide sequence of silk fibroin contributes to the resulting 
structure and function of the fiber. From the table, the prevalence of 
amino acids with -H (glycine) and -CH3 (alanine) side chains is 
evident. The hydrophobic nature of these functional groups and the 
position of the correspondent amino acids along the chain are at the 
base of the secondary structure that fibroin adopts in the different 
passages before and after spinning from the silkworm gland, in its 
natural state (Akai et al., 1987; Kiyosawa et al., 2004). The most 
common secondary structure of fibroin is the anti-parallel β-sheet, 
which consists of amino acid chains organized in a pleated shape, 
with cross-linking hydrogen bonds between adjacent portions of each 
chain (Asakura et al., 2013). Other secondary structures that fibroin 
can form are: α-helix; β-sheet-derived structures, such as β-turns, 
distorted β-sheets, or β-sheets with parallel or alternating Ala-CH3 

residues; random coil (Asakura et al., 2015). The two most common 
protein secondary structures that can be found in fibroin are 
illustrated in Fig. 5. 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5 (a) Ball-and-stick models of the α-helix, showing different aspects of 
its structure: the intrachain hydrogen bonds; the view from one end, looking 
down the longitudinal axis. (b) Layers of antiparallel β sheets rich in Ala and 
Gly residues. With permission of (Nelson et al., 2008). 
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Depending on the nature and amount of the different secondary 
structures combined to form the overall protein “architecture”, 
different polymorphs were defined for fibroin. 
For fibroin in the natural state, the most important polymorph is the 
Silk II (Hu et al., 2006). Silk II is the β-sheet-dominated crystal 
conformation, it is water insoluble and it forms after the spinning of 
silk fibers from the spinneret of the silkworm. In this polymorph, 
portions of crystalline β-sheets are found embedded in an amorphous 
fibroin matrix, formed by other secondary protein structures (Callone 
et al., 2016).  
Then, Silk I is the complex structure dominated by α-helices, existing 
within the silkworm gland just before the spinning. Interestingly, it is a 
soluble polymorph of fibroin, however it is not all in the random coil 
structure (i.e. the typical disordered conformation adopted by proteins 
in solution): in fact, it was demonstrated by thermodynamic studies 
that a direct transition from random coil to β-sheet, during the 
spinning process of the fibers, would not be possible (Asakura et al., 
2015). Silk I is still not completely clear, but it is reasonably 
considered as a semi-ordered structure that guides the formation of 
the solid fibers from the liquid state of the glands (Jin and Kaplan, 
2003). 
These two polymorphic phases described for native fibroin, together 
with other additional conformations, can be also found for 
regenerated fibroin materials (Lawrence et al., 2008).  

 1.2.3. Preparation, properties and processing 
of regenerated fibroin 

After sericin removal through degumming, by using a combination of 
solvents, salts, temperature and time conditions, fibroin fibers can be 
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dissolved into clear and homogeneous solutions (Aznar-Cervantes et 
al., 2013). In these solutions, fibroin undergoes denaturation, 
because it completely loses its secondary protein structure and 
adopts a random coil conformation: in this state, fibroin is typically 
termed regenerated fibroin. Common examples of solutions used to 
dissolve fibroin fibers are: the Ajisawa’s reagent 
(CaCl2/ethanol/water, 111/92/144 in weight, used at 75 °C); lithium 
thiocyanate (LiSCN) solution around 9 M at room temperature; N-
methylmorpholine N-oxide; lithium bromide solution 9.3 M at around 
60 °C; different ionic liquids (Yamada et al., 2001; Phillips et al., 
2004; Cho et al., 2012). A purification step, usually concerning a 
dialysis process, is then executed in order to remove from fibroin any 
trace of solvents, salts and ions. 
Regenerated fibroin solutions are thermodynamically unstable and, in 
periods of time going from few days up to around two weeks, tend to 
spontaneously convert towards more ordered phases generally 
dominated by β-sheets structures. Different techniques, such as 
sonication, heating, application of electric fields, and vortex shearing, 
can be used to accelerate and guide self-assembly of fibroin chains 
in solution to form β-sheet crystals (Rockwood et al., 2011b). These 
physical stimuli can provide sufficient energy to fibroin solutions to 
alter the protein hydrophobic interactions. They induce, as 
consequences, physical entanglements and hydrogen bonding 
between hydrophobic domains, and the sol-gel transition of the 
material (Matsumoto et al., 2006). Moreover, the acquisition of a 
structural conformation by the protein chains is also driven by other 
various factors, such as: fibroin concentration in the solution; 
environmental factors (temperature, pressure, humidity, pH); 
processing treatment on fibroin solutions (e.g., solution casting, 
foaming, mixing with porogens, chemical reactions, blending with 
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other polymers, etc.); post-processing treatment on solid fibroin 
materials (e.g., incubation of fibroin material in alcohols solutions, 
exposition to vapour, sterilization, etc.). Polymorphic phases similar 
to the Silk I or Silk II, or a combination of them, can be found in 
regenerated fibroin materials, i.e. materials formed starting from 
regenerated fibroin solutions. Recently, another polymorphic 
crystalline phase was discovered, and termed Silk III: it typically 
forms at the air-water interface of thin fibroin cast films, and consists 
of an insoluble structure of distorted three-fold helices and sheet-like 
structures (Valluzzi et al., 1999). In  
, the structural changes induced on fibroin cast films by two common 
treatments (i.e., water-annealing by setting in a water-filled desiccator 
at 0,8 atm vacuum for 5 h, and steam sterilization at T = 121 °C and 
P = 1 atm for 25 minutes) are illustrated (Lawrence et al., 2008). In 
particular, the bottom left picture represents the structure of a cast 
film, with semi-ordered Silk I polymorph. On the top right corner, the 
Silk II-like polymorph, obtained by treating the cast film and with the 
highest % of β-sheet structure, is depicted. 
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It is now clear the most interesting peculiarity of fibroin: depending on 
the “history”, regenerated materials display specific and complex 
molecular and supra-molecular structure, hierarchical organization, 
and ability to self-assemble. As a consequence of processing, 
changes in conformation, at any dimensional level, result in variation 
in water content, crystalline domain extension, mechanical properties 
as well as bioactivity and biological behaviour of the resulting 
material (Kim et al., 2005; Motta et al., 2009; Lin et al., 2013; Qi et 
al., 2017).  
Degradability is also affected by silk fibroin inter- and supramolecular 
structure. Indeed, fibroin materials are stable or degradable, 
depending on the specific conformation. In general, the amount of 
beta sheet structure influences the degradation rate, which is lower 

Fig. 6 Schematic diagram illustrating fibroin secondary structural changes 
exhibited during water-annealing and steam sterilization processing. 
Adapted from (Lawrence et al., 2008). With permission of Springer Nature. 
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for a high percentage of crystalline structure (Liu et al., 2015). In fact, 
native fibroin fibers can be considered almost non-degradable, while 
degradation of regenerated fibers is slow but present.  
For this reason, it is fundamental to investigate by different 
techniques the sensitivity of fibroin conformations to synthesis, 
processing or environment. Changes in fibroin secondary structure or 
interactions at the intermolecular level between protein chains 
particularly affect the position and shape of the Nuclear Magnetic 
resonances (NMR) and the infrared and Raman spectra peaks. 
These spectrometry techniques, which can be matched with 
complementary analyses performed, for example, by calorimetry or 
X-ray diffraction are typically exploited for two purposes: to identify 
the structures of fibroin materials; to quantify the contents of the 
different structures detected (Jin et al., 2005; Callone et al., 2016). 
The use of these techniques to study fibroin conformation is 
explained in the experimental part of this dissertation. 

 1.2.4. Regenerated fibroin materials 

Fibroin solutions can be processed into a variety of solid constructs, 
for different applications, especially in the biomedical field. In this 
paragraph, some examples of fibroin materials and techniques for 
their preparation are briefly presented. SF films can be produced by 
casting fibroin aqueous, acid, and ionic solutions (Phillips et al., 2005; 
Gupta et al., 2007; Bucciarelli et al., 2017). Manual or spin-assisted 
deposition techniques have been used to produce films of various 
thickness (Lu et al., 2010). Since the stability of the as-cast films is 
low, techniques such as water annealing, controlled drying and 
alcohol immersion have been employed. 
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Silk hydrogels are formed through the sol-gel transition of aqueous 
silk fibroin solution in the presence of acids, dehydrating agents, 
under sonication or lyophilization (Motta et al., 2004). Silk fibroin 
mats were prepared by electrospinning from silk fibroin solution 
(Pignatelli et al., 2018). Porous silk scaffolds have been prepared by 
freeze-drying, porogen leaching, and solid freeform fabrication 
techniques like gas foaming (Rockwood et al., 2011b; Maniglio et al., 
2018). Silk micro- and nanopowders have been produced from silk 
solution by freeze drying and grinding, spray drying, self-assembly 
(Zhang et al., 2007; Wenk et al., 2008). Milling silk fibers is an 
alternative approach to produce silk particles directly from fibers 
without the use of chemicals (Rajkhowa et al., 2010). 

 1.2.5. Chemical modifications of fibroin  

The majority of fibroin is composed of the non-reactive amino acids 
glycine and alanine (Geddes et al., 1969). However, fibroin contains 
significant quantities of residues with functional groups that can be 
modified with known chemistries (Murphy and Kaplan, 2009). These 
residues are: 

- serine (R = CH2OH);  
- tyrosine (R = CH2PhOH); 
- aspartic (R = CH2COO-) and glutamic acid (R = 

CH2CH2COO-);  
- threonine (R = CHOHCH3). 

Chemical reactions can be carried out on fibroin in solution or on 
formed solid fibroin materials, depending on the type of chemistry 
and reagents used, and on the characteristics required for the final 
potential application of the silk product. 
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In general, chemical modifications of silk fibroin involving the 
formation of covalent bonds can be performed with these main 
objectives: 

- to induce fibroin chains chemical crosslinking (Kim et al., 
2018); 

- to make fibroin chains more reactive towards successive 
modifications or physical stimuli (e.g., light radiation for 
photocrosslinkable fibroin) (Applegate et al., 2016); 

- to link to fibroin chains molecules or macromolecules, such 
as sugars and synthetic polymers, which can enhance 
specific chemico-physical properties (e.g., mechanical, 
optical and surface properties) (Wenk et al., 2010); 

- to link to fibroin chains biomolecules or biomacromolecules 
(e.g., proteins, growth factors, glycosaminoglycans, 
extracellular matrix proteins) that can give specific 
bioactivities to fibroin and guide its biological response in 
biomedical applications (Font Tellado et al., 2017). 

Several recent interesting researches focusing on fibroin chemical 
modification by different strategies have been published. 
In this context, one of the most appreciated, simple and adopted 
strategies to modify fibroin, both in solution and in the solid state, is 
the use of crosslinkers for protein conjugation, such as N-
hydroxysuccinimide (NHS) esters and carbodiimides (e.g., EDC 
hydrochloride). These reactions typically target the carboxyl groups 
of aspartic and glutamic acids. The surface of silk fibroin membranes 
was modified by binding chemically the GRGDSPC peptide, a well-
known sequence recognized by cell integrins, using a water-soluble 
carbodiimide (Bray et al., 2013). Fibroin solution with covalently 
bound RGD sequences was also fabricated into scaffolds, to assess 
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the effects of enhanced cell attachment and biodegradation (Meinel 
et al., 2004). 
Fibroin tyrosine residues were exploited in different reactions, thanks 
to their relative abundance and ease of modification. For example, 
diazonium coupling was performed on silk in different phases. These 
reactions involve an electrophilic aromatic substitution between the 
tyrosine side chains and a diazonium salt, resulting in an azobenzene 
derivative that can carry a variety of functional groups, depending on 
the nature of the starting reagents (Murphy et al., 2008). To 
demonstrate the relevance of this approach to medical applications, 
various commercial biological molecules, such as biotin and 
fibroblast growth factor 2 (FGF-2), were conjugated to fibroin 
previously modified by diazonium coupling reaction (Wenk et al., 
2010; Raynal et al., 2018).  
Recently, other successful chemical modifications of fibroin were 
obtained by using horseradish peroxidase (HRP). HRP is an enzyme 
with a wide substrate specificity that catalyzes the oxidation of 
phenolic residues into radical species in the presence of hydrogen 
peroxide. HRP was either used to induce gelation by intermolecularly 
crosslinking fibroin chains, or to conjugate molecules and polymers to 
fibroin tyrosine residues (Partlow et al., 2014; Simmons et al., 2016). 
The cases cited here are only few examples of the many studies 
conducted on fibroin chemical modification and had a relevant impact 
on the design of some of the experiments conducted during my 
research.  

1.3. Silk fibroin as a biomaterial 

Silk fibroin is a biopolymer and a biomaterial. As a protein and a 
nature derived material, fibroin can be defined as a biopolymer.  
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Thanks to the biocompatibility demonstrated in various applications, 
fibroin can be also classified as a biomaterial, i.e. a source for the 
preparation of materials with biomedical applications (Minoura et al., 
1990; Motta et al., 2013). This fundamental peculiarity of SF is 
examined in the following chapter. 

 1.3.1. Biocompatibility of fibroin materials 

Since the first reported cases of implantations of materials in the 
human body for therapeutic applications, the concept of 
biocompatibility has evolved, in parallel with the development of new 
biomedical devices materials and with their diffusion in the medical 
field. About the definition of biocompatibility given by Williams in 1987 
(“it is the ability of a material to perform with an appropriate host 
response in a specific application”), Ratner objected that it offers no 
insights into its mechanisms, how to test, optimize or enhance the 
biocompatibility of a material (Williams, 1987). For these reasons, 
Ratner recently proposed the following definition: “biocompatibility is 
the ability of materials to locally trigger and guide normal wound 
healing, reconstruction and tissue integration” (Ratner, 2015). In this 
paragraph, the different aspects that lead to the assessment of fibroin 
biocompatibility are investigated. 
Many cells, including bone cells progenitors, are anchorage-
dependent cells, namely they require a matrix to adhere to in order to 
develop their specific phenotypic characteristics. Cell-matrix 
interactions are essential for a variety of cell events including 
morphological changes, spreading, proliferation and differentiation. 
For these reasons, it is fundamental to study the cell interactions of 
materials designed and fabricated for medical uses that will be 
implanted in human body. Typically, this is one of the first steps 
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accomplished while assessing the bioactivity of materials, which is 
the ability to integrate with biological molecules or cells and 
regenerate tissues. The bioactivity of fibroin materials was deeply 
investigated in vitro and in vivo. The pioneering studies of Minoura 
and collaborators firstly showed strong cell attachment on fibroin 
matrices (Minoura et al., 1995). Successively, another Japanese 
research identified in the two peptides VITTDSDGNE and 
NINDFDED the bioactive amino acid portions of fibroin chains 
(Yamada et al., 2004). Electrospun silk fibroin mats supported 
extensive human bone marrow stromal cells (hBMSC) proliferation 
and matrix coverage, over 14 days of incubation in vitro. (Jin et al., 
2004). In general, cell adherence to silk surfaces has been reported 
to be strongly related to the cell phenotype, the primary structure of 
the protein (and consequently the secondary and tertiary structures), 
the processing conditions and the chemico-physical treatments (Leal-
Egaña and Scheibel, 2010). For these reasons, many efforts were 
devoted to the research on strategies for fibroin processing and 
modification with the goal of enhancing or modulating cell adhesion.  
In various attempts to study the biological response to silk materials, 
it was shown that silk fibroin, after proper extraction of sericin, was 
non-immunogenic. Toxicity, which can be quantified by measuring 
leached compounds, vascularity and cytokines in cell cultures, was 
generally negligible for silk fibroin materials. Exposition to different 
SF preparations did not induce a consistent response in 
macrophages cultured in vitro. In fact, minimum levels of pro-
inflammatory factors (specifically, TNF or tumour necrosis factor) 
were detected (Panilaitis et al., 2003). Fini et al. studied the 
biocompatibility of SF hydrogels and observed the absence of pro-
inflammatory effects due to the biomaterial extract in vitro. After 
implantation in rabbits, they could confirm that neither in vivo the 
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fibroin hydrogels could evoke inflammation or foreign body reaction, 
in the surrounding bone tissue (Fini et al., 2005).  
Biodegradability is one of the properties required to materials 
designed to promote the regeneration and reconstruction of human 
organs (Ghalia and Dahman, 2016). According to the U.S. 
Pharmacopeia an absorbable or biodegradable biomaterial is a 
material that “loses most of its tensile strength within 60 days” post-
implantation in vivo (U.S. Pharmacopeia). According to this definition, 
fibroin is correctly classified as non-degradable, since in vivo, in 
general, silk is slowly absorbed (Altman et al., 2003). However, silk 
fibroin is degradable, via both enzymatic (biodegradation) and non-
enzymatic (hydrolysis) processes (Wang et al., 2008). Several 
studies have been performed to evaluate the biodegradability of 
films, fibers and porous sponges. To this purpose, different 
proteolytic enzymes have been used in in vitro experiments, including 
chymotrypsin, which is produced by macrophages during an 
inflammatory response. Regarding in vivo studies, it was shown that 
fibroin is degradable but over long time periods, due to proteolytic 
degradation (Cao and Wang, 2009; Liu et al., 2015). The rate of 
degradation depends on many factors, generally related to structural 
and morphological features (e.g. crystallinity, porosity and MW) 
induced mainly by the processing conditions, as well as 
characteristics of the biological environment at the implantation site, 
mainly in terms of mechanical and chemical stresses. The final 
wastes of SF are the corresponding amino acids, which are non-toxic 
and easily absorbed in vivo.  
In summary, SF, thanks to its chemical composition and structure, 
has been shown to exhibit a good biocompatibility, at least 
comparable to commonly used biomaterials. SF has been proven to 
be a promising material for biomedical applications, and particularly 
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for the fabrication of scaffolds for tissue engineering, as discussed in 
the following paragraphs. 

 1.3.2. Fibroin-based systems for TERM 

Tissue engineering (TE) and regenerative medicine (RM) can be 
considered innovative biomedical approaches to the treatment of a 
range of human diseases (Blitterswijk and Boer, 2015). The aim is 
therefore the regeneration of structures in the organism, which have 
been compromised by traumas and/or pathologies, by implanting in 
the damaged site new tissue artificially produced or biocompatible 
constructs able to support the tissue formation in vivo (Chan and 
Leong, 2008). In many successful TE approaches, a scaffold made of 
a biocompatible material has been used as support to produce and 
grow the new functional tissue (O’Brien, 2011). A scaffold is a three-
dimensional structure able to guide tissue development, eventually 
combined with a cell source able to regenerate the tissue (Motta et 
al., 2013). From the various attempts to create an optimal substrate 
for cell guidance and tissue formation, a crucial evidence was the 
importance to mimic the natural cell environment (Zhang et al., 
2012b). In all tissues, cells exist within a 3D viscoelastic and fibrillar 
matrix, the ECM, with multiple roles (Yi et al., 2017). ECM is 
synthesized by cells and provides not only the structural and 
mechanical properties of tissues but also the regulation of cell 
behaviour through chemical and physical signalling. Accordingly, 
extensive efforts were dedicated to the design of systems inspired by 
the natural cell microenvironment (Wu et al., 2014). Scaffolds and 
other cell substrates for TE need to offer appropriate surface 
morphology and chemistry, mechanical properties, and degradation 
time, in order to promote the development of the selected cells. Also, 
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the influence of scaffold structure on the transport of nutrients and 
cell metabolic wastes has to be considered, usually by regulating the 
porosity with specific size and distribution (Kuboyama et al., 2013). 
Many materials can be used for scaffolds production, and silk fibroin 
is one of the most promising ones. Silk fibroin offers versatility in 
matrix scaffold design with mechanical performance and biological 
interactions that can fit for a variety of tissue engineering needs, such 
as reconstruction of bone, ligaments and tendons, blood vessels, 
epithelium and cartilage (Vepari and Kaplan, 2007). In fact, as 
previously described, SF can be dissolved, and its solutions can be 
processed by different tunable strategies into solid constructs. 
Hydrogels, sponges, fibers, particles, microspheres, powders, tubes, 
membranes and films, and electro-spun fiber mats have been 
prepared from such solutions (Fig. 7) (Unger et al., 2004; Stoppato et 
al., 2013). For example, the surface properties of fibroin films were 
exploited to guide and enhance cell growth (Cai et al., 2017). The 
mechanical properties of silk hydrogels, obtained by sonication after 
incorporation of cell suspension into SF solution, have been found to 
be suitable for the preparation of scaffolds for cartilage regeneration 
(Chao et al., 2010). In another study, in vivo, SF hydrogel healed a 
critical size defect in the trabecular bone of rabbits. The result was 
comparable with that obtained with the synthetic polymeric control 
gel, but, in case of SF, the hydrogel improved bone remodelling and 
growth (Fini et al., 2005). Electrospun silk nanofiber mats, that have 
large surface areas with porous structures, are useful for cell 
seeding. Three-dimensional constructs of silk nanofibers have been 
used as blood vessel grafts and nerve guides (Zhang et al., 2009). 
Such regenerated fibers have important advantages over native silk 
fibers: their morphology and properties can be tuned according to the 
application, and biomolecules can be incorporated during the silk 
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solution regeneration step. Silk fibroin nets pre-seeded with cell co-
culture were implanted in mice and the results showed that they 
stimulated the host capillaries to rapidly grow into the scaffold, which 
was vascularized in two weeks of in vivo experiment (Unger et al., 
2010). Porous 3D sponges can closely mimic the in vivo 
physiological cell microenvironment, therefore are ideal structures for 
tissue engineering scaffolds. Salt leached 3D silk scaffolds have 
been commonly used in bone and cartilage engineering applications, 
because they guarantee good control over the porosity and pore size 
(Meinel et al., 2004; Kim et al., 2005). In addition, SF materials have 
been designed and fabricated for drug delivery applications. SF films 
and fibroin hydrogels have been studied as release vehicles for drug 
delivery systems (Coburn et al., 2015). Regenerated silk powders are 
used for drug carrier applications, and, secondly, for reinforcing 
scaffolds to improve mechanical properties and cellular processes 
(Rockwood et al., 2011). Some of these constructs can be visualized 
in Fig. 7. 
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Fig. 7 Electron microscope pictures of constructs that can be obtained by 
processing SF solutions with different strategies: (A) SF hydrogel (Motta et 
al., 2004); (B) SF porous membrane (Cai et al., 2017); (C) non-woven SF 
fibers scaffold (Zhang et al., 2009); (D) SF particles obtained by milling 
process (Rajkhowa et al., 2010). 

Finally, an important aspect to consider when designing a scaffold or 
a system with medical applications is the type of process that can be 
used for its sterilization before usage (implantation, administration, 
injection). Different sterilization methods (e.g., autoclaving, ethylene 
oxide gas, gamma-irradiation, UV-irradiation, and ethanol treatments) 
can be selected for fibroin materials (Gil et al., 2014). Since these 
techniques can influence the secondary structure, crystal size, and 
supramolecular features of silk fibroin, they can also have some 
effects on the degradation rate and mechanical properties, and 
should be always evaluated (Gil et al., 2014). 
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 1.3.3. Fibroin-based commercial products for 
biomedical applications 

In recent years, from the translational point of view, only few silk 
fibroin-based medical products have obtained regulatory approval for 
clinical use in the world. This aspect of the biomedical silk topic is 
reviewed and discussed in detail in the very recent manuscript 
published by Holland et al., and is briefly reported here with some of 
the most relevant example of commercial silk-based products 
(Holland et al., 2019). One of them is SERI® Surgical Scaffold 
(Sofregen Medical Inc., Medford, MA, U.S.; approved by the U.S. 
FDA). SERI® is a knitted silk mesh intended for tissue support and 
repair in breast reconstruction. In China, HQ® Matrix Medical Wound 
Dressing and Sidaiyi® wound dressing (Suzhou Soho Biomaterial 
Science and Technology Co., Ltd, Suzhou, China) were approved by 
the China Food and Drug Administration (CFDA), and both of the 
products underwent clinical trials approved by the NIH, specifically by 
the U.S. Department of Health and Human Services. Tympasil 
(Daewoong-Bio, Seoul, Korea), a silk fibroin patch used as a 
tympanic membrane, was approved by the Ministry of Food and Drug 
Safety of South Korea. 

1.4. Bone tissue engineering 

All the three systems described in the experimental section of this 
manuscript rely on the use of silk fibroin as starting and main 
component for their fabrication. Considering the chemico-physical, 
structural and morphological features of these fibroin devices, and 
considering the well reported biological outcomes of the potential 
therapeutic agents (the H2S donor morpholin-4-ium 4-
methoxyphenyl-morpholino-phosphinodithioate, the inorganic phase 
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beta-tricalcium phosphate, and the neuropeptide substance P, 
respectively) (Ng et al., 2008; Leal et al., 2015; Grassi et al., 2016) 
combined with fibroin, these systems could be reasonably considered 
for application in bone tissue engineering and regeneration. For this 
reason, in this paragraph, bone biology is introduced along with the 
description of tissue-engineering approaches as treatments for 
orthopaedic defects. 

 1.4.1. Characteristics of bone, a highly 
dynamic tissue 

Bone is the connective tissue that provides an internal support 
system in higher vertebrates (Bilezikian et al., 2008). Similarly to 
other organs in the body, bone tissue has a hierarchical organization 
that moves from the macro-scale to the nanostructured components 
of the ECM. Different loading conditions influence the development of 
distinct bones with specific shapes, mechanical properties, and 
location in the body. Bone tissue itself is arranged in a compact 
pattern (cortical bone) or a trabecular and porous pattern (cancellous 
or spongy bone). Cortical bone is composed of densely packed 
collagen fibrils forming concentric lamellae. In contrast, cancellous 
bone has a loosely organized, porous matrix and provides metabolic 
functions. The pores are filled with bone marrow or fat. The 
morphology is characterized by a 50-90% porosity with pore sizes in 
the order of 1 mm in diameter, and cortical bone surrounding it 
(Cooper et al., 2004; Morgan et al., 2013).  
The composition of bone tissue is approximately 35% organic and 
65% inorganic. The organic ECM of bone consists of a complex self-
assembly of collagens (around 95% of the organic ECM), mainly of 
type I, which is a fibrillar collagen essential for bone strength. Other 



 31 

macromolecules are osteocalcin, osteopontin, osteonectin, bone 
sialoprotein, hyaluronic acids and proteoglycans (Bilezikian et al., 
2008). The inorganic mineral phase consists of crystalline salts 
deposited in the organic matrix by specific cell metabolic processes. 
They are primarily calcium (Ca) and phosphate in the form of 
hydroxyapatite (HA), and other inorganic salts (Yan et al., 2012). The 
mineral content confers rigidity and strength to the skeleton while still 
maintaining some elasticity. Moreover, it makes bone the major 
source of inorganic ions thus participating actively in the calcium 
homeostasis of the whole body. Regarding the cell population, bone 
is composed of four different cell types: osteoblasts; osteoclasts and 
bone lining cells, distributed on bone surfaces; osteocytes populating 
the mineralized internal matrix (Fig. 8). 

Osteoclasts originate from the fusion of mononuclear precursors, 
deriving from the various hematopoietic tissues, while osteoblasts, 
osteocytes, and bone-lining cells originate from local osteoprogenitor 
cells, the mesenchymal stem cells (MSCs), located in the bone 
marrow (Bilezikian et al., 2008). Osteoblasts are fully differentiated 

Fig. 8 Type and location of bone cells (Marks and Popoff, 1988). With 
permission of John Wiley and Sons. 
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cells that produce the bone matrix, by secreting type I collagen and 
the other non-collagenous proteins. Osteoblasts regulate the 
mineralization of bone matrix, and collagen is the template for its 
initiation and propagation (Marks and Popoff, 1988).  
Bone lining cells are flat, elongated, inactive cells that cover bone 
surfaces that are undergoing neither bone formation nor resorption. 
Even if little is known regarding the function of these cells, they could 
be precursors for osteoblasts (Marks and Popoff, 1988). 
Osteoclasts are large cells that resorb bone. Their membranes 
possess two specific activities: bone resorption that takes place in the 
ruffled membrane area, and attachment of the osteoclast to the 
underlying bone matrix.  
Osteocytes are the mature osteoblasts located within the bone 
matrix. Since deposition of mineral makes the matrix impermeable, 
osteocytes are responsible to ensure cell metabolic processes by 
establishing numerous cytoplasmic connections (filopodia) with 
adjacent cells, internal and external surfaces of bone, and with the 
blood vessels traversing the matrix. Osteocytes have also the 
capacity both to synthesize and to resorb matrix, even if to a limited 
extent (Marks and Popoff, 1988).  
Thanks to cell activities, bone tissue undergoes a continuous renewal 
in a delicate equilibrium of processes between synthesis and 
degradation of the extracellular matrix. In fact, bone is considered a 
dynamic tissue and it possesses a high regenerative capacity. It is 
continually remodelled during formation and resorption processes 
operated by the interactive activity of osteoblasts and osteoclasts, as 
an adaption to different stimuli such as mechanical loads, 
biochemical regulatory factors, and other environmental parameters. 
In particular, in bone remodelling processes, mineral homeostasis is 
fundamental. There are various elements that are relevant for bone 
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formation. As anticipated, the most abundant is calcium, followed by 
magnesium (Mg), silicon (Si), and others (such as Al, B, etc.).  
More than 99% of body calcium is stored in bone and teeth. The 
reservoir functions of bone are highly dynamic and modulate, on a 
moment-to-moment basis, the balance between new bone formation 
and old bone resorption (Bilezikian et al., 2008). Calcium functionality 
in human body is very broad; in fact, all cells have regulatory systems 
(based on ion channels) used to balance calcium ions (Ca2+) 
concentration between the cell interior and the extracellular fluid 
surrounding the cell. These systems permit cells to use calcium as a 
versatile signalling substance throughout the body. Recently, it was 
discovered that a key player in Ca2+ homeostasis in bone is hydrogen 
sulfide (Liu et al., 2014). This is one of the central topics of this 
dissertation and is deeply discussed in the Chapter 3. 
Mg influences the formation and activity of hormones that regulate 
skeletal homeostasis. Mg can also directly affect bone cell function, 
and influences hydroxyapatite crystal formation and growth. Mg 
supplement has generally led to an increase in bone mineral density 
and bone mass in osteoporotic patients, and Mg-based alloys were 
successfully used as bone scaffolds (Witte et al., 2007). 
Si is considered as an essential element for healthy bone and 
vascular development. It holds many functions in bone tissue: it may 
acts as a primary nucleation centre for apatite formation; silicon-
substituted calcium phosphates are very effective in bone formation; 
the presence of silicon improves collagen and proteoglycans 
synthesis, which are critical point the structural integrity and 
mechanical strength of the tissue (Jugdaohsingh, 2007; Bilezikian et 
al., 2008). In in vitro and in vivo experiments, administration of Si ions 
from exogenous sources have been verified to stimulate the 
osteogenic differentiation of human bone marrow stromal cells and 
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enhance the pro-angiogenesis of endothelial cells (Li et al., 2017). 
Bioactive glasses and other Si-based materials have shown 
osteoconductive and osteoinductive properties, and are used to 
fabricate bone implants and implant coatings (Carlomagno et al., 
2018; Le et al., 2018).  

 1.4.2. Tissue engineering for bone repair 

In case of injury, bone healing generally occurs without the need for 
major intervention, especially in younger people. Despite this, serious 
events like large bone tumour resections or non-union fractures may 
compromise a complete regeneration of the tissue and require 
surgical operations (Einhorn and Gerstenfeld, 2015). The gold 
standard approach is the treatment with autografts (transplantation of 
tissue harvested from the same patient), but their short supply and 
the risks connected with the harvest generated the need to adopt 
alternative strategies (Cypher and Grossman, 1996). 
For multiple clinical reasons, a bone tissue-engineering approach can 
be considered an excellent alternative solution to traditional 
treatments for orthopaedic defects. For example, the need for better 
filler materials for bone reconstruction, and the need for implants with 
suitable mechanical properties in relation with their biological 
environment. 
Bone TE relies on the knowledge of bone structure, composition, 
mechanics and tissue formation (Melke et al., 2016). Guiding stem 
cells along the osteogenic lineage is a critical step in bone 
regeneration and it is well known that the ECM plays a main role in 
regulating the stem cell fate. MSCs recruitment, adhesion and 
differentiation also play an important role in the repair of bone 
fractures. ECM is extremely important because it supports cells and 
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helps in immobilizing signalling biomolecules, such as growth factors 
and cytokines, which guide MSCs differentiation. As stated before, 
the major components of human bone ECM are collagen type I and 
inorganic hydroxyapatite, with small amounts of other 
macromolecules. 
In the case of bone, tissue engineered scaffolds materials should 
preferably be osteoinductive (capable of promoting the differentiation 
of progenitor cells down an osteoblastic lineage), osteoconductive 
(able to support bone growth and encourage the ingrowth of 
surrounding bone), and thus capable of osseointegration (Stevens, 
2008). In other words, bone scaffolds should be matrices with high 
porosity and interconnectivity, to allow cell ingrowth and distribution, 
facilitate the neovascularization of the construct from the surrounding 
tissue, and permit diffusion of nutrients and gases and removal of 
metabolic waste (Hutmacher, 2000). Moreover, surface properties 
(chemical and topographical) should promote cell functions 
(adhesion, proliferation and differentiation), and scaffold mechanical 
strength should withstand the natural hydrostatic pressures and 
maintain the spaces required for cell ingrowth and matrix production 
(Salgado et al., 2004). Degradation rate must be tuned appropriately 
with the growth time of the new tissue. These characteristics might 
make the scaffold biomimetic, i.e., able to provide an environment 
supportive for bone formation and elicit specific cell responses.  
Fibroin constructs, produced by different strategies and in different 
morphologies, demonstrated great biocompatibility as biomaterials 
(scaffolds, 2D-constructs, particles, drug delivery systems) for bone 
tissue engineering, thanks to all the featured properties described 
previously. In particular, 3D-porous systems were shown to have the 
ability to enhance cell attachment, proliferation and migration, good 
biodegradability properties, and suitable morphology, in terms of 
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quality and degree of porosity, to serve as scaffolds for bone 
regeneration (Correia et al., 2012). In different experiments, SF 
scaffolds were shown to be osteoconductive, by promoting in vitro 
osteogenesis in a range of bone-related cell types (Karageorgiou and 
Kaplan, 2005; Fuchs et al., 2009; Ghanaati et al., 2011; Li et al., 
2014), and supporting the formation of new bone tissue when 
implanted in vivo (Maraldi et al., 2011; Riccio et al., 2011). In 
addition, thanks to the stability and the flexibility of these materials, 
various modifications of SF scaffolds have been generated with 
chemical, structural and biological innovations. SF scaffolds were 
also successfully combined with various bioactive agents, growth 
factors, and inorganic materials containing Ca, Si or Mg (Mouriño and 
Boccaccini, 2010; Wenk et al., 2011; Le et al., 2018), with the final 
goal of enhancing the osteoinductive properties and the regenerative 
potentials.  
Considering the increasing demand of specialized therapies and the 
potentialities of silk fibroin-based systems, more and more medical 
strategies based on the use of this biomaterial to fabricate scaffolds 
and drug delivery systems are expected to emerge in the next years. 
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Chapter II. Rationale, aims and 
design of the research activity 

The wide processability of fibroin solutions and the biocompatibility of 
the fibroin-based systems obtained for a range of biomedical 
applications have been demonstrated and are still under investigation 
in many studies conducted in different laboratories all around the 
world. 
In the biomedical field, the functional material fabricated starting from 
fibroin protein generally consist of a scaffold, if it is designed to 
function as a support for cell adhesion and tissue growth, or in a drug 
delivery system, when the scope is the encapsulation of bioactive 
compounds for the controlled delivery and release in body tissues. 
For some advanced applications, these two approaches are 
combined in a unique system with multiple biomedical functions.  
The goal of this PhD work is to prove that regenerated fibroin can 
function as a flexible platform to produce multifunctional systems for 
bone tissue regeneration application. Moreover, this dissertation aims 
to demonstrate that different chemico-physical and engineering 
approaches can be adopted to fabricate fibroin materials, and to 
provide them with additional tunable properties and functionalities. 
In particular, with the increasing knowledge of the roles that different 
bioactive molecules and inorganic materials play in specific bone 
pathologies and/or injuries, researchers are now focusing on 
designing biomaterials to actively control the metabolism of cells of 
different phenotypes and promote healing outcomes. In the context of 
this dissertation, which focuses on bone tissue engineering, 
compounds with a specific bioactivity versus bone derived cells and 
cells of the immune system were considered. 
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To address the goals of this work, the experimental activity has been 
divided in three main research lines, schematically represented in 
Fig. 9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The research activities consisted of: 

1) Preparation and characterization of fibroin porous scaffolds 
loaded with the hydrogen sulfide donor GYY4137. The 
production of salt-leached fibroin scaffolds was optimized, in 
order to obtain highly porous matrices. Then, a strategy to 
combine the scaffolds with GYY4137 was designed and 
applied in order to obtain a controlled loading process of the 
matrices and a successive sustained release of H2S upon 
incubation in liquid media. The scaffolds were tested in in 

TUNABLE FIBROIN (SF) PLATFORM: TISSUE 
ENGINEERING STRATEGIES FOR BONE HEALING  

Ø  SF processing method 
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Fig. 9 Schematic representation of the organization of the research activities 
described in this dissertation. The chapter where each research line is 
described is indicated. 
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vitro experiments with an osteogenic 3D culture in dynamic 
conditions, to evaluate their ability to sustain cell adhesion, 
proliferation and viability, and to induce cell differentiation 
and bone formation. This study was supported by the grant 
“Ricerca Finalizzata” awarded by the Italian Ministry of 
Health to the coordinator Doctor Francesco Grassi (number 
and title of the project: RF PE-2011-02348395; “Novel 
approach for bone regeneration and repair using sulphur 
donor-based therapy”). 

2) Design and fabrication of a new composite system based on 
calcium phosphate and silk fibroin that could be potentially 
exploited in bone tissue engineering applications. Thanks to 
its excellent osteoconductive and osteointegrative 
properties, β-tricalcium phosphate (β-TCP) is an effective 
inorganic filler to treat small bone defects already applied in 
clinics. β-TCP commercially occurs as a fine powder, which 
can be difficult to measure and manipulate. A good strategy 
to work with β-TCP and to implant it into bone defects is the 
dispersion of its powder into polymer solutions that can be 
formed into different shapes, typically micro/millimetric 
beads. By combining in solution SF and alginate (ALG), the 
ability of ALG to easily gel when contacted with Ca2+ ions 
was exploited to form SF-based beads, with an easy, low-
cost, organic solvent-free. SF/ALG/β-TCP beads were 
prepared and characterized, in order to obtain a 
biocompatible and effective system for the implantation of β-
TCP into bone defects. This work was funded by “REMIX” 
Project, G.A. 778078 H2020-MSCA-RISE-2017. 

3) Preliminary studies on strategies for the treatment of 
inflammation induced by the implantation of a scaffold. Silk 
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fibroin films combined with the neuropeptide substance P 
(SP) were used as models to study conjugation and release 
mechanisms of SP with SF and investigate the possibility of 
fabricating a multifunctional material able to modulate 
inflammation processes. 
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Chapter III. Silk fibroin scaffolds 
loaded with a H2S-donor as a novel 

therapeutic approach for bone 
regeneration 

Part of this chapter has been published in: 

 
Rosasilvia Raggio, Walter Bonani, Emanuela Callone, Sandra Dirè, Laura 

Gambari, Francesco Grassi, and Antonella Motta 
Silk Fibroin Porous Scaffolds Loaded with a Slow-Releasing Hydrogen 

Sulfide Agent (GYY4137) for Applications of Tissue Engineering 
ACS Biomaterials Science & Engineering 4 (2018) 2956-2966 

3.1. Introduction 

 3.1.1. Hydrogen sulfide in bone homeostasis 

Hydrogen sulfide (H2S) is a colourless gaseous compound under 
ambient temperature and pressure. It is a weak acid, water soluble 
(solubility of around 80 mM at 37°C), and exists in solution as an 
equilibrium between the gas and two aqueous species: 
H2S(g) ⇌ H2S(aq) ⇌ HS- + H+ ⇌ S2- + H+ 
The pKa values for the first and second dissociation steps are 7.0 
and >12.0, respectively. Therefore, at pH of 7.4, the major form of 
hydrogen sulfide exists as HS-, with a minor amount of free H2S (the 
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ratio of HS-/H2S is around 3/1). It is not clear which form is the active 
biological species, so the term H2S is used to refer to the total sulfide 
present in the solution (i.e., H2S + HS- + S2-) (Zhao et al., 2014). 
Hydrogen sulfide is known to be toxic for mammals even in low 
concentrations. The direct inhibition of the activity of cytochrome 
oxidase is the primary biochemical effect associated with lethal H2S 
exposure (Eghbal et al., 2004). However, H2S is also physiologically 
present in mammalian tissues, produced by cells in nanomolar 
quantities as a signal-transducing gasotransmitter molecule 
(Vandiver and Snyder, 2012). The lipid-soluble nature of H2S 
determines its ubiquitous presence in different tissues and enables 
this gasotransmitter to easily reach its molecular targets, in cells and 
intracellular organelles.  
In particular, numerous cellular effects of H2S are considered to be 
due to its interactions with cell membrane ion channels.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Biological pathway, composed of trans-sulfuration reactions, of the 
enzymatic generation (by CBS and CSE enzymes) of hydrogen sulfide in 
mammalian cells. 
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In mammals, H2S is mainly generated by L-cysteine reactions with 
two enzymes, termed cystathionine-β-synthase (CBS) and 
cystathionine-γ-lyase (CSE), which are expressed in many human 
cells types (Fig. 10). 
Anomalous H2S metabolism has been linked to some human 
diseases, including Alzheimer’s disease, hypertension, heart disease, 
atherosclerosis, ocular pathologies, pancreatitis, type I diabetes, and 
bone pathologies. Interestingly, regarding bone, it was shown that 
CBS deficiency is the most frequent cause of two inherited disorders, 
hyperhomocysteinemia and homocystinuria, characterized by an 
increased risk of bone fracture and significantly reduced H2S levels 
(Morris et al., 2017). Even if the increased incidence of osteoporotic 
symptoms in these patients remains unclear, there are evidences 
that a stable, low level of H2S may play a role in maintaining the 
homeostasis of bone tissue. The studies of Liu and collaborators 
firstly showed that H2S regulates the amount of Ca2+ influx through 
bone cells membranes (Liu et al., 2014). As result of the 
experiments, H2S appeared to be relevant for the formation and 
preservation of bone mass, whereas H2S deficiency impaired the 
osteogenic differentiation of SCs.  

 3.1.2. Administration of hydrogen sulfide as 
potential therapeutic agent 

The advances in understanding hydrogen sulfide physiological roles 
in human body tissues and in relation with certain categories of 
pathologies have been followed very quickly by attempts to develop 
novel therapeutics based on the delivery of exogenous H2S (Sestito 
et al., 2017). Strategies were developed considering two important 
factors: physiological concentrations of H2S in human body tissues 
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are different and difficult to measure, going from 30-100 µM in the 
blood to 50-160 µM in the brain (Wallace, 2007); H2S is a gaseous 
compound, therefore is difficult to manipulate. 
For this reason, reagents classified as H2S-donor are usually 
employed to generate H2S in the environment required for the 
application. They are typically injected, after dissolution in proper 
media. The sodium salt NaHS is the typical example of an H2S-
donor: in solution, it rapidly decomposes generating hydrogen sulfide. 
It is widely used for experimental purposes, since it is easy to 
dissolve and cheap. However, because it is easily oxidized in air, and 
it rapidly generates H2S with possible toxic effects, neither NaHS nor 
equivalent sulfide salts are suitable for medical applications. 
Garlic is rich in organosulfur compounds (the main one is allicin, or 
diallyl thiosulfinate), which are unstable in aqueous solution, and 
rapidly decomposes mainly to diallyl sulfide, diallyl di- and tri-sulfide. 
It was shown that human red blood cells can slowly convert garlic-
derived organic polysulfides into hydrogen sulfide (H2S), just after 
consumption, indicating that these compounds are rapidly 
metabolized. Garlic products were proven to be natural bioavailable 
sources of hydrogen sulfide, with promising therapeutic applications 
(Benavides et al., 2007).  
The most common H2S-donors are of synthetic origin. Among them, 
a successful example is the phosphinodithioate derivative morpholin-
4-ium 4-methoxyphenyl-morpholino-phosphinodithioate (GYY), which 
has been used in a large number of experimental studies (Li et al., 
2008b). For example, Grassi et al. reported that ovariectomy (ovx) 
was applied on mice to induce downregulation of the key enzymes 
CBS and CSE. In operated mice the production of H2S in the MSCs 
and total number of bone marrow cells were impaired by this 
procedure. Then, they reported that pharmacological restoration of 



 45 

normal serum levels of H2S with GYY injections could prevent ovx-
induced bone loss by enhancing bone formation (Grassi et al., 2016). 
Other H2S-donors investigated as therapeutic agent are for example 
arylthioamides, such as 4-hydroxybenzothioamide (Martelli et al., 
2012), and perthiols with the general chemical structure R-S-SH 
(Zhao et al., 2013). 
Even after systemic administration of H2S donors at doses that 
produce pharmacological effects, plasma H2S concentrations rarely 
rise above the physiological range, or do so for only a very brief 
period of time (few minutes), due to the efficient systems for 
metabolizing H2S. Consequently, for treatments that necessitate of a 
slow, prolonged and sustained release of hydrogen sulfide, strategies 
different from injection of donors’ solutions should be explored. 
In the last two years, the investigation of suitable matrices for the 
encapsulation or loading of hydrogen sulfide donors for different 
applications has been conducted, ranging from the design of systems 
for cardiovascular therapies to nanostructured patches with 
antioxidant and anti-inflammatory properties for tissue repair. 
In a recently published study, a hydrogel, made of alginate 
crosslinked with gelatine and loaded with adipose derived stem cells 
(ADSC), with properties of controllable H2S-release, has been 
constructed. The hydrogels were combined with an organic thiol-
dependent H2S-releasing compound (2-aminopyridine-5-thiocarbox- 
amide or APTC), and investigated for the ability to target the 
symptoms of myocardial infarction (Liang et al., 2019). They could 
prove that the conductivity and hydrogen sulfide-releasing properties 
of the hydrogels effectively improved the myocardial infarction zone. 
Another almost contemporary research was focused on the 
production of poly(lactic) acid fibrous membranes, functionalized with 
an H2S slow-releasing donors extracted from garlic. These innovative 
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H2S-releasing mats were characterized and their effects on the in 
vitro human cardiac MSC growth were investigated. Thanks to their 
ability to stimulate the cardiac MSC proliferation and reduce the 
oxidative damage induced by hydrogen peroxide treatments, H2S-
releasing membranes were considered to be promising for 
biomedical applications in tissue repair (Cacciotti et al., 2018). 
Examples of H2S-releasing biomaterials can be found in literature. 
However, the study reported in this chapter, and published in a 2018 
article by our research group, was the first one targeting bone tissue 
regeneration applications. 

3.2. Materials and methods 

 3.2.1. Preparation of SF aqueous solution 

White polyhybrid Bombyx mori cocoons (purchased from Chul Thai 
Silk Co., Phetchabun, Thailand) were used as source of silk and silk 
fibroin. The commercial reagents sodium carbonate (Na2CO3) and 
lithium bromide (LiBr) were purchased from Sigma-Aldrich (Saint 
Louis, MO, USA). Deionized water (DI water) was produced by using 
the Elix® Reference 5 water purification system (Merck KGaA, 
Darmstadt, Germany). 
Silk cocoons were cut in pieces, and some of their concentric layers 
were separated, obtaining small silk “sheets”. Silk of cocoon pieces 
was degummed by immersion and boiling in aqueous sodium 
carbonate solutions. The process was divided in two consecutive 
treatments with Na2CO3 aqueous solutions, at a concentration of 1.1 
g/l, and 0.4 g/l respectively, at 98°C for 1.5 hours each time. The 
fibers mass obtained was deeply rinsed with DI water, and then air-
dried. At this point, dry fibroin fibers can be stored at room 
temperature and pressure and low humidity. To prepare fibroin 
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solution in water, degummed SF was dissolved at a concentration of 
20% w/V in 9.3 M aqueous LiBr at 65°C for 4 h. After the set time, 
the mixture appeared as a yellowish, limpid and viscous solution, with 
no fibers left in suspension. To eliminate dissolved LiBr, the solution 
was transferred by syringe in a Slide-A-Lyzer™ Dialysis Cassette 
(Thermo Fisher Scientific, Waltham, MA, USA) with 3.5 KDa of 
molecular weight cut-off (MWCO), and dialyzed against DI water for 3 
days, with regular water changes 3 times/day. Finally, SF aqueous 
solution was filtered using a glass porous septum to eliminate any 
solid residue in suspension. The pH of SF was measured with a 
Crison pHmeter (Hach Lange, Spain), to assess the typical pH of 
aqueous fibroin solutions at around 6.5. 
The concentration was measured using a NanoDrop® microvolume 
spectrophotometer and a standard curve registered at 280 nm, 
suitable for the determination of protein solutions. For scaffold 
preparation, the concentration was always adjusted to 8% w/V, by a 
pre-concentration step consisting in a short dialysis (around 4 hours) 
against PEG (poly (ethylene glycol), Merck KGaA, Darmstadt, 
Germany) at 25% w/V in water. 

 3.2.2. Preparation of SF-based scaffolds 

Porous SF scaffolds were produced by solvent casting and 
particulate leaching method, adopting a protocol adapted from 
Rockwood et al. (Rockwood et al., 2011b). Every sponge was 
prepared by placing 14 g of granular sodium chloride (NaCl; Sigma-
Aldrich, Saint Louis, MO, USA) in a polystyrene Petri dish. Since the 
scaffold pore sizes typically results slightly smaller than the salt 
particles used, as the salt is partially dissolved while the fibroin 
solution gels, it is important to start with salt particles slightly larger 
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than the final required pore volume. In this case, the particle size 
selected was between 425 and 800 µm. Then, around 6.5 ml of 8% 
w/V fibroin aqueous solution were poured on the salt, maintaining the 
ratio of grams of NaCl to grams of fibroin around 25 to 1. After 48 
hours at room temperature, gelation of SF solution occurred. The 
gelation mechanism relies on the presence of NaCl that partially 
dissociate in free Na+ and Cl- ions.  Na+ and Cl- remove the 
molecules of water that coordinate to the hydrophilic domains of 
fibroin when the protein is dissolved, consequently promoting chain-
chain interactions and organization of the hydrophobic domains, with 
the creation of a stable β-sheet conformation. NaCl was then 
dissolved and removed by washing samples in DI water for 4 days, 
with regular water changes. A solid, white, spongy and water 
insoluble fibroin matrix was obtained. Cylindrical-shaped scaffolds 
were produced using a 6 mm biopsy punch. Afterwards, samples 
were frozen and freeze-dried, in order to remove water while 
maintaining the structure.  

 3.2.3. Donors of hydrogen sulfide 

Two different donors of hydrogen sulfide were used for the research 
activities: a sodium salt; an organic Lawesson's reagent derivative. 
Sodium sulfide nonahydrate (Na2S*9H2O) was purchased from 
Sigma-Aldrich (Saint Louis, MO, USA). As previously explained, 
sodium sulfide salts release H2S very fast, and are not suitable for 
biomedical applications. However, Na2S*9H2O was used in this work 
to perform preliminary experiments of H2S dissolution and 
evaporation studies and detection in solution, and for the calibration 
of the amperometric system adopted to perform H2S-release studies 
from SF scaffolds. 
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H2S donor GYY (Mw = 376.47 g/mol) was purchased from Cayman 
Chemical (Ann Arbor, MI, USA). GYY was supplied as the 
morpholinium salt of (p-methoxyphenyl) morpholino-
phosphinodithioic acid, a white crystalline solid (Fig. 11) 
 
  
  
  
 
 
  
  
Structural formulas were drawn using MarvinSketch (ChemAxon, 
Budapest, Hungary). 

 3.2.4. Preparation of SF scaffolds loaded with 
GYY 

Anhydrous dimethyl sulfoxide (DMSO) was purchased from Sigma-
Aldrich (Saint Louis, MO, USA). GYY was dissolved in DMSO to 
prepare three solutions at different concentration (1.5, 7.5 and 15.0 
mg/ml of GYY in DMSO, respectively). Each scaffold was 
impregnated with 40 µl of solution of GYY in DMSO, and GYY-loaded 
scaffolds with 1%, 5% and 10% of GYY content in weight with 
respect to the SF weight were prepared. A set of samples where only 
pure anhydrous DMSO was poured on the scaffolds was also 
fabricated. The volume of loading solution was chosen based on 
DMSO uptake by the scaffolds, which was determined as equal to 
6.9 ± 1.0 (mean ± standard error of the mean or SE) times the 

 
Fig. 11 Structural formula of the H2S donor GYY4137. 
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weight of each scaffold (Fig. 12). The DMSO uptake was calculated 
according to the procedure described in paragraph 3.2.11. 

 
Fig. 12 DMSO uptake curve of the SF scaffolds (mean with SE, n=3), 
measured by calculating the ratio between the weight of DMSO absorbed 
and the weight of dry scaffold. 

The scaffolds were then frozen at -80°C and freeze-dried for around 
24 hours to remove DMSO. 

 3.2.5. Scaffolds sterilization 

All scaffolds were sterilized by Cobalt-60 gamma (γ) irradiation in a 
standard cycle of 25.0 kGy (nominal dose) by Sterigenics Italy 
(Minerbio, Italy). Facilities and control procedures validated in 
conformity with the guidelines ISO 9001, ISO 13485, EN ISO 13485 
and the good manufacturing practices (GMP) were used. All the 
characterizations were performed on the scaffolds before and after 
the treatment with γ-rays. Since materials modifications due to the 
sterilization process were not detected, in the following chapter only 
results obtained on γ-irradiated samples are reported. 
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 3.2.6. Scheme of the scaffolds prepared 

The different types of scaffolds obtained starting from fibroin solution, 
with the sample codes, and the main steps for their preparation are 
listed in Fig. 13.  

 
Fig. 13 Scheme of the preparation procedure, composition and codes of the 
scaffolds fabricated. In parallel with GYY-loaded scaffolds, also scaffolds 
treated with DMSO and untreated fibroin scaffolds were produced as 
controls. 
 

 3.2.7. Scanning electron microscopy  

The analysis of the morphology, the microstructure and in particular 
the porosity of the SF scaffolds was performed by electron 
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microscopy. Specimens obtained from scaffolds of different 
composition were sputter-coated with a thin platinum/palladium layer 
(by a Q150T Turbo-Pumped Sputter Coater/Carbon Coater, Quorum 
Technologies, UK), and then observed with a Field Emission 
Scanning Electron Microscope (FE-SEM, Zeiss Supra 40, Carl Zeiss, 
Germany), in secondary electron mode. Pore size was measured 
with Image-J software (NIH, USA), considering around 100 pores for 
each group of scaffolds. Pore size distribution was evaluated using 
OriginPro 8 (OriginLab, USA) software, and expressed as mean ± 
standard error of the mean (SE). Gaussian distribution of pore 
dimension was assumed. 

 3.2.8. Fourier transform infrared (FT-IR) 
spectroscopy 

Fourier transform infrared spectroscopy was used to investigate the 
chemico-physical properties of the materials fabricated, and, in 
particular:  the chemical structure of GYY; the chemical structure of 
SF scaffolds loaded with GYY; the secondary protein structure of 
fibroin in the scaffolds. A Spectrum One FT-IR spectrometer 
(PerkinElmer, Waltham, MA, USA) equipped with selenide crystal 
working in attenuated total internal reflection (ATR) mode was used 
to collect the spectra of the different materials. Four scans for each 
spectrum were registered in the wavenumber range 4000-650 cm-1, 
with a resolution of 4 cm-1. Samples were analysed in dry state, 
deposited on FT-IR sampling surface and compressed until a 
minimum force of 120 N was reached, to have good peak intensity. 
FT-IR spectra peaks were detected by SEARCH Plus Software for 
PerkinElmer Spectrum One FT-IR (PerkinElmer, Waltham, MA, 
USA), and assigned to specific vibrations (Mistry, 2009).  
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To study the influence of the incorporation process into the scaffolds 
on GYY chemical properties, commercial GYY was solubilized in 
DMSO at 15 mg/ml, lyophilised and characterized by FT-IR. The 
GYY samples objects of the study are listed in Table 2.  
 

Sample code Details 
GYY commercial GYY 
GYY_exDMSO GYY solubilized in DMSO, freeze-dried 

Table 2 The different forms of GYY considered in this work. 

GYY absorptions were studied and assigned to investigate 
differences between the two forms (Alexander et al., 2015b). The 
presence of different fibroin secondary structures in the scaffolds was 
determined by analysing the Amide I region (1705-1610 cm-1) of the 
correspondent FT-IR spectra, by OriginPro 8 (OriginLab, USA) 
(Barth, 2007). After selection of amide I absorption region, spectra 
profiles were smoothed with a nine-point Savitzky-Golay smoothing 
filter. Then, by using the wavenumber ranges of seven fitting peaks 
assigned to the different secondary structures adapted from 
literature, Fourier self-deconvolution (FDS tool of OriginPro 8) was 
applied (Hu et al., 2006; Bucciarelli et al., 2017). The seven peaks 
were assumed to be Gaussian and were assigned to the four 
different proteins secondary structures that we decided to consider 
for SF: β-sheet, random coil, α-helix and turns. Peaks assignment is 
reported in Table 3.  
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Band wavenumber 
range (cm-1) 

Structure 
assignment 

1616-1621 β-sheet 
1622-1637 β-sheet 
1638-1655 random coil 
1656-1662 α-helix 
1663-1670 turns 
1671-1696 turns 
1697-1703 β-sheet 

Table 3 Infrared vibrational band assignments for the Amide I region of 
fibroin spectra adapted from (Hu et al., 2006). 

The content percentage of secondary structures present in the 
scaffolds was calculated by integrating the area of each 
deconvoluted peak and then normalizing to the total area of the 
Amide I spectra region analysed. 

 3.2.9. Solid-state nuclear magnetic 
resonance (NMR) spectroscopy 

NMR analyses were performed on 13C and 31P nuclei, which were 
considered interesting for the chemical composition of the samples 
characterized. In particular, the study of 13C nuclei was used for the 
characterization of GYY, before and after solubilisation in DMSO, and 
of GYY-loaded scaffolds. Since 13C chemical shift is an intrinsic and 
sensitive parameter for the evaluation of protein conformations, it 
was used to examine the possible conformational behaviour of SF 
induced by the scaffold preparation processes. Following a profile 
fitting of SF alanine β-13C peak previously reported, the dominant 
polymorphic conformation between Silk II (β-sheets crystals in 
amorphous matrix) and Silk I (random coil, turn and α-helix 
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structures) assumed by the protein in the scaffolds was calculated 
(Asakura et al., 2015; Callone et al., 2016). Since GYY molecules 
contain a phosphorus atom, 31P NMR was used for the selective 
study of GYY chemical shifts.  
NMR analyses were performed with a Bruker 400WB spectrometer 
(Bruker Corporation, Billerica, MA, USA) operating at a proton 
frequency of 400.13 MHz. NMR spectra were acquired with cross-
polarization (CP) and single pulse (SPu) sequences, under the 
following conditions:  for 13C, frequency 100.23 MHz, π/2 3.4 µs, 
contact time 2 ms, decoupling length 6.7 µs, recycle delay 5 s and 30 
s for CP and SPu respectively, 2k scans; for 31P, frequency 162.49 
MHz, π/2 3.65 µs, contact time 5 ms, decoupling length 6.7 µs, 
recycle delay 5 s and 100 s for for CP and SPu respectively, 8 scans 
(1k scans for loaded sponges). Samples were packed in 4 mm 
zirconia rotors, which were spun at 7.5 kHz under air flow. 
Adamantane CH2 at 38.5 ppm and ammonium dihydrogen phosphate 
at 0.81 ppm were used as external secondary references for 13C and 
31P, respectively. 

 3.2.10.Differential Scanning Calorimetry 
(DSC) and Thermogravimetric Analysis 
(TGA) 

DSC and TGA techniques were used to investigate the thermal 
behaviour of GYY and the GYY-loaded scaffolds. DSC experiments 
were performed using a DSC20 calorimeter (Mettler-Toledo, Milan, 
Italy). For each sample, approximately 15 mg of material were placed 
in aluminium pans and tested under flushing nitrogen (100 ml/min), in 
the temperature range 30-330°C, at a heating rate of 10°C/min.  TGA 
was conducted in a TA Instruments Q5000 thermobalance, testing 
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about 10 mg of material in freshly cleaned platinum pans, under N2 
flow (10 ml/min), in the temperature range 30-700°C, at a heating 
rate of 10°C/min. 

 3.2.11.Water uptake measurement 

To measure the water uptake of the scaffolds, the samples were 
immersed in DI water and placed at 37°C. Then, excess of water was 
removed from the sample surfaces by gently dabbing with paper and 
the wet weight (Wwet) was determined. The same procedure was 
repeated at various time intervals until Wwet was stable. Samples 
were then dried in oven at 65°C overnight and the dry weight (Wdry) 
was determined. The water uptake was calculated as (Wwet - Wdry) / 
Wdry. Values were expressed as mean with SE (n=3 samples for each 
group). 

 3.2.12.Compressive mechanical test 

The mechanical properties of the scaffolds were evaluated by 
comparison of the scaffolds compressive moduli obtained in a 
compression test. First, scaffolds were immersed in DI water for 2 h 
to reach the hydration equilibrium. Five specimens for each 
experimental group were measured. The compression test was 
performed at room temperature on wet scaffolds, at a strain rate of 2 
mm/min in unconfined uniaxial compression mode on cylindric 
specimens (6 mm in diameter and 4 mm in height) with a Bose® 
Electroforce® 3200 test instrument (TA Instruments, DE, USA). 
Stress and strain data were calculated from load and displacement 
measurements. The Young’s modulus was calculated as the slope of 
the initial linear section of the stress-strain curves.  
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 3.2.13.Amperometric detection of H2S release 

H2S release was measured during incubation of the scaffolds in 
aqueous PBS 0.01 M at pH 7.4, at room temperature, in presence of 
L-cysteine 4 mM. Three replicates of each sample were studied. The 
concentration of hydrogen sulfide in the incubation medium was 
monitored, initially, for 2.5 hours, and then until H2S-generation by 
GYY was exhausted (around 12 hours), with a sulfide gas 
amperometric microsensor H2S-500 (Unisense, Aarhus N, Denmark), 
connected to a microsensor multimeter (Unisense, Aarhus N, 
Denmark) as amplifier for data acquisition. The signal was collected 
in mV and converted in concentration units. The H2S microsensor 
was calibrated with Na2S*9H2O 0.01 M dissolved in a N2-flushed 
solution buffered at pH 3.6, in accordance to manufacturer 
instructions (Nielsen et al., 2015). 

3.3. Results and discussion 

SF scaffolds were characterized for their chemico-physical properties 
before and after the loading process with GYY, and before and after 
sterilization by γ-irradiation. H2S-donor loaded scaffolds were also 
characterized for their sulfide releasing abilities. In this paragraph, 
the most significant results obtained during this part of the research 
activity are reported. Since materials modifications due to the 
sterilization process were not detected, only results obtained on γ-
irradiated samples are reported. 

 3.3.1. Morphology of the scaffolds 

The class of scaffolds produced were designed to provide the tissue 
site of potential implantation with adequate space for growth, and this 
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explains the essential need for a structure with many pores, 
interconnected and of the suitable dimension. 
With this perspective, the morphology of the SF scaffolds, composed 
by pure fibroin or loaded with different amounts of GYY, was 
investigated by scanning electron microscopy. SEM images of Fig. 
14 revealed similar morphology characteristics for all the groups of 
scaffolds prepared. The scaffolds showed a highly porous sponge-
like structure. The round-shaped pores appeared homogeneously 
distributed and characterized by a high degree of interconnectivity. A 
bimodal distribution of the pore dimensions could be appreciated. 
The larger pores had an average size of 350 ± 8 µm, 345 ± 11 µm, 
365 ± 8 µm, 369 ± 5 µm, and 378 ± 4 µm, for SF, SF_DMSO, 
SF_1%, SF_5% and SF_10%, respectively. The smaller pores, 
distributed on the surfaces of the large pores and creating an 
interconnected network between them, had an average size of 61 ± 4 
µm, 69 ± 8 µm, 73 ± 5 µm, 90 ± 5 µm, and 95 ± 7 µm, for SF, 
SF_DMSO, SF_1%, SF_5% and SF_10% respectively. Even at high 
values of magnification, neither crystals nor agglomerates of GYY 
were visible on GYY-loaded fibroin matrices (Fig. 15, bottom 
images). Only small agglomerates were visible on the pore surfaces, 
but they were due to fibroin, as they were present also in pure SF 
scaffolds (Le et al., 2018). 
 
 
 
 
 
 
 
 



 59 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The two top images of Fig. 15, which were representative for SF, and 
similar for the scaffolds of all the different compositions, also showed 

Fig. 14 FE-SEM images of the internal porous structure of dry SF scaffolds: 
SF, untreated scaffold; SF_DMSO, scaffolds treated with DMSO; SF_1%, 
scaffold containing 1%GYY; SF_5%, scaffold containing 5%GYY; SF_10%, 
scaffold containing 10%; scale bar 200 um.  
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details of a pore, and of the internal microstructure of pores’ walls, 
which were also characterized by a very fine porosity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The FE-SEM images showed that the loading process with the H2S 
donor preserved the original scaffold morphology. The absence of 
visible GYY4137 agglomerates indicated that a fine dispersion of 
small GYY4137 crystals was obtained inside the SF scaffolds. Salt 
leaching process left a porosity with large and small pores, with 
dimensions (up to 500 µm) indicated as appropriate for the formation 
of bone tissue within the scaffold (Hutmacher, 2000). Finally, we 
should notice that pores were smaller than NaCl grains used, 

Fig. 15 Representative FE-SEM images at high magnification, to show the 
fine microstructure of SF scaffolds, of pure fibroin and loaded with the 
highest concentration of GYY. 
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because of the partial dissolution of the salt occurred during the 
addition of the SF solution. 

 3.3.2. Scaffolds composition and protein 
structure 

Infrared spectroscopy was used to investigate the chemical structure 
of GYY and GYY_exDMSO, and the composition of GYY-loaded 
scaffolds. In addition, FT-IR bands of SF were used to study the 
protein secondary structure in the scaffolds. In general, the chemical 
structure of a protein cannot be deduced from the infrared spectrum 
because of many overlapping bands (Barth, 2007). However, some 
typical proteins absorption bands are sensitive to the structure of the 
protein backbone, and are commonly used in protein studies for the 
analysis of secondary structure (Oberg et al., 2004). Secondary 
structure analysis of proteins is mainly done using the amide I band, 
but the amide II, and amide III, bands as well as have also been 
shown to be useful (Fu et al., 1994). Fig. 16 showed that GYY and 
GYY_exDMSO had similar spectrum profiles.  
 

 
 

 
 
 
 
 
 

 
Fig. 16 IR spectra of GYY and GYY_exDMSO. 
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The assignments of the bands of samples GYY and GYY_exDMSO 
to specific groups vibrations are proposed in Table 4. Their 
absorption bands were consistent with the infrared spectrum of GYY 
previously reported (Alexander et al., 2015b). 
 

Table 4 Infrared vibrations and assignments of GYY and GYY_exDMSO. 

Many bands assigned to GYY bonds stretch were maintained on both 
spectra (Rose et al., 2015). However, some changes in peaks 
relative intensities and shape before and after dissolution of GYY in 

GYY 
ν (cm-1) 

GYY_exDMSO 
ν (cm-1) 

Band assignment 

1593, 1586, 
1569, 1498 

1589, 1569, 
1498 

aromatic C=C stretch (1600-
1475) and N-H bend above 

1550 
1453, 1440 1457 Alkanes C-H deformation 

1408, 1397 1398 CH3 bend 

1306, 1293 1286 C-N vibrations 

1254 1251 Aromatic C-O stretch (pheyl-O-
alkyl) 

1181, 1138 1180, 1136 C-N vibrations and C-O-C 
stretch 

1099 1099 C-O and/or C-N stretch 

1073, 1040 1064, 1042 n.a. 

1028 1022 Phenyl-O-alkyl 

934, 916, 902 929, 915 n.a. 

869 872 Para substituted aromatic ring 
C-H deformation 

836 837 Benzene ring C-H deformation 

800 799 =C-H aromatics or N-H (out-of-
plane bend) 

721, 708 722, 709 Benzene ring C-H deformation 
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DMSO and lyophilisation were clearly visible, especially for peaks at 
1593 cm-1, 1453 cm-1, 1182 cm-1, around 1028 cm-1, and 935 cm-1, in 
GYY’s compounds spectra. Most of these absorption peaks can be 
assigned to vibrations of C-N and C-O bonds present in the structure 
of the two morpholine groups of GYY molecule.  
Fig. 17 reported the FT-IR spectra of GYY-loaded scaffolds and, for 
comparison, the spectra of GYY, SF and SF_DMSO.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 17 Comparison between the IR spectra of GYY and GYY_exDMSO 
(GYY solubilized in DMSO and lyophilised), and IR spectra of fibroin 
scaffolds: SF, untreated; SF_DMSO, treated with DMSO; SF_1%, 
containing 1% of GYY; SF_5%, containing 5% of GYY; SF_10%, 
containing 10% of GYY. Solid lines indicate absorption bands 
characteristic of SF; dashed lines indicate peaks of GYY discussed in the 
text. Adapted with permission from (Raggio et al., 2018). Copyright (2019) 
American Chemical Society. 
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Spectrum profiles of SF and SF_DMSO were both characterized by 
the typical protein backbone absorption bands, i.e., Amide I, II and III, 
which are very useful for conformation studies (Stuart and Ando, 
1997; Barth, 2007). In particular, Amide I and Amide II bands 
appeared broad and centred at wavenumbers correlated with a 
prevalence of β-sheet secondary structure, respectively at 1622 cm-1 
and 1516 cm-1 (Hu et al., 2006; Callone et al., 2016). Amide I 
presented a shoulder at 1690 cm-1, suggesting the presence of β-
sheet crystallinity of the antiparallel type (Iizukat and Yangt, 1968). 
Amide III band was centred at 1226 cm-1, with a shoulder at 1265 cm-

1, confirming that β-sheet was the main conformation adopted by 
fibroin in SF scaffold. Curves of GYY-loaded fibroin scaffolds, i.e., 
SF_1%, SF_5%, and SF_10%, exhibited absorption profiles similar to 
samples SF and SF_DMSO for Amide I, II and III bands. In fact, the 
dominant β-sheet secondary structure was induced by the use of 
NaCl during the salt leaching process that characterized all the 
scaffolds (Yao et al., 2012; Zhang et al., 2012c). In fact, salt leached 
SF scaffolds were stable and did not need any further treatment to be 
insoluble in water. In addition to the amide’s bands, peaks derived 
from the presence of GYY were clearly visible, at least, for samples 
SF_5% and SF_10% and their intensity increased proportionally with 
the amount of GYY incorporated in the scaffolds. The curve of 
SF_5% presented peaks at 1593 cm-1 and 1498 cm-1, 1296 cm-1, 
1254 cm-1, 1182 cm-1, 1140 cm-1, 1101 cm-1, 935 cm-1, and between 
835 and 800 cm-1, related to GYY absorptions. SF_10% spectrum 
featured similar but more intense absorption frequencies deriving 
from the presence of GYY. However, it was not possible to 
appreciate if these absorptions were more like those detected for 
GYY or for GYY_exDMSO. 
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The results of the protein Amide I analysis were reported in Fig. 18A 
and showed similar amounts of secondary structures for all the 
scaffolds. In particular, the scaffolds displayed similar amounts of β-
sheet. Fibroin had 42 %, 44 %, 40 %, 44 % and 41 % of β-sheet 
secondary structure respectively in SF, SF_DMSO, SF_1%, SF_5% 
and SF_10%. The differences between these values were 
considered not significant. The rest of the protein was mainly 
organized in random coil and turns structures, with a small amount of 
α-helix. Fig. 18B shows an example of an absorbance spectrum of 
Amide I, deduced after Fourier self-deconvolution with seven peaks, 
as described previously in this manuscript. The different secondary 
structure contributions are highlighted with B for β-sheet, T for turns, 
A for α-helix and R for random coil. 
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(B) 

(A) 

Fig. 18 (A) Percentages of the four secondary structure (b-sheet, random 
coil, a-helix, turns) contributing to fibroin Amide I band. Samples are: SF, 
untreated scaffold; SF_1%, scaffold containing 1% of GYY; SF_5%, scaffold 
containing 5% of GYY; SF_10%, scaffold containing 10% of GYY. Mean 
with SD, n = 3. (B) Example of an absorbance spectrum of Amide I, 
deduced after Fourier self-deconvolution with seven peaks. Peak marked 
with * is assigned to tyrosine side chains, not considered in the 
quantification of the secondary structure. 
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The 13C CPMAS NMR spectra of relevant samples are shown in Fig. 
19. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Sharp signals and two broad peaks characterized the spectrum 
profile of GYY (assignments based on GYY labeled structure in the 
figure and reported in Table 5). After dissolution of GYY in DMSO 
and lyophilization, in the 13C spectrum the sharpness of the peaks 
increased, suggesting improved crystallinity. However, the peaks did 
not show any shift in position, thus confirming that the dissolution in 
DMSO did not substantially alter the molecular structure. 
 
 

Fig. 19 13C CPMAS NMR spectra of SF (untreated scaffold), SF_10%, GYY, 
GYY_exDMSO, and GYY molecular structure with C atoms numbering 
scheme. Spinning sidebands are visible close to main bands. Adapted with 
permission from (Raggio et al., 2018). Copyright (2019) American Chemical 
Society. 
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GYY 
δ (ppm) Functional group C labeling 
45.2 N(CH2)2 morpholinium 1, 4 
45.2 N(CH2)2 morpholinium attached to P 5, 8 
55.5 OCH3 15 
65.0 O(CH2)2 morpholinium 2, 3 
68.3 O(CH2)2 morpholinium attached to P 6, 7 
111.4/116.6 arylCH o- to OMe 11, 13 
129.2/130.2 arylC-P 9 
134.9 arylCH o- to P 10, 14 
162.7 arylC-OMe 12 

Table 5 13C NMR chemical shifts of GYY and assignments (Alexander et al., 
2015b) 

The 13C CPMAS NMR spectra of samples SF and SF_10%, were 
both dominated by the signals belonging to the amino acid main 
sequence AGS(Y)GAG in SF (Zhang et al., 2012a; Callone et al., 
2016). Unfortunately, the intense SF resonances hindered the 
possibility of observing the weak GYY peaks in the spectrum of 10% 
GYY-loaded scaffold. Only the small peak at 163 ppm, which was 
attributed to C12, was a proof of the presence of adsorbed GYY. 
Comparing the fibroin signals in the two samples, small differences 
could be appreciated in the case of the peak labelled Ala/Gly C=O 
centered at 172 ppm, and Ala CH3 (Cβ) centered at 18 ppm. 
Moreover, the appearance of a high-field shoulder on the Gly CH2 
resonance (Cα) at 42 ppm could be observed. According to previous 
reports that pointed out the high sensitivity of SF secondary structure 
to processing treatments, the profile fitting procedure was applied to 
the Ala Cβ peak of SF, SF_DMSO and SF_10% spectra, in order to 
evaluate the percentage of the possible SF conformations (Callone et 
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al., 2016). The fibroin sponge used in the present work presented 
61% of Silk II conformation, which increased up to 65% in 
SF_DMSO, and reached 74% in the SF_10%.  
In order to better characterize the features of GYY in the different 
samples, the 31P CPMAS NMR spectra were recorded (Fig. 20). 
Since fibroin does not contain any phosphorus atoms, it was possible 
to selectively characterize the H2S donor inside the loaded scaffolds 
and compare the results with the characterization conducted on GYY.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Fig. 20 31P CPMAS spectra of SF_5%, SF_10%, SF_10% after incubation 
in liquid medium, GYY and GYY_exDMSO. Spinning sidebands are visible 
close to main bands. The insert shows the profiles of the 31P peaks at 90.5 
ppm of GYY and GYY_exDMSO. 
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The 31P CPMAS NMR spectrum of GYY was characterized by a 
single sharp peak at 90.5 ppm. The recrystallization after DMSO 
(GYY_exDMSO) produced a moderately asymmetric and enlarged 
resonance at the same position. The spectrum of sample SF_1% 
was not shown, since the peak was beyond the sensitivity limits. The 
adsorption of 5 and 10% GYY on SF scaffolds (SF_5% and SF_10%) 
did not affect the H2S donor structure and the peak intensity was in 
agreement with the different nominal GYY loadings. 
IR and NMR analyses gave complementary results regarding the 
chemical composition of GYY and scaffolds loaded with GYY. 
Dissolution of GYY in DMSO and removal of the solvent to produce 
GYY_exDMSO were performed to mimic the loading conditions and 
study their potential effects. This process induced only slight 
modifications in GYY crystal structure, with no chemical changes. We 
hypothesized that GYY crystals, after DMSO, re-formed in a new 
structure containing the morpholinium cation in a different 
arrangement, which caused a diversification of the signals related to 
morpholine energetic transitions. In fact, both on IR and NMR 
spectra, some absorption bands assigned to morpholine appeared 
sharper and better resolved after recrystallization from DMSO. On 
the other hand, all peaks were maintained on infrared spectra of 
GYY_exDMSO, and phosphorus signal was in the same position at 
90.5 ppm on 31P NMR spectra. Similarly, the incorporation of GYY 
into SF scaffolds did not affect the H2S donor chemical structure: the 
characteristic bands of GYY, when visible, were maintained in the 
same positions on scaffolds infrared curves, and phosphorus peak on 
31P NMR spectra only changed intensity, in agreement with the GYY 
% of loading. 
As discussed in the introduction of this dissertation, it is fundamental 
to take in account the influence of all the fabrication processing steps 
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on the structure of SF-based materials (Callone et al., 2016). Thus, to 
investigate possible changes related to the GYY-loading process in 
SF structure and scaffold crystallinity, an analysis of Amide I infrared 
absorption band was conducted. In particular, the four protein 
secondary structures considered for fibroin were β-sheet, random 
coil, α-helix, and turns. The results, shown in Fig. 18A for samples 
SF, SF_DMSO, SF_1%, SF_5% and SF_10%, indicated that all the 
scaffolds contained comparable relative amount of secondary 
structure of the β-sheet type. β-sheet accounted for almost 50% of 
the scaffold fibroin structure. This resulted in the same levels of 
crystallinity between the SF matrices, thus proving that the highly 
ordered secondary conformation, once formed, is stable upon 
addition of GYY (Wilson et al., 2000; Callone et al., 2016). The profile 
fitting conducted on the NMR Cβ Ala peak of SF was used to 
evaluate the % of Silk II conformation, comprising β-sheet crystals 
and so-called β-sheet-like structures in an amorphous matrix, in the 
scaffolds. It resulted that manipulation (such as the addition of GYY 
in SF_10%, see labelled SF Ala peaks of Fig. 19) or ageing (data not 
shown) of SF induced a slight increase of the Silk II component. A 
similar effect for SF materials was already monitored before through 
the study of the NMR Cβ Ala peak (Tian et al., 2017). 

 3.3.3. Thermal behaviour of the scaffolds 

The behaviour of GYY and GYY-loaded scaffolds upon treatments at 
high temperature was studied by two techniques, DSC and TGA. 
DSC thermogram of GYY powders were shown in Fig. 21A. It 
displayed two endothermic peaks, centered, respectively at TI = 
123°C (ΔH = 54 J/g), and TII = 169°C (ΔH = 63 J/g). These peaks 
were assigned to the decomposition of morpholinium and the melting 
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of (p-methoxyphenyl)morpholino-phosphinodithioate (Li et al., 2008a; 
Alexander et al., 2015a). 
Fig. 21B showed the thermograms of an SF scaffold, compared with 
GYY-loaded ones. All the materials were characterized by a wide 
endothermic peak centred around 95°C (Te), caused by the loss of 
absorbed water, and a sharp endothermic peak centred at higher 
temperatures, around 288°C (Td), generated by thermal degradation 
of the protein (Motta et al., 2002, 2014; Lu et al., 2011; Callone et al., 
2016). In particular, degradation of SF occurred approximately at 
293°C (ΔH=168 J/g), with a sharp endothermic peak. GYY-loaded 
scaffolds showed wider degradation peaks with a shift over lower 
temperatures, and lower values of the associated enthalpy. These 
differences became more evident increasing the amount of loaded 
GYY from sample SF_1% (Td = 290°C, ΔH = 150 J/g), to SF_5% (Td 

= 289°C, ΔH = 127 J/g) and SF_10% (Td = 283°C, ΔH = 136 J/g). 
Interestingly, thermal transitions related to GYY were not visible on 
the thermograms of loaded scaffolds. These effects were presumably 
related to the presence of GYY decomposing before the temperature 
of SF degradation. The environment generated locally and diffusely 
in the SF matrix by the thermal energy exchanges derived from the 
melting of GYY might induce an anticipated degradation of the 
scaffolds in their entirety. TGA curves confirmed those evidences. In 
fact, TGA was performed to investigate the mass losses occurred in 
GYY powders and in GYY-loaded scaffolds during heating from room 
temperature up to 700°C. As shown in Fig. 21C, GYY powders lost 
most of the weight (around 60% of the initial weight of the sample) 
between 150 and 300°C. In the same temperature range (225-
325°C), a visible mass loss could be monitored for scaffolds loaded 
with GYY, but not for SF: the mass loss % resulted proportional to 
the amount of GYY loaded into the sponges. All the scaffolds lost 
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most of the weight above 300°C, i.e., after the beginning of fibroin 
degradation. A residue of around 30% was left at 700°C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 3.3.4. In vitro behaviour of the scaffolds and 
H2S release 

Fig. 22 showed the curves of the water uptake of the scaffolds, with 
comparable profiles for the different samples. This evaluation was 

(A) (B) 

(C) 

Fig. 21 DSC curve obtained for (A) GYY and for (B) scaffolds. (C) TGA 
analyses of the different SF scaffolds and of GYY; the insert highlights mass 
losses in the scaffolds in the temperature range of GYY degradation. GYY 
content increases in the direction of the arrow.  Adapted with permission 
from (Raggio et al., 2018). Copyright (2019) American Chemical Society. 
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performed in order to predict the behaviour of the scaffolds in liquid 
media. The process of water uptaking was completed after 60 
minutes of incubation. After 300 minutes, the weight of wet scaffolds 
was stable and was used to calculate the water uptake as (Wwet - 
Wdry)/Wdry. Water uptake measured 6.0 ± 1.8 for scaffold SF, 7.8 ± 
2.0 for SF_1%, 6.1 ± 0.9 for SF_5%, and 6.6 ± 1.0 for SF_10%. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Amperometry was used for the continuous record of H2S in the 
incubation media of GYY-loaded scaffolds. The H2S-microsensor 
measured the concentration of the undissociated species indicated 
as H2S in the equilibrium: H2S ⇄ HS- ⇄ S2-, with pKa1 = 6.9 and pKa2 

> 11. It can be calculated that, at pH 7.4, the concentration of H2S is 
approximately 30% of the total dissolved sulfide (i.e. H2S + HS- + S2-) 
(Hughes et al., 2009; Olson, 2012; Kolluru et al., 2013). The 
incubation media contained L-cysteine, as Martelli et al. showed that 
GYY4137 releases H2S in a L-cysteine-dependent mechanism, and 
endogenous organic thiols like this amino acid are always present in 
biological environments (Martelli et al., 2013). In previous studies, the 

Fig. 22 Water uptake curves of the scaffolds incubated in water at 37°C 
(mean with SE, n = 3). 
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kinetic of H2S generation process was described and it was assessed 
that solutions of GYY4137 1 mmol/L in PBS at pH 7.4 generated a 
peak in H2S concentration in the first 20 minutes, which then 
decreased (Li et al., 2008a; Martelli et al., 2013). Moreover, the 
steady state of H2S release curves was reported to depend on the 
combination of different processes: not only the concentration of the 
H2S source, but also volatilization and oxidation of H2S dissolved in 
solution, occurring in parallel at any time (Deleon et al., 2012). 
Initially, in our experiments, measurements of the concentration of 
H2S were collected in continuum for 2.5 hours in the incubation 
media of GYY-loaded scaffolds. Results were compared with the 
curves obtained for SF and SF_DMSO, which did not release H2S.  
Fig. 23 showed the curves of H2S generation in solution during time. 
All the GYY-loaded fibroin sponges induced a sustained release of 
H2S, but the concentration levels reached a plateau that gradually 
increased with the GYY content of the scaffolds. SF_1% generated a 
maximum concentration of 6.5 µM of H2S during the 2.5 hours of the 
experiment. H2S concentration profile for SF_5% was similar, but 
reached higher values at the plateau, settling at 9 µM. Finally, 
SF_10% generated the highest concentration of H2S in solution: the 
H2S curve increased over the first 100 minutes of incubation and then 
reached plateau at a concentration of around 31 µM. 
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In a following experiment, scaffolds were placed in aqueous solution 
and H2S was monitored, in continuum, for one day. H2S release could 
be monitored for at least 12 hours. Furthermore, in agreement with 
data recorded for the short release, we evidenced a kinetic of H2S 
release dependent on the amount of GYY loaded (Fig. 24). In 
particular, SF_1% generated a steady release of H2S at 
concentrations around 5 µM for the entire duration of the experiment. 
Conversely, SF_5% and SF_10% released increasing concentrations 
of H2S for the first 3 hours peaking at around 10 µM and 30 µM, 
respectively. The time required to reach the concentration of the 
plateau was approximately the same for all samples, indicating that 
the release process occurred at similar rates from all the scaffolds. 
Subsequently, for both samples, H2S levels slowly decreased to 

Fig. 23 Release of H2S monitored by H2S-selective microelectrode for SF 
scaffolds incubated in PBS pH 7.4 with L-cysteine 4 mM, at room 
temperature (mean with SE, n = 4); error bars are not visible when lying 
within dimensions of symbols. Adapted with permission from (Raggio et al., 
2018). Copyright (2019) American Chemical Society. 
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reach a concentration similar to that of SF_1%. Release profile for 
sample SF was not repeated, as it did not generate any H2S release. 

 
 
 

 
 
 
 
 
 
 
 
 

 
As anticipated, when GYY is put in contact with an aqueous 
environment, the P=S bonds start to decompose by hydrolysis, and 
H2S is generated. Thus, as anticipated, in previous experiments, 
GYY formulations dissolved in aqueous solution were administered 
fresh, immediately after the preparation. In this context, the GYY-
loaded SF scaffolds described in this work represent a novel 
approach for the administration of GYY. Anhydrous DMSO was 
chosen as solvent and vehicle for the loading of GYY into the 
sponges, since DMSO allowed to prepare solutions where GYY didn’t 
not decompose, thus preventing early release of H2S from GYY, as 
proved by spectroscopic analyses. The retention of the H2S releasing 
abilities of GYY after the loading into the SF scaffolds was a critical 
point of this work. Since different amounts of GYY were used, we 

Fig. 24 Graphs of H2S concentration in buffer as detected by amperometric 
measurements.  
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expected to detect quantities of H2S released in solution upon 
incubation of the scaffolds proportional to the initial concentrations of 
GYY w/w% in SF. We could assess that the incorporation of GYY in 
the SF matrix influenced the process of H2S generation in solution: 
the curves of real-time H2S concentration increased gradually, 
without evident peaks ascribable to burst release phenomena.  

 3.3.5. Compressive strength of the scaffolds 

The mechanical properties of the scaffolds were evaluated under 
compression test, with the scope of determining the elastic modulus 
of the materials, and evidence eventual differences between 
scaffolds of diverse composition. 
For the repair and generation of bone, which is a hard and ductile 
tissue, scaffolds need to have a suitable elastic modulus in order to 
be retained in the space they were designated for (Fig. 25).  
 
 
 
 
 

 

Fig. 25 (A) A typical SF scaffold that can be easily bent on both sides 
(during scaffold fabrication, one side gels at the air interface and one side 
gels at the plastic dish interface) in the wet state. (B) The setup of the 
compressive test, with a representative sample of SF scaffold placed 
between the plates. 

The results obtained from the mechanical compression tests showed 
that the elastic modulus was: 135.5 ± 7.5 kPa for SF; 128.0 ± 13.3 
kPa for SF_1%; 122.2 ± 5.9 kPa for SF_5%.; 81.3 ± 4.7 kPa for 
SF_10%. The scaffolds of different composition had similar profiles of 

(A) (B) 
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stress-strain curves and similar values of Young’s modulus, as visible 
in Fig. 26. The only type of scaffold that showed a statistically 
significant different mean Young’s modulus was SF_10%, indicating 
that the GYY loading process did not affect the original properties of 
the fibroin matrix up to 5% w/w of loading. Above this value, the 
elastic modulus was slightly lower compared to pure SF matrix.  
 
 
 
 
 
 
 
 
 

 

Fig. 26 (A) Representative stress-strain curves for SF sponge, and SF 
sponges loaded with 1%, 5% and 10% of GYY. (B) Compressive elastic 
moduli of the scaffolds presented as mean with standard deviation (n = 5); 
*** indicates significant differences between values at P ≤ 0.001; **** at P≤ 
0.0001. 

The values of scaffolds Young’s modulus were lower than the ones of 
mature human bone (Zysset et al., 1999).  However, the scaffolds 
objectives of the work were designed to serve as temporary devices, 
especially in case of bone losses and non-healing fractures, i.e., to fill 
small bone defects, where specific load-bearing abilities are not 
required. Also, the scaffolds should direct cell behaviour in the early 
stages of bone development, by acting as temporary supports for the 
production of collagen and the deposition of ECM inorganic phases. 
In these stages of bone tissue healing, i.e., when soft callus is 

(A) (B) 



 80 

created, semi-rigid engineered matrices with elastic modulus 
between the kPa and MPa range are appreciated as scaffolds to 
support hMSCs differentiation towards mature bone cells (Yao et al., 
2012). 
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Chapter IV. Biological evaluation of 
silk fibroin scaffolds loaded with 

GYY4137 
 

Part of this chapter has been published in: 

 

 
Laura Gambari, Emanuela Amore, Rosasilvia Raggio, Marli Barone, 
Gina Lisignoli, Brunella Grigolo, Antonella Motta, Francesco Grassi 

“Hydrogen Sulfide-Releasing Silk Fibroin Scaffold For Bone 
Tissue Engineering” 

Material Science and Engineering C 102 (2019) 471–482 

4.1. Introduction 

The biocompatibility and the potential biomedical applications of a 
scaffold designed for bone tissue engineering are typically tested in 
in vitro and in animal in vivo experiments, before translation to 
experiments in human, and then, if successful, to clinics. 
The scaffolds prepared during this PhD research activity (see their 
description in Chapter III), were tested in vitro with different bone 
related cell lines, and in vivo by ectopic implant on mice (ongoing 
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experiments at Istituto Ortopedico Rizzoli). The goals of the biological 
evaluations performed, in chronological order, were: 

- firstly, the assessment of the cytocompatibility of the 
scaffolds. In fact, since a new material that was never tested 
before was fabricated, we were initially interested in 
evaluating the scaffolds potential cytotoxicity; 

- secondly, the evaluation of the ability of the scaffolds to be 
used for bone regeneration applications (biocompatibility 
and osteoanabolic activity with human bone marrow 
mesenchymal stromal cells, osteoblast differentiation, bone 
mineral metabolism and angiogenesis).  

In this chapter, the biological evaluations performed on the scaffolds 
at BIOtech Research Center are described in detail, together with 
some mentions regarding the experiments performed at Istituto 
Ortopedico Rizzoli by our collaborators (Doctor Francesco Grassi 
and Doctor Laura Gambari). 

4.2. Materials and methods 

 4.2.1. Cell culture 

MG63 cells from human osteosarcoma and hMSCs were used for in 
vitro studies conducted on fibroin scaffolds with different contents of 
GYY. MG63 cells (Istituto Zooprofilattico Sperimentale della 
Lombardia e dell’Emilia Romagna, Italy) were cultured in Minimum 
Essential Medium (MEM) (EuroClone, Pero, Italy) supplemented with 
10% fetal bovine serum (FBS), 1% of Antibiotic-Antimycotic 100X, 
1mM non-essential amino acid, 2 mM L-Glutamine 100X and 1 mM 
Sodium Pyruvate 100X. hMSCs (Istituto Ortopedico Rizzoli, Bologna, 
Italy) were obtained as previously described (Manferdini et al., 2011; 
Grassi et al., 2016). hMSCs were isolated from bone marrow aspirate 
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during hip-replacement surgery of 2 posttraumatic patients. The cells 
were washed twice and suspended in α-MEM with 15% FBS (Lonza, 
Basel, Switzerland), counted, and plated in flask. After 1 week, the 
non-adherent cells were removed and the adherent hMSCs 
expanded in vitro. hMSCs were used at passage 3 in culture. Both 
cell lines were subcultured as monolayers at 37°C, in 5% CO2 
atmosphere, and medium was changed every 2-3 days. Cells were 
detached when they reached 80% confluence, according to standard 
protocols (ATCC: The Global Bioresource Center), and used for the 
experiments. 

 4.2.2. Measurement of in vitro cytotoxicity of 
GYY-loaded scaffolds 

The potential cytotoxic effects of silk fibroin scaffolds loaded with 
different concentrations of GYY (coded with SF_X, X being GYY 
concentration), untreated fibroin scaffolds (SF) and scaffolds treated 
with DMSO (SF_dmso), were measured. Results were compared 
with positive (ctrl+) and negative (ctrl-) controls corresponding, 
respectively, to cells seeded on plastic then lysed, and to healthy 
cells seeded on plastic. The test was based on the detection of 
lactate dehydrogenase (LDH) enzyme, which is released into the 
medium from damaged cells, and can be used as a biomarker for the 
evaluation of cellular toxicity and lysis. 
For the experiment, cells were seeded on the top of sterile fibroin 
scaffolds of all the different compositions, at a density of 5x103 

cells/well. Before cell seeding, scaffolds were pre-conditioned for 10 
minutes with culture medium that was removed before the deposition 
of cell suspension. 
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Cells were cultured for 24 hours, and then positive control for LDH 
assay was prepared by inducing lysis with Triton X-100 surfactant in 
cells cultured on tissue culture plate. All media from positive and 
negative controls, and experimental samples were collected, 
centrifuged to remove cell debris, and transferred into a new plate to 
be tested. Lactic Dehydrogenase based assay (TOX7, Sigma-
Aldrich) was performed according to manufacturer’s instructions. 
Absorbance was measured using a microplate reader (Spark 10M, 
Tecan Group, Männedorf, Switzerland) at 490 nm, with background 
absorbance measured at 690 nm.  

 4.2.3. Measurement of in vitro metabolic 
activity of cells cultured on GYY-loaded 
scaffolds 

Cells were seeded on the top of the scaffolds for the different 
experimental groups, and directly on TCPs for the control groups, in 
96-well TCPs (5000 cells/well). Before cell seeding, scaffolds were 
pre-conditioned for 10 minutes with culture medium that was 
removed before the deposition of cell suspension. Separately, 
controls for alamarBlue assay (i.e., cells seeded on TCP and cultured 
with complete medium supplemented with 5% FBS) are also 
prepared in two other 96-well plates, where scaffolds were placed to 
perform the metabolic activity evaluation. The cells were cultured in 
their media for 3 days. 
AlamarBlue assay kit (Invitrogen, Oregon, USA) was used to 
evaluate cell proliferation (proportional to metabolic activity) on 3D 
scaffolds at the end of each experimental time point. Results were 
evaluated at two experimental time points: 1 and 3 days. The assay 
was performed according to the manufacturer’s instructions. In brief, 
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the seeded scaffolds were incubated for 4 hours at 37°C with fresh 
culture medium (with reduced serum) supplemented with alamarBlue 
diluted according to manufacturer’s data sheet (simply adding the 
alamarBlue reagent as 10% of the sample volume). A total of five 
replicates were used for each sample and each replicate was split 
into four wells for the final reading. The references were taken from 
wells with unseeded scaffolds incubated with the alamarBlue 
solution. Absorbance was measured at 570 and 600 nm with a 
microplate reader. 

 4.2.4. Confocal Laser Microscopy (CLM) 
imaging 

Evaluation of cell attachment, growth, distribution and migration on 
the seeded scaffolds was performed by confocal laser microscopy 
(Nikon Eclipse, Ti-E) after Phalloidin-iFluor 488 Reagent (Abcam) 
and 4',6-Diamidine-2'-phenylindole dihydrochloride (DAPI, Sigma 
Aldrich) staining according to the manufacturer’s protocol. Fixation 
with a formaldehyde solution (4% formaldehyde in PBS solution) and 
permeabilization with Triton-X (0.2% Triton-X in PBS solution) were 
performed before staining. The study was conducted in parallel with 
alamarBlue assay, on samples prepared and cultured in the same 
conditions described before. In the following sections only the 
representative CLM images are shown for each sample. 

 4.2.5. Statistical analyses 

Results were presented as mean with SEM (n = 5). Statistical 
analysis was conducted by One-way analysis of variance (ANOVA) 
using GraphPad Prism version 5.03 (GraphPad software, CA, USA) 
and Bonferroni’s multiple comparison test was used to evaluate 
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significant differences among the cytotoxicity induced by the different 
groups of scaffolds. Two sets of samples were considered 
significantly different when P< 0.05. 

4.3. Results and discussion 

 4.3.1. Biological evaluation of scaffolds with 
MG63 cells 

Results of LDH assay performed on culture media after 24 hours 
from MG63 cell seeding on scaffolds and controls are shown in Fig. 
27. Cells cultured in medium on TCP without any scaffold sample 
were used as negative control (i.e., not cytotoxic), while cells cultured 
in medium on TCP without any scaffold sample and treated with 
0.05% Triton X-100 surfactant were used as positive control (100% 
cytotoxicity). Results were expressed as LDH signal intensity %, 
proportional to LDH released in the supernatants, respect to ctrl+ 
considered equal to 100% of LDH signal intensity. 
The results of the LDH assay showed no significant cytotoxicity 
detected for the scaffolds. In particular, for MG63 cells, the mean 
relative cytotoxicity value measured for the various samples were: 
23% for samples SF, 18% for SF_dmso, 31% for SF_1%, 27% for 
SF_5% and 26% for SF_10%. All samples showed a significantly 
lower cytotoxicity compared to ctrl+. Only scaffold SF_1% showed a 
statistically significant higher cytotoxicity compared to ctrl- (around 
6%), and, in general, a dependency between the content of GYY in 
the scaffolds and their toxic effects could be evidenced. In fact, the 
scaffold with different contents of GYY (SF_1%, SF_5%, SF_10%) 
led to a higher cytotoxicity compared to the other samples and the 
negative control. This could be explained by considering the static 
conditions used in the experiment. In fact, the culturing parameters 
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adopted could cause the cells to be in contact with excess of H2S, at 
least in the first period of culture, as shown by amperometry 
measurement of released H2S (Raggio et al., 2018; Gambari et al., 
2019). However, the value of 30% of cytotoxicity was never 
exceeded, compared to the 100% cytotoxicity detected for cells 
treated with Triton X-100 surfactant.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Regarding metabolic activity assay, it is well known that higher 
proliferation causes a larger absorbance value as well as a larger 
percentage of reduced alamarBlue (Al-Nasiry et al., 2007). For 
samples SF and SF_dmso, the results obtained for MG63 metabolic 
activity are in good agreement with the LDH assay data just 
discussed. Their metabolic activity was high at day 1 and had a 
relevant increase at day 3. For scaffolds SF_1%, SF_5% and 
SF_10%, a lower cell metabolic activity reflected the effect of the 

Fig. 27 (A) Cytotoxicity, measured after 1 day from cell seeding, of the 
different groups of scaffolds (SF, SF_DMSO, treated with DMSO; SF_1%, 
containing 1% of GYY; SF_5%, containing 5% of GYY; SF_10%, containing 
10% of GYY) on MG63 cells. Cells cultured on plastic were used as negative 
control, while cells treated with 0.05% Triton X-100 surfactant were used as 
positive control (100% of LDH release). (B) Metabolic activity of cells cultured 
on the scaffolds of different compositions, measured after 1 and 3 days, 
expressed as alamarBlue absorption intensity. The values are represented as 
mean with SEM (n = 5). (*) indicates statistically significant difference at 
P<0.01; (#) indicates that mean values were not statistically different. 

(A) (B) 

*
*

Day 1 
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presence of GYY in the scaffolds. In particular, results were similar at 
day 1. Then, at day 3, the metabolic activity of cells on SF_1% clearly 
increased, while for SF_5% and SF_10% the increase was little.  As 
hypothesized before to explain the scaffolds cytotoxicity, it is possible 
that the presence of GYY, in the static conditions of the experiment, 
generated a temporary excessive H2S level in solution that slowed 
down the metabolic activity of cells (Raggio et al., 2018). However, 
the number of viable cells in those scaffolds was not significantly 
lowered, as their presence could be detected by CLM, in all the 
scaffolds of different formulations (see Fig. 28). The cell viability and 
cell distribution on scaffolds after 1 and 3 days from cell seeding 
were assessed with CLM. Confocal images showed the adhesion of 
cells on all the scaffolds tested, with significant cell proliferation at 
day 3. Between different samples, cell adhesion and proliferation 
appeared comparable. This result might seem in contrast with 
alamarBlue assay, but it can be explained with a reduction in cell 
metabolic activity, and not in cell number, induced by H2S-release 
from GYY. Image SF no cells (Fig. 28 (top), on the top right side) was 
reported to show fibroin autofluorescence. This effect was useful to 
visualize the scaffold morphology but, in many cases, it masked the 
cell nuclei stained with DAPI. Both at day 1 and day 3, cells displayed 
good adhesion to the scaffolds structure, as shown in the images at 
higher magnification, where the actin filaments of the cytoskeletons, 
stained in green, appeared stretched and well distributed on the 
fibroin matrices. Finally, a representative image of a scaffold cross 
section was reported, for sample SF_5%: it clearly showed that cells 
could proliferate in the scaffold, and could migrate inside it, moving 
from the seeding side towards the interior. This result was relevant, 
as it indicated that the fabricated GYY-scaffolds could meet, in 
addition to their proven cytocompatibility, the morphology 
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requirements of scaffolds for bone TE (Karageorgiou and Kaplan, 
2005). 
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scale bar 

Fig. 28 MG63 cultured on the different scaffolds after 1 day (top) and 3 
days (bottom) from seeding. Phalloidin-iFluor 488 stained actin 
filaments in green, DAPI stained cell nuclei in blue. Scaffolds are blue 
because of fibroin autofluorescence (see the unstained image SF no 
cells). Scale bar is 1 cm, except for the bottom right images of both 
time points, where scale bar is 0.1 cm.  

After 1 DAY from cell seeding: 

After 3 DAYS from cell seeding: 
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The biological evaluations described in this dissertation (i.e., LDH 
and alamarBlue assays, and CML imaging with fluorescent stainings) 
showed that scaffolds containing GYY were cytocompatible and 
allowed cell adhesion and proliferation. However, these analyses had 
some limitations, as they were performed in in vitro static conditions 
and for a limited time period. The breakthrough in the 
characterization of the biological activity of the scaffolds, in particular 
referring to their potential osteogenic activity, was provided by the 
deep study performed by our collaborators at Istituto Ortopedico 
Rizzoli. The scaffolds were cultured in a perfusion bioreactor 
(Gambari et al., 2019) and characterized for their ability to induce 
bone formation from hMSCs.  

 4.3.2. Biological evaluation of scaffolds with 
hMS cells 

Our collaborators at Istituto Ortopedico Rizzoli performed this part of 
the scaffold’s biological evaluation, by testing in a perfusion 
bioreactor, with hMCS cells, the specific osteogenic biological activity 
of the scaffolds designed and fabricated by me and my group at the 
BIOtech Research Center. For this reason, the results obtained are 
not reported in this dissertation, but the author would like to refer the 
readers to the articles where results regarding this biological 
evaluation were published (Raggio et al., 2018; Gambari et al., 
2019). 
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Chapter V. Fibroin/alginate beads 
containing β-TCP for the treatment 

of bone defects 
Part of this work was performed at the Department of Chemical 

Engineering of Chulalongkorn University (Bangkok, Thailand), under 
the supervision of Professor Sorada Kanokpanont, and it was funded 

by “REMIX” Project, G.A. 778078 H2020-MSCA-RISE-2017. 
  

5.1. Introduction 

The objective of this work is the context of a major project (“REMIX” 
Project, G.A. 778078 H2020-MSCA-RISE-2017) whose main focus 
regards the design and fabrication of natural based multi-functional 
biomaterials for therapeutic applications. In particular, with this 
project, we aimed to realize and characterize a new composite 
system based on calcium phosphate (CaP) and silk fibroin (SF) that 
could be potentially exploited in bone tissue engineering applications.  
As previously anticipated, around 35% of bone is constituted by 
inorganic minerals, mainly calcium phosphates with hydroxyapatite-
like structure (Bilezikian et al., 2008). The most important feature of 
CaP compounds used as biomaterials is their capability to be 
solubilized by the biological fluids and consequently promote 
osteogenesis processes, which lead to new bone formation (Bose 
and Tarafder, 2012). The mechanism is based on the partial 
dissolution of CaP ceramics with release of Ca2+ and PO43- at the 
implant/bone interface. Since the concentration of these ions 
increases locally up to saturation levels, re-precipitation as apatite 
microcrystals occurs, with contemporary incorporation of other ions 
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(such as Mg2+) and macromolecules like proteins and growth factors, 
subtracted from the surrounding biological fluids (Daculsi et al., 
1989). The formation of this new osteoconductive material enhances 
cell attachment, proliferation and differentiation, as well as the 
secretion of new collagen and the successive bone growth inside the 
organic-inorganic matrix. Dissolution of implanted CaP, which is 
performed by cellular activities analogously to bone remodelling, is 
strongly influenced by multiple factors, such as: chemical formulation 
of the ceramic (Ca/P ratio, ionic substituents); initial porosity, 
crystallite size and defects; environment conditions (pH, temperature, 
fluid motion) (Wang and Nancollas, 2008).  
In summary, the properties for which CaPs are used in medical 
applications, in addition to the already cited bioactivity and 
resorbability, are (Eliaz and Metoki, 2017): 

- osteoinductivity and osteoconductivity, which are the 
capabilities, respectively, to induce osteogenesis and then 
bone healing, and to form a functional connecting interphase 
with the living bone; 

- mechanical stability, which allows to prevent mechanical 
failure, especially for larger implants. In this project, CaPs 
were used as powders incorporated into a protein matrix, 
thus were not intended for severe load-bearing conditions; 

- biostability, to maintain their biological properties in vivo; 
- low hydrophobicity, which ensures that CaP materials attract 

water and proteins, enhancing the cell adhesion. 
In particular, among the different forms of CaP, β-tricalcium 
phosphate is one of the most appreciated ones for biomedical 
applications. β-TCP is the rhombohedral β-form of tricalcium 
phosphate. With the chemical formula of Ca3(PO4)2, β-TCP has Ca/P 
ratio of 1.5, lower than that of hydroxyapatite; this may be the reason 
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of accelerated degradation and absorption, respect to HA (Wang and 
Yeung, 2017). After implantation of β-TCP materials in vivo, the 
majority would be resorbed by phagocytosis after 6-24 months. This, 
together with its excellent osteoconductive and osteointegrative 
properties, makes the β-TCP effective for filling bone defects caused 
by trauma and benign tumours (Ogose et al., 2005). In fact, β-TCP 
was successfully used as an effective inorganic filler to treat small 
bone defects, and has already been applied in clinics (Gao et al., 
2016; Wang and Yeung, 2017; Han et al., 2018). Moreover, recent 
research started to focus on the enhanced angiogenesis generated 
by the tricalcium phosphate during bone defects treatment (Chen et 
al., 2015). In mice implants, CaP ceramics with high content of β-
TCP could increase the density of microvessels, probably thanks to 
the porous structure, and the effects of ions transfer after degradation 
of CaP.  
β-TCP commercially occurs as a fine powder, which can be difficult to 
manipulate, and needs to be formed into specific structures before 
implantation. A good strategy to work with β-TCP and to implant it 
into bone defects is to obtain the dispersion of its powders into 
polymer solutions. Then, the suspensions prepared can be formed 
into different shapes, typically micro or millimetric beads (CAM 
Bioceramics, 2019).  
The properties of silk fibroin as biomaterial were described in detail 
inside the first chapter of this dissertation. In the study reported here, 
SF was chosen as the main organic material in the composite 
spheres because of its well known in vitro and in vivo bioactivity 
(Altman et al., 2003; Aramwit, 2012).  
Sodium alginate, or alginate, is a naturally occurring polysaccharide 
isolated from brown seaweeds. It was firstly used as a biomaterial in 
the 1980s, to encapsulate pancreatic islets, and nowadays has many 
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applications in the medical field (Zimmermann et al., 2007; Cagol et 
al., 2017). Alginates are linear polymers consisting of 1,4-linked 
residues of β-D-mannuronic acid (M) and α-L-guluronic acid (G) 
(Pawar and Edgar, 2012). Alginate has a proven cytocompatibility, 
rapid ionic gelation kinetic in presence of divalent cations, hydrophilic 
nature, and tunable properties depending on the processing 
techniques adopted (Lee and Mooney, 2012). The alginate hydrogel 
derives from a water-based solution of sodium alginate. The ionic 
gelation occurs in presence of divalent cations such as Ca2+, or Sr2+. 
When they are added to a water-based sodium alginate solution, they 
bind two adjacent residues allowing the formation of interchain 
bridges that cause a rapid sol-gel transition. Once the gel is formed, it 
can be dissolved by the exchange of ions with a buffer with low or 
absent calcium ions, or by treatment with a chelating agent for 
divalent cations (for example, citric acid or ethylenediamine 
tetraacetic acid). By combining in solution SF and ALG, which are 
both water soluble, the ability of ALG to easily gel when contacted 
with Ca2+ ions can be exploited to form SF-based spheres, with an 
easy, low-cost, organic solvent-free approach (Lee et al., 2013). The 
addition of β-TCP was simply performed at the solution stage, since 
we expected that the gelation could allow retaining β-TCP into the 
spheres. 
On the base of these evidences, the aims of this project were: 

- the design of a system with a high content of 
osteoconductive material (β-TCP), embedded in a matrix 
made bioactive by the presence of fibroin; 

- the fabrication of SF/ALG/β-TCP spheres, as selected 
system to obtain a biocompatible, bioresorbable and 
effective system with potential application as filler for bone 
defects.  
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In particular, with respect to previous studies (Jo et al., 2017), 
spheres formulation was designed in order to have the maximum 
amount of inorganic CaP source in the sphere compatible with 
their formation (i.e., which did not prevent ALG gelation). 

5.2. Materials and methods 

 5.2.1. Materials 

White polyhybrid Bombyx mori silk cocoons (purchased from Chul 
Thai Silk Co., Phetchabun, Thailand) were used as source of fibroin. 
To degum and dissolve fibroin we used the same reagents of the 
activity of Chapter 3, briefly: sodium carbonate (Na2CO3); lithium 
bromide (LiBr); DI water. Then, the following materials were used in 
the experiments: PBS buffer (0.05 M sodium hydrogen phosphate, 
pH 6.5) and alginic acid sodium salt, from brown algae, medium 
viscosity, in fine powders (Sigma-Aldrich, Saint Louis, MO, USA); β-
tri-Calcium phosphate in fine powders (Fluka Analytical, Germany); 
Calcium chloride (CaCl2), dried (UNILAB, Ajax Finechem, Australia). 
For the in vitro experiments we used: Saos-2 cell line (from human 
osteosarcoma, ATCC, Manassas, Virginia, USA); glutaraldehyde and 
DMSO (Sigma-Aldrich, Saint Louis, MO, USA); MTT assay Kit 
(Abcam); cell culture medium Dulbecco’s Modified Eagle Medium 
(DMEM) high glucose, foetal bovine serum, and 
Penicillin/Streptomycin (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). 

 5.2.2. Preparation of silk fibroin solution 

Silk cocoons were degummed as described in Chapter 3. The fibres 
obtained were deeply rinsed with deionized water, and then air-dried. 
Degummed fibroin was dissolved at a concentration of 10% w/V in 
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9.3 M aqueous LiBr at 65 °C for 4 h. To eliminate LiBr, the solution 
was dialyzed in a Slide-A-Lyzer™ Dialysis Cassette (Thermo Fisher 
Scientific, Waltham, MA, USA) with 3.5 KDa of molecular weight cut-
off (MWCO), against DI water for 3 days, with regular water changes. 
Finally, SF aqueous solution was removed from the cassettes and 
centrifuged twice at 9000 rpm, 4°C, for 20 minutes, to precipitate any 
solid residue in suspension and the concentration was measured. SF 
solutions were used fresh. 

 5.2.3. Alginate solution preparation 

Alginate powders were added to DI water and stirred vigorously until 
dissolution (around 4 hours), to obtain 2.44% w/W solutions. ALG 
solutions were used fresh or kept at 4°C before usage. 

 5.2.4. Preparation of SF/ALG/β-TCP 
formulations 

During the project, different formulations were prepared for the 
sphere’s preparation, and different parameters were tested for the 
spheres fabrication techniques. In this report, only the most 
interesting preparations, considered suitable for the final expected 
applications, are reported. 
Starting from solutions of silk fibroin at 7% w/W and alginate 2.44% 
w/W, and by addition of β-TCP powders, the following formulations 
were prepared: 
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Table 6 Description of the formulations prepared starting from ALG and SF 
solutions, and β-TCP powders, to fabricate spheres of different composition. 

β-TCP powders were sieved (100 µm) before addition to alginate 
solution, in order to break possible aggregates. 
The different components were added in glass containers and mixed 
by magnetic stirring. In particular, the components were mixed in this 
order: alginate solution; DI water; β-TCP powders; fibroin solution. 
Silk fibroin solution was always added as the last component and by 
gently stirring the suspension. The final weight of each suspension 
was 10 g, and DI water was added when necessary.  
The suspensions obtained were always used fresh and were stable 
(i.e., with no visible precipitation or gelation processes) for at least 6 
hours.  

 5.2.5. Preparation of SF/ALG/β-TCP spheres 

Two different techniques were adopted to process the different 
formulations into beads. 

5.2.5.1. Preparation of SF/ALG/β-TCP 
spheres by gravity dripping  

The principle is based on the natural gravity and is the simplest 
method of drop generation. The solution goes through the tip of a 

Formulation 
code 

SF /ALG 
(% w/W) 

β-TCP 
(% w/W) 

% organic vs 
total solid 

% inorganic 
vs total solid 

ALG1 0 - 1 - 100 - 
ALG1/β-TCP 0 - 1 7.5 40 60 

SF4/ALG1 4 - 1 - 100 - 

SF4/ALG1/β-TCP 4 - 1 7.5 40 60 
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needle, drops grow and separate from the stream, then fall into a 
hardening solution. In the experiments, a syringe equipped with a 
needle of 0.16 mm (30 Gauge) in inner diameter was used to drop 
the different formulations into CaCl2 0.1 M aqueous solutions. The 
flow of the different formulations through the needle was adjusted by 
applying a constant pressure on the syringe, by using a geared motor 
(Tsukasa Electric, Japan). The distance between the needle tip and 
the collection bath was approximately 100 mm. 

5.2.5.2. Preparation of SF/ALG/β-TCP 
spheres by coaxial N2-flow assisted 
dripping 

The basic principle of the technique is the use of a coaxial gas 
stream to blow droplets of a polymer-based solution from a needle tip 
into a gelling bath, before they would fall due to gravity. 
A home-made coaxial gas-flow device was used to prepare beads of 
controlled dimension.  
It consisted of an inner needle of 0.41 mm (22 Gauge) in inner 
diameter, and an outer concentric nozzle, for compressed gas flow, 
around 1.5 mm in inner diameter. The nitrogen flow was set at 15 
L/min by a gas regulator and flowmeter. The flow of the different 
formulations was adjusted by applying pressure. The same single 
coaxial nozzle was used to produce beads from all silk fibroin-
alginate solutions containing β-TCP powders in suspension, by 
dripping into CaCl2 0.1 M. The distance between the nozzle and the 
collection bath was approximately 100 mm. The schematic 
representation of the techniques of preparation is shown in the figure. 
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 5.2.6. Post-fabrication procedures 

After dripping, beads were aged in CaCl2 solutions for around 2 
hours, to complete alginate gelation. Then, the products were rinsed 
with DI water and sieved to remove the solution and, in case of 
beads produced by coaxial N2-flow assisted dripping, also to 
separate fractions of beads of different dimensions. 
Beads were placed in DI water and frozen in liquid N2. Then, beads 
were freeze-dried before starting all the chemico-physical 
characterizations.  
Some beads of the composition SF4/ALG1/β-TCP, were exposed to 
water vapour for 12 hours to evaluate the effect of this treatment on 
SF protein structure (coded SF4/ALG1/β-TCP_stab or (W)_stab). In 
fact, as described previously in this dissertation, various treatments 
(e.g., exposition to water vapour) are required to obtain structural 
transitions of regenerated fibroin materials, and make them insoluble 
in water (Rockwood et al., 2011b). 

Fig. 29 (A) Schematic representation of the beads preparation techniques: 
gravity dripping (left) and coaxial N2-flow assisted dripping (right) (adapted 
from www.nisco.ch). (B) Picture of the equipment. 

N2 15L/min 
(A) (B) 
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 5.2.7. Characterization techniques 

An electron microscope (JEOL, JSM-6610LV, Tokyo, Japan) was 
used to study the microstructure of the spheres. To investigate 
functional groups in chemical structure, the lyophilized beads were 
pressed prior to Fourier Transform Infrared (FT-IR) spectroscopic 
(Perkin Elmer, Waltham, MA) analysis. All spectra were recorded in 
the wavenumber range from 2200 to 600 cm−1.  
To measure the liquid uptake of the scaffolds, the samples were 
immersed in DMEM and placed at 37°C. Then, excess of liquid was 
removed from the sample surfaces by gently dabbing with paper and 
the wet weight (Wwet) was determined. The same procedure was 
repeated at various time intervals until Wwet was stable. Samples 
were then dried in oven at 65°C overnight and the dry weight (Wdry) 
was determined. The DMEM uptake percentage was calculated as 
((Wwet - Wdry) / Wdry)*100. Values were expressed as mean with SEM 
(n = 3 samples for each group). 
The SF release from spheres was evaluated by bicinchoninic acid 
(BCA) assay (Thermo Scientific Pierce, Waltham, Massachusetts, 
USA), a colorimetric test for protein quantification that was measured, 
following the manufacturer’s instruction, with a standard plate reader 
at 562 nm. In the preliminary experiments performed to evaluate the 
biological response of the new material prepared, MTT colorimetric 
assay was used to estimate the number of viable cells, at different 
time points, cultured in presence of the spheres. MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) Assay Kit (Cell 
Proliferation) was purchased from Abcam. The assay was performed 
following the manufacturer instructions, and absorbance 
measurements were recorded at 570 nm using a microplate reader 
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(Spectrometer FLUOstar Omega, equipped with Reader Control 
Software Omega, BMG LABTECH, Germany). 

5.3. Results and discussion 

Spheres of different compositions, fabricated with the two techniques 
previously described, were characterized for their morphology, 
chemico-physical properties and biological activity. Since the coaxial 
N2-flow assisted dripping method led to beads with largely dispersed 
dimensions, and poorly reproducible morphology, it was decided to 
focus the study and the characterization on the spheres obtained by 
gravity dripping.  
In this study, the composition of interest is SF4/ALG1/β-TCP. 
Spheres of this composition were deeply characterized, while results 
relative to different compositions are reported for comparison. 

 5.3.1. Macroscopic aspect of the beads 

In the following figure, a schematic representation of the beads 
structure for the formulation SF4/ALG1/β-TCP is reported.  
 
 
 
 
 
 
 
 
 

 
 

0.5 mm 

Fig. 30 Schematic representation of SF/ALG/ b-TCP bead composition, with 
approximate scale dimension. 
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In Fig. 31, the macroscopic aspect of the beads produced by gravity 
dripping with 30G needle and just separated from CaCl2 solution is 
reported.  
 
 
 
 
 
 
 
 
 
 

 
Alginate beads were transparent, while when SF was added beads 
became opaque. Beads containing β-TCP were white and non-
transparent. The differences in the dimensions of the beads, between 
0.5 and 1.5 mm in diameter, are probably due to the different surface 
tension of the solutions, which influences the capability of the bead to 
detach from the needle tip, and to the density variation in the beads 
prepared from the different formulations. Beads produced by gravity 
dripping had uniform dimensions and round shape. 

 5.3.2. Microstructure of the spheres 

The microstructure of spheres of formulation SF4/ALG1 and 
SF4/ALG1/β-TCP was characterized by scanning electron 
microscopy (SEM) (Fig. 32). The samples were freeze-dried, coated 
with gold and characterized (in secondary electron mode, 15 kV). 

ALG1 SF4/ALG1 

ALG1/β-TCP SF4/ALG1/β-TCP 

+ silk fibroin 
+ 
β-

TC
P

 

Fig. 31 Pictures of beads of different composition by gravity dripping. 
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To obtain images of the cross-sections, freeze-dried beads were 
immersed in liquid nitrogen and cut with a sharp scalpel.  

 
Fig. 32 Images (A) and (B) represent, from left to right, the surface, the 
cross section and a magnification of the cross section, for sample SF4/ALG1 
and SF4/ALG1/β-TCP, respectively. 

The presence of dispersed β-TCP powders was clearly visible in the 
images of the beads of Fig. 32B, both inside and on the surface. The 
surface of the beads was rough and non-porous. The beads had 
internal porosity of around 50 µm in dimension. 

 5.3.3. Infrared spectroscopy analyses of the 
spheres 

Infrared spectroscopy analyses were performed on the beads in 
order to study the composition and the secondary structure adopted 
by fibroin in SF4/ALG1/β-TCP beads and in SF4/ALG1/β-TCP_stab, 
treated by water vapour annealing to obtain fibroin cross-linking. 
In Fig. 33, the spheres spectra are reported, together with β-TCP, 
freeze-dried calcium alginate (Ca ALG) and freeze-dried fibroin 
(fibroin with mainly random coil secondary structure) spectra. 
Moreover, also the spectrum of spheres obtained at the end of the 

β-TCP 
powder
s 

(A) 

(B) 
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SF release test was recorded, to investigate the composition of the 
remaining material (sample SF4/ALG1/β-TCP_stab_degr, or 
(W)_stab_degr).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
SF4/ALG1/β-TCP spheres displayed the typical broad absorption 
band of β-TCP (generated by the composition of the vibrational 
modes of PO43– groups), between 1150 and 850 cm-1 (Moreira et al., 
2011). Peaks of calcium alginate were also visible at 1600 and 1430 
cm-1, corresponding to the carboxylate groups antisymmetric 
stretching and symmetric stretching respectively (Voo et al., 2015). 
These bands had a small shift compared to the bands of the pure 
alginate (1594 and 1460 cm-1) (Lee et al., 2011). The peak shift 
observed could be due to a chemical interaction between the mineral 

Fig. 33 FT-IR spectra of the starting materials and the different spheres 
formulations prepared. The spectra of spheres treated with water vapour 
and at the end of SF release test is also shown. 
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phase and the organic matrix, with bond formation between Ca 
atoms of the β-TCP molecule and the carboxyl groups of alginate 
samples. The peaks of ALG and β-TCP were visible on the 
SF4/ALG1/β-TCP and SF4/ALG1/β-TCP_stab beads spectra. On 
these spectra, also the presence of SF could be detected from: 

- shoulder at 1630 cm-1 (Amide I band) 
- shoulder at 1529 cm-1 (Amide II band) 
- only for SF4/ALG1/β-TCP_stab, weak absorption at 1245 

cm-1 (Amide III band) (Callone et al., 2016). 
The position of these absorptions suggested that fibroin in the 
spheres was partially in the β-sheet secondary structure, with some 
random coil, as discussed also in the third chapter of this 
dissertation. It could be noticed that the protein absorption bands in 
the sample SF4/ALG1/β-TCP_stab were sharper and shifted at lower 
wavenumbers compared to SF4/ALG1/β-TCP. This feature confirmed 
that a structural transition towards ordered β-sheet dominated 
conformations occurred in fibroin after exposition to vapour, as 
expected. Finally, the spectrum of spheres obtained at the end of the 
SF release test (SF4/ALG1/β-TCP_stab_degr) showed a reduction in 
SF absorption bands, confirming that a significant amount of SF was 
released from spheres after 8 days of incubation, as shown and 
discussed further in Fig. 35. 

 5.3.4. In vitro behaviour of the spheres 

5.3.4.1. DMEM uptake  

The dry weight of the beads of the two formulations of interest 
(SF4/ALG1/β-TCP, SF4/ALG1/β-TCP H2O vapour annealed) was 
measured (n=3 for each group), then the spheres were placed in 1 ml 
of DMEM at 37°C, in static conditions. At different time points, the 
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wet weight of the beads was measured, and the amount of DMEM 
absorbed was calculated. The profiles of the curves of DMEM uptake 
% by the two groups of spheres are reported in Fig. 34.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The value of the DMEM uptake was stable after 48 hours of 
incubation, equal to (606±14)% for SF4/ALG1/β-TCP and (524±42)% 
for SF4/ALG1/β-TCP_stab. The water vapour treatment, which 
probably induced a higher β -sheet secondary structure content in the 
SF4/ALG1/β-TCP_stab beads, increased the hydrophobicity of the 
beads, and altered the beads structure. These two effects might 
influence the beads DMEM uptake. 

5.3.4.2. Evaluation of fibroin release  

Spheres of three groups were incubated in 0.5 ml of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES free 
acid 25 mM, NaOH, CaCl2 1 mM) at pH 7.4, 37°C, in 5% CO2 

Fig. 34 Profiles of the DMEM uptake % of SF4/ALG1/b-TCP, SF4/ALG1/b-
TCP_stab. 

(524±42)% 

(606±14)% 



 108 

atmosphere, in static conditions, for 8 days. At different time points, 
the incubation solutions were collected and frozen, until BCA protein 
assay for the determination of the protein (fibroin) content was 
performed (Fig. 35).  
The Pierce™ BCA Protein Assay Kit was used for the experiment, 
with a calibration curve calculated on fresh silk fibroin solutions at 
different concentrations (calibration not shown). 
 
 
 
 
 
 
 
 
 
 
 
 

 
As expected, no fibroin release was detected for ALG1/β-TCP beads. 
SF4/ALG1/β-TCP_stab spheres had 65% of the total protein content 
released after 8 days, while for SF4/ALG1/β-TCP was around 90%. 
We can assume that the percentage of SF that was retained inside 
the beads reflects the amount of SF that was arranged in a crystalline 
structure. This result is in good agreement with FT-IR analyses 
conducted on the spheres, which featured better resolved and more 
intense absorptions typical of β-sheet secondary structure for sample 
SF4/ALG1/β-TCP_stab. 

Fig. 35 Profiles of the SF cumulative release % of SF4/ALG1/b-TCP, 
SF4/ALG1/b-TCP_stab, ALG1/b-TCP. 
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To summarize, the organic part of the spheres started to dissolve in 
the first 8 days of the test, with most of the inorganic part still forming 
the sphere. Probably, β-TCP could be confined by the small 
percentages of SF and ALG remained, as shown by FT-IR that 
indicated the presence of the two organic components in the 
composition of sample SF4/ALG1/β-TCP_stab_degr. The aspect of a 
degraded sphere is shown in SEM images of Fig. 36: the sphere 
partially retained its structure (left image), and β-TCP particles were 
still present in the hybrid organic/inorganic matrix (right image). 
 
 
 
 
 
 

Fig. 36 SEM image of SF4/ALG1/β-TCP_stab_degr sphere on the left, with 
a magnification of the surface on the right, showing the presence of β-TCP 
particles embedded in the remaining matrix. 

This degradation process could be advantageous for potential 
application in bone tissue healing. In fact, the inherent bioactivity of 
SF, both the part released and the part still inside the sphere’s 
matrix, could stimulate cell migration and adhesion in the implant site.  
In parallel, β-TCP gradually gets in contact with biological fluids and 
starts to dissolve in turn, inducing mineralization, as previously 
explained. 

 5.3.5. Cell culture on SF/ALG/β-TCP spheres  

The aim of this preliminary experiment was the evaluation of the in 
vitro cell compatibility of beads made of silk fibroin, alginate and β-

100  µm 10  µm 
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tricalcium phosphate, prepared to function as systems for the easy 
and efficient implantation of β-TCP into bone defects.  
Saos-2 (ATCC® HTB85™) cell line, purchased from American Type 
Culture Collection, USA, was chosen for the experiments because it 
is a well-established human cell line of an osteoblast phenotype. 
The MTT assay was used to evaluate the viability and the early cell 
adhesion on the beads after 6 hours, and the number of cells 
proliferated on the beads after 24 hours, 72 hours and 7 days. MTT is 
a viability assay, since it is based on the colorimetric detection of 
formazan, a product with a deep purple colour that forms when viable 
cells reduce the MTT reagent by NAD(P)H-dependent 
oxidoreductase enzymes. It was used to measure cellular metabolic 
activity as a proxy for cell viability (Riss et al., 2004). 
Three groups of spheres were tested: 
- B: SF4/ALG1/β-TCP 
- BS: SF4/ALG1/β-TCP_stab 
- BA: ALG1/β-TCP 
Before cell seeding, the beads of the 3 groups were sterilized by 
ethylene oxide (EtO) treatment, in order to remove any possible trace 
of microbiological agents. The spheres were seeded with Saos-2 
cells, and maintained in culture at 37 °C, 5% CO2 on an orbital 
shaker at 60 rpm for different periods of time (6 hours, 1 day, 3 days, 
7 days) before the assays were carried out. 
The number of cells attached to the beads after 6 hours (early cell 
adhesion), and the number of cells on the beads after 1 day, 3 days 
and 7 days (cell proliferation), were estimated by MTT assay (Fig. 
37).  
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At time points “6 hours” and “day 1”, MTT assay was performed in 
the tubes containing the beads. After time point “day 1”, when the 
cells were supposed to be adherent to the spheres, spheres were 
moved to a new plate, and the MTT assay was performed separately, 
in parallel, on the beads and in the tubes used for the incubation. 
This operation allowed us to discriminate between the total viable 
cells, and the number of viable cells effectively attached to the 
spheres. As visible at days 3 and 7, most of the cells did not adhere 

Fig. 37  Results of MTT assay performed on three different set of samples 
cultured with Saos-2 cell line. B is SF4/ALG1/b-TCP, BS is SF4/ALG1/b-
TCP_stab, BA is ALG1/b-TCP. ** indicates significant differences between 
values at P ≤ 0.01. 
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to the beads, but to the tubes. However, the beads did not induce 
any toxic effects on the cells that could proliferate. Even if BA allowed 
cell viability, formulations containing SF featured the best results in 
terms of cell proliferation and adhesion to the spheres. These results 
are preliminary and indicate that spheres of different composition 
allowed cell viability and proliferation, with better results for materials 
containing SF. However, in the initial experiments performed until 
now, cell attachment on the spheres was limited. Therefore, a more 
complete biological evaluation of the spheres should be performed, 
and spheres surface features, morphology and composition should 
be optimized for cell adhesion, proliferation and penetration, for 
instance by creating surface porosity on the spheres (Karageorgiou 
and Kaplan, 2005). 
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Chapter VI. Fibroin films combined 
with the neuropeptide substance P 
as models of immunomodulatory 

systems 
Part of this work was performed in collaboration with Doctor Roberta 
Tasso, Regenerative Medicine Laboratory, Ospedale Policlinico San 

Martino, Genoa, Italy 

6.1. Introduction 

This chapter contains the description of the research activity that has 
been focused on the design of a fibroin biomaterial-based strategy to 
target macrophage behaviour during inflammation processes. The 
ability to control macrophage phenotype is of particular interest in the 
tissue engineering field because macrophages have an active role in 
all the phases of tissues regeneration, exactly when a biomaterial is 
expected to fulfil its functions (Panilaitis et al., 2003). These cells 
remove cellular debris, remodel the ECM, and synthesize cytokines 
and growth factors. Macrophage classification, which is rather 
complex, can be simplified and these cells can be denoted as either 
pro-inflammatory “M1” (i.e., initiating an acute response) or pro-
healing “M2” (i.e., promoting the proliferative phase) (Graney et al., 
2018). An illustrative scheme of the different macrophages 
phenotypes, with their inducers and functions, is reported in Fig. 38 
(Kou and Babensee, 2011). 
Graney et al. provided a detailed review of macrophages and 
biomaterial design strategies to control them, especially for 
angiogenesis and wound healing purposes. Macrophages were 
described for their ability to shift phenotypes between extremes (from 
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M1 to M2), resulting in pro-inflammatory or anti-inflammatory, pro-
fibrotic or matrix-degrading, depending on the situation. The 
response time of the macrophages to shifting between phenotypes 
was described as fundamental, since M1 and M2 are required at 
different stages of tissue repair and regeneration (Boniakowski et al., 
2017). As a consequence, from the tissue engineering point of view, 
biomaterials that can regulate macrophages behaviour in a 
temporally controlled manner are of great interest (Hotaling et al., 
2015). 
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Fig. 38 A scheme of the different phenotypes of macrophages, with their 
inducers and functions. They are derived from the circulating precursors, 
monocytes, in response to macrophage colony-stimulating factor (M-CSF). In 
response to stimuli (cytokines, activated oxygen or nitrogen species, etc.) the 
plasticity of macrophages allows them to polarize into different populations 
with specific functions (Kou and Babensee, 2011). With permission of John 
Wiley and Sons.  
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Substance P (SP) is an eleven amino acid neuropeptide (sequence: 
RPKPQQFFGLMNH2) of the tachykinin neuropeptide family. It is 
secreted by nerves and inflammatory cells such as macrophages, 
eosinophils, lymphocytes, and dendritic cells, and acts by binding to 
the neurokinin-1 receptor (NK-1R) (O’Connor et al., 2004). It was 
shown that treatment of skin wounds with exogenously administered 
SP could modulate inflammation, leading to a resolution of the wound 
(Leal et al., 2015). In particular, during the inflammatory phase of the 
pathological situation of a diabetic skin wound, Leal et al. showed 
that: the SP neuropeptide expression was reduced; a chronic pro-
inflammatory state aroused; a high M1/M2 macrophage ratio was 
reached. Local treatment with SP modulated that ratio in favour of 
M2, and reduced the expression of pro-inflammatory cytokines, 
indicating resolution of inflammation and progression to the 
proliferative and healing phases (Leal et al., 2015).  
Silk fibroin, which features were already described in detail in the 
introduction chapter, was proven to be a compatible matrix for the 
encapsulation and sustained delivery of protein therapeutics and 
growth factors for biomedical applications, and for the stabilization 
and protection of entrapped enzymes and peptides. In different 
experiments, silk fibroin matrices of different morphologies could be 
combined by various strategies with biomolecules, and used to 
modulate their release and/or preserve their bioactivity for significant 
periods until the final application (Lu et al., 2009, 2010a). For 
example, a lyophilized silk fibroin hydrogel matrix was described for 
the sustained release of monoclonal antibodies (Guziewicz et al., 
2011). In other studies, 2D fibroin materials like films or membranes 
were produced, for the ease of fabrication and characterization (Gil et 
al., 2013; Ju et al., 2016). Fibroin films, prepared by casting of 
sulfonated silk fibroin solutions, allowed binding (through ionic and 
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hydrophobic-hydrophilic interactions) and release of FGF-2 (Wenk et 
al., 2010). Silk solutions with embedded NGF (nervous growth 
factors) were used to prepare NGF-loaded films and tubes that could 
release the growth factor upon incubation (Uebersax et al., 2007).  
With these premises, in this part of my research activity, SF films 
were chosen as models for the preparation of an immunomodulatory 
biomaterial, which could provide fibroin with the macrophage 
modulatory abilities of SP. To pursue this goal, silk fibroin films with 
substance P were prepared by using two different strategies, in 
parallel:  

- direct mixing of fibroin and SP solutions;  
- incorporation of SP by covalent coupling to prefabricated 

fibroin film.  
The two strategies allowed us to study the range of properties, with 
differences and analogies, featured by SP-films of the two types. 
 

6.2. Materials and methods 

 6.2.1. Materials 

White polyhybrid Bombyx mori silk cocoons (purchased from Chul 
Thai Silk Co., Phetchabun, Thailand) were used as source of fibroin. 
To degum and dissolve fibroin we used the same reagents of the 
activity of Chapter 3, briefly: sodium carbonate (Na2CO3); lithium 
bromide (LiBr); DI water. PBS buffer (0.1 M sodium phosphate, 0.5 M 
NaCl, pH 6.5), 1-ethyl-3-(dimethylaminopropyl)carbodiimide 
hydrochloride (EDC), N-hydroxysuccinimide (NHS), and bovine 
serum albumine (BSA) were purchased from Sigma-Aldrich (Saint 
Louis, MO, USA). Substance P acetate salt (SP) (Fig. 39 and Table 
7), Substance P ELISA (Enzyme-Linked Immunosorbent Assay) Kit 



 118 

and Anti-substance P antibody [SP-DE4-21] were purchased from 
Abcam (Cambridge, United Kingdom). SP solution was prepared and 
stored following manufacturer instructions. Goat anti-Mouse IgG 
Secondary Antibody conjugated to Alexa Fluor 488 was purchased 
from Thermo Fisher Scientific (Waltham, MA, USA). 
 
 
 
 
 
 
 
 
 
 
 

Table 7 General properties of SP peptide (http://isoelectric.ovh.org) 

 6.2.2. Preparation of silk fibroin aqueous 
solution 

Silk cocoons were degummed as described in Chapter 3. The fibers 
obtained were deeply rinsed with deionized water, and then air-dried. 
Degummed fibroin was dissolved at a concentration of 10% w/V in 

General chemico-physical properties of SP peptide 

amino acids:  Arg- Pro- Lys- Pro- Gln- Gln- Phe- Phe- Gly- Leu- Met 
MW:  1347.65 g/mol 

solubility:  50 mg/ml in 1M acetic acid 
isoelectric point: ~11  
charge at pH 7.4:  2 

Fig. 39 Structural formula of Substance P neuropetide. 
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9.3 M aqueous LiBr at 65 °C for 4 h. To eliminate LiBr, the solution 
was dialyzed in a Slide-A-Lyzer™ Dialysis Cassette (Thermo Fisher 
Scientific, Waltham, MA, USA) with 3.5 KDa of molecular weight cut-
off (MWCO), against DI water for 3 days, with regular water changes. 
Finally, SF aqueous solution was filtered using a glass porous 
septum to eliminate any solid residue in suspension. The 
concentration was measured and adjusted to 2% w/V (0.2 g of silk 
per ml of water), by dilution with DI water. 

 6.2.3. Preparation of silk fibroin films  

6.2.3.1. Pure fibroin films 

Fibroin films were prepared by casting 10 ml of fibroin aqueous 
solution at 2% w/V in 55 mm-diameter Petri dishes. The films were 
dried overnight in a laminar flow hood at room temperature. Dry films 
were then treated by annealing process to induce structural transition 
and make them insoluble in water: films were placed in a desiccator 
under vacuum in presence of water vapour, and maintained for 24 
hours, at room temperature. 
Finally, films were briefly hydrated and cut in disks of 6 mm in 
diameter by biopsy punch. 

6.2.3.2. Fibroin films with substance P 

Silk fibroin films containing substance P were prepared by using, in 
parallel, the two different strategies described in the following 
paragraph.  
To prepare fibroin films containing SP by direct mixing of their 
solutions (strategy (I)), 100 µl of DI water containing 0.1% BSA (for 
stabilization of SP) and 2.5 mg of SP (corresponding to 25 mg/ml SP) 
were added to 10 ml of fibroin solution at 2% w/V (corresponding to 
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0.2 mg/ml fibroin). The solution was poured in 55 mm-diameter Petri 
dishes, dried overnight, and the films obtained were treated with 
water vapour, as described before. Films were hydrated and cut in 
disks of 6 mm in diameter by biopsy punch. 
To prepare fibroin films containing SP by covalent conjugation post-
fabrication to their surfaces (strategy (II)), fibroin films were produced 
by casting and treated with water vapour, as described before. Then, 
films were soaked in PBS buffer (0.1 M sodium phosphate, 0.5 M 
NaCl, pH 6.5) for 30-45 minutes to hydrate. Subsequently, SF films 
were transferred into a solution of EDC/NHS (0.5 mg/mL of EDC with 
0.7 mg/mL NHS in PBS buffer) for 15 min at room temperature, in 
order to improve the reactivity of -COOH groups exposed by SF 
aspartic and glutamic acids (present respectively at around 0.5 mol% 
and 0.6 mol% of the total amino acids based on the amino acid 
composition of fibroin) (Murphy et al., 2008; Murphy and Kaplan, 
2009).  After rinsing with PBS buffer, each film was contacted with a 
solution containing 2.5 mg of SP in PBS with 0.1% BSA, for 2 h at 
room temperature. At the completion of peptide coupling, the films 
were rinsed for 5 minutes in fresh PBS buffer solution, and then 
rinsed with DI water to remove buffer salts. Films were cut in disks of 
6 mm in diameter by biopsy punch, and air-dried. In parallel with this 
set of films, also SF films, treated with the same processes but in 
absence of SP, were prepared for the use as controls in some 
characterization analyses.  
The following scheme (Fig. 40) represents the two strategies used, 
starting from fibroin in solution, to combine SP with SF films, together 
with the reaction of SP conjugation to -COOH residues of Asp and 
Glu fibroin amino acids. 
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The material quantities used allowed obtaining a final theoretical 
amount of 32 µg of SP (corresponding to 0.024 µmoles) per each 
disk of 6 mm. These doses were decided in agreement with a study 
that showed the optimal diabetic foot ulceration healing promoted by 
local treatment with SP (Leal et al., 2015). In particular, a dry weight 
of 2.3 mg for each 6-mm fibroin film disk was considered, 
corresponding to a content of 0.34 µmoles of Asp and Glu residues 
(the targeted amino acids residues that were exploited for the 
covalent coupling of SP onto -COOH groups exposed on fibroin 
films). Both the strategies were supposed to allow a 100% 
incorporation of SP: the first one, because SP was incorporated 
directly into fibroin solution, and should be all retained in the dry 
films; the second one, because the equivalents of Asp and Glu (-

(I) 

(II) 

Covalent 
coupling: 

Fig. 40 Schematic representation of SP combination with fibroin films by 
simple mixing (or solution blending) and by covalent conjugation, with a focus 
on the chemical reaction occurred. Subscript 1 or 2 indicate the number of C 
atoms in the chain, 1 is for Asp and 2 is for Glu. 
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COOH reactive groups) available were around 14 times the 
equivalents of SP used (0.34 µmoles of Asp+Glu/0.024 µmoles of SP 
= 14.2). 
The different types of materials prepared are schematically presented 
in the table, together with the sample codes (Table 8). 
 
Sample Code Description 

FF pure fibroin film (control) 
FF_edc/nhs fibroin film activated by EDC/NHS (control) 

FF_covSP fibroin film + SP covalently coupled post-fabrication  
FF_mixSP fibroin film + SP incorporated in solution 
Table 8 Codes of the different samples of fibroin films prepared. 

 6.2.4. Characterization techniques 

Most of the characterization techniques used to analyse fibroin films 
were already described in the previous chapters, except for water 
contact angle, Atomic Force Microscopy, spectrophotometric 
detection of SP in solution, confocal imaging of films. 

6.2.4.1. Water contact angle 

The water contact angle of a 10 µl droplet of DI water deposited on 
films surfaces by a Hamilton glass syringe was used to determine the 
films hydrophobicity. The films were fixed on a glass substrate and 
placed on an optical bench equipped with a light and a camera with 
Cosmicar lens (Pentax, Tokyo, Japan), connected to a computer. Left 
and right contact angles were measured from the pictures taken on 
three droplets for each film, by using an ImageJ plugin. 



 123 

6.2.4.2. Atomic force microscopy 

Fibroin films were studied by Atomic Force Microscopy in order to 
investigate possible changes in surface topography before and after 
the combination with the Substance P peptide (Hansma, 2013). An 
SPM (Scanning Probe Microscope) NT-MDT Solver Pro system (NT-
MDT, Moscow, Russia) equipped with S7 scanner was used. All 
samples were imaged in semi-contact mode using silicon tips (NSG-
11, NT-MDT, 10 nm nominal tip radius, resonance frequency of 181 
kHz), collecting 2x2 µm, 512-points resolution images. Gwyddion 
(Czech Metrology Institute, 2004), a modular program for SPM data 
visualization and analysis, was used to elaborate AFM images and 
calculate surface roughness. 

6.2.4.3. Immuno-detection of SP 

ELISA assay was used to quantitatively analyse SP release from 
films in solution. SP release studies were conducted by incubating 6-
mm-diameter fibroin films in PBS pH 7.4 at 37°C, for 10 days. Every 
12 hours supernatants were harvested and frozen, and fresh PBS 
(0.1 ml) was placed in contact with the films. 
Competitive ELISA assay was performed in duplicates on the 
supernatants, following the manufacturer instructions. The samples 
absorbance at 405 nm was measured using a microplate reader 
Spark 10M (Tecan, Austria). 
The presence of SP on the films was also evaluated using a Nikon 
A1 confocal microscopy (Nikon Instruments, Amsterdam, The 
Netherlands), upon incubation of the films with anti-substance P 
antibody and fluorescent secondary antibody to label and visualize 
SP. 
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6.3. Results and discussion 

The main objectives of the characterizations were: 
- the investigation of fibroin films with and without SP, in order 

to have an indication of the efficacy of loading of SP into the 
films, and evaluate possible changes in the chemico-
physical properties of fibroin or the neuropeptide; 

- the determination of the dynamics of release of SP from 
fibroin films, with preserved SP bioactivity, in order to 
assess the possibility to use fibroin matrices as platforms for 
a macrophage modulation system. 

FT-IR spectroscopy was used to evaluate the secondary structure 
adopted by fibroin in the films. In particular, films prepared by 
incorporating SP directly into fibroin solution (FF_mixSP), i.e. 
contacted with fibroin still in water before inducing any protein 
secondary structure, were taken in careful consideration and 
compared with films prepared by the other methodologies. Moreover, 
also films prepared by covalent functionalization with SP post-film-
fabrication in solution (FF_covSP) could potentially show differences 
in fibroin secondary structure, deriving from the activation step with 
EDC/NHS. 
All the samples presented the Amide I band centred at 1623 cm-1, 
indicating prevalent β-sheet secondary structure (Fig. 41). A shoulder 
at 1648 cm-1 was also visible and was more evident for samples FF 
and FF_mixSP, indicating the presence of some random coil 
conformation. It is possible that the treatment with EDC/NHS (that act 
as crosslinkers) used to prepare samples FF_edc/nhs and 
FF_covSP, induced a further transition of residual random coils to β-
sheet conformation, resulting in a slight intensity decrease of the 
shoulder at 1648 cm-1 for these films. 
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Amide II and Amide III bands were present for all samples 
respectively at 1516 and 1235 cm-1, typical of fibroin in β-sheet 
conformation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The incorporation of SP to fibroin films didn’t generate any clear 
additional absorption band or modifications of the existing ones on 
the corresponding spectra, in comparison with FF spectrum. This 
result could be expected, considering that fibroin vibrations dominate 
the infrared spectrum, and SP, being also a peptide but with only 11 
amino acids and no particular features, is not characterized by 
specific or particularly intense absorptions discernible from fibroin. 
Results of the water contact angles measured on the different 
samples are shown in the following figure and table (Fig. 42 and 
Table 9). 
 

Fig. 41 Infrared spectra of films: FF (fibroin film); FF_edc/nhs (fibroin films 
treated with EDC and NHS); FF_covSP (fibroin film + SP covalently 
coupled post-fabrication of film); FF_mixSP (fibroin film + SP incorporated 
in solution). 
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Table 9 Water contact angles values of the films. 

The mean values of contact angle measured for the different films 
were very similar, indicating that no significant changes in the 
hydrophobicity of the films occurred after incorporation of SP with the 
two different strategies. These results could be correlated with the 
FT-IR analyses. In fact, the protein structure determines the nature of 
the fibroin material (in this specific case, films) interaction with water. 
In this study, values of contact angle indicating a moderately 
hydrophilic surface were in agreement with the FT-IR analyses, 
which revealed prevalence of β-sheet secondary structure (insoluble 
in water). Moreover, both contact angles and FT-IR spectra profiles 
were basically constant between different samples. A representative 

 FF FF_edc/nhs FF_covSP FF_mixSP 
Mean θ (°) 60.2 67.4 65.4 62.4 
SD (°) 2.9 0.8 4.6 5.4 

Fig. 42 Water contact angles of the films. Mean with SD, n=6 
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image of FF obtained by electron microscopy is here reported, to 
show the typical thickness and cross-section morphology of the 
samples prepared (Fig. 43). 
 
 
 
 
 
 
 
 

Fig. 43 A representative FE-SEM image of FF film, showing the average 
thickness of the samples prepared. 

Then, fibroin films were studied by Atomic Force Microscopy in order 
to investigate possible changes in surface topography after the 
combination with the Substance P peptide (Hansma, 2013). 
The AFM images collected on SP peptide cast on mica substrate and 
on the fibroin-based films were used to estimate the roughness and 
to identify the presence of specific surface features that could 
indicate the presence of SP peptide exposed on fibroin films. For the 
images, which were collected in semi-contact mode and by scanning 
2x2 µm areas, the colour scale reflected the Z scale, i.e. the surface 
roughness. The most relevant images collected are shown and 
discussed (Fig. 44). The surface roughness was calculated on the 
images in terms of Rms (i.e. the root mean square (RMS) average of 
height deviations from the mean image data plane) (Table 10). 
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Image Sample 

code 
Description Rms (Sq),  

nm 
A SP peptide solution 0.05 mg/ml, on mica  3.9 
B FF pure fibroin film (control) 2.7 
C FF_covSP fibroin film + SP covalently 

coupled  
3.8 

D FF_mixSP fibroin film + SP incorporated 
in solution 

5.1 

Table 10 Roughness values of SP peptide and films from AFM images. 

A B 

C D 

Fig. 44 AFM images of SP layer on mica substrate and fibroin films of 
different compositions. Images codes are illustrated in the following table. 
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Image (A) was collected on SP peptide deposited on an ultra-flat 
mica substrate from an SP diluted solution (0.05 mg/ml in water). 
This image could be used as references to study fibroin films 
samples containing SP. The roughness values obtained and the 
dimensions of the round shaped features visible in the image are 
compatible with SP peptide in the globular arrangement typical of 
proteins deposited on a flat substrate from solution. 
Untreated fibroin film (FF film, (B)) had a mean roughness value 
(Rms) around 2.7 nm. Fibroin film combined with SP by covalent 
conjugation in solution featured a higher mean roughness value, 
calculated around 3.8 nm. The increased roughness detected for 
FF_covSP film could be an indicator of the occurred conjugation of 
SP to fibroin film surface, since the difference between the Rms 
values of the two different types of films (FF and FF_covSP) was 
compatible with the height of the SP peptide. The sample FF_mixSP 
(D) showed the higher roughness between the different samples 
studied (Rms was 5.1 nm). This could suggest the presence of the 
SP peptide that was mixed with fibroin solution before film casting 
and could have diffused partially to the film surface during solvent 
evaporation or fibroin crosslinking. 
Experiments of SP immuno-detection were firstly performed by the 
use of fluorescent-labelled antibodies and confocal microscopy, to 
assess the possibility of visualizing SP attached to fibroin films in 
samples FF_covSP and FF_mixSP. 
The fluorescent secondary antibody (AbII) was only visible, after film 
incubation with the primary antibody (AbI) antiSP, on samples 
FF_covSP and FF_mixSP (images B and C), confirming that SP 
could be recognized and visualized on fibroin films surface, and that 
fibroin didn’t give any signal due to adsorption or nonspecific binding 
of AbI or AbII to pure fibroin (image A). 
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Fig. 45 FF (A), FF_covSP (B) and FF_mixSP (C) images, obtained by 
confocal microscopy after incubation with anti-SP primary antibody and 
fluorescent scondary antibody. Scale bar 500 µm. 

The quantitative immuno-detection of SP release from the films was 
performed by ELISA assay (Fig. 46 and Fig. 47). Here are reported 
the curves of the cumulative release of SP for the different sets of 
films, and the curves for the cumulative release of SP %, considering 
the initial SP amount of 30 µg and 9 µg calculated for FF_mixSP and 
FF_covSP 6 mm-diameter disk, respectively. No SP release was 
detected for pure SF films (FF and FF_edc/nhs, data not shown). 
 
 
 
 
 
 
 
 
 
 
kkkkkkkkkk

 
 

(B) (C) (A) 

Fig. 46 Cumulative SP release obtained by ELISA assay on incubation 
media of films FF_mixSP and FF_covSP.  
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Fig. 47 Cumulative SP release % obtained by ELISA assay on incubation 
media of films FF_mixSP and FF_covSP.  

The curve of release of SP from FF_mixSP films appeared to be 
characterized by an initial burst release, during the first three days of 
incubation, and remained then stable from day 4 until day 10. Around 
4% of the initially loaded SP was released from films at the end of the 
incubation. The curve of release of SP from FF_covSP films showed 
a slow and continuous release of SP over the 10 days of incubation, 
reaching 2% of initially loaded SP released at the end of the 
experiment. The results of the immuno-detection studies showed that 
SP was present on the films and could conjugate the specific primary 
antibody both in the immuno-labelling for confocal analyses and in 
the ELISA assay. These are preliminary results that suggested a 
preserved activity and bioavailability of substance P, in two different 
situations: after the release in films incubation media, or conjugated 
to fibroin films, prepared with both strategies. 
Moreover, SP release experiments showed that only a minor 
percentage of SP was found in films incubation media after 10 days, 
indicating that the rest (95% and 98% for FF_mixSP and FF_covSP, 
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respectively) was permanently entrapped or conjugated to fibroin. 
These results could be promising for potential biomedical 
applications, in which SP should fulfil its activity of macrophages 
modulator directly on the site of implantation of the biomaterial. 
In summary, the set of results obtained during this research could be 
a starting point for the development of biomaterials with improved 
functionalities, especially regarding the active control of 
macrophages behaviour during tissue healing phases, in case of 
chronic wounds, injuries, inflammatory states, or many other 
pathological conditions. 
The chemico-physical characterization should be necessarily 
followed by a biological evaluation of the materials, which is under 
evaluation in in vitro on-going experiments, briefly presented in the 
following paragraph.  

6.4. Design of the in vitro 
biological evaluation of the 
materials 

Fibroin-SP specimens were sterilized by gamma (γ) irradiation with a 
dose of 25.0 kGy, at the irradiation facility of the Physics Department 
of the University of Genova.  
Mouse bone marrow-derived macrophages were grown in their 
standard medium, then cultured in presence of Transwell® 
permeable supports with fibroin films placed above. Cytofluorimetry 
analyses and molecular analyses (RNA extraction, reverse 
transcription PCR and real-time quantitative PCR) were conducted 
on macrophages at specific experimental time points. Experiments 
are ongoing and the results are not shown in this dissertation. 
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Chapter VII. Conclusions 
“Tissue engineering is the creation of new tissue for the therapeutic 
reconstruction of the human body, by the deliberate and controlled 

stimulation of selected target cells, through a systematic combination 
of molecular and mechanical signals” (Williams, 2006). 

 
In this work, innovative materials derived from silk fibroin processed 
and combined with selected bioactive compounds were designed and 
investigated, with the final aim of developing new therapeutic 
systems for bone tissue engineering applications.  
To address the goals of this work, the experimental activity was 
divided in three main research lines that explored different strategies 
to engineer silk fibroin at different levels of intervention in the 
treatment of bone injuries:  

- support to the formation of new healthy and functional 
tissue; 

- enhancement of the mineralization processes;  
- modulation of the immune response at the injured site. 

In fact, with the increasing knowledge of the functions that different 
bioactive molecules and inorganic materials play in specific bone 
pathologies and/or injuries, the design of biomaterials that could 
actively control the metabolism of cells of different phenotypes and 
promote healing outcomes has obtained a central role in the tissue 
engineering field. In the context of this dissertation, which focuses on 
bone tissue engineering, compounds with a specific bioactivity versus 
bone derived cells and cells of the immune system were considered. 
In the three studies conducted, silk fibroin was respectively combined 
with: the hydrogen sulfide donor GYY; β-tricalcium phosphate; the 
potential immunomodulatory neuropeptide substance P. 
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The first research activity conducted focused on the preparation and 
characterization of fibroin porous scaffolds loaded with the hydrogen 
sulfide donor GYY. The rationale behind this activity consisted in two 
main points: the necessity to find new systems to administer and 
deliver an H2S-donor in the human body, preserving, in parallel, its 
H2S-releasing ability; the investigation of strategies to enhance the 
bioactivity of the SF scaffolds towards hMSC differentiation into bone 
cells.  
Highly porous matrices were fabricated and a strategy to combine 
them with GYY was designed. We could assess that the final 
products featured the chemico-physical and mechanical properties 
required to soft bone scaffolds, in terms of porous morphology, 
chemical stability and behaviour under compression stresses. 
Moreover, the H2S-releasing abilities of GYY were retained after 
incorporation into SF scaffolds. Cytocompatibility and cell 
proliferation and penetration into the scaffolds was successfully 
confirmed by culture with a bone-derived cell line. The enhanced 
osteogenic potential of fibroin scaffolds loaded with GYY in vitro was 
evaluated by our collaborators as Istituto Ortopedico Rizzoli, with 
hMSCs cultured in dynamic conditions on the same scaffolds 
described in this dissertation.  
The second research activity performed focused on the design and 
fabrication of a new composite system based on calcium phosphate 
and silk fibroin that could be potentially exploited to enhance 
mineralization processes in bone formation. In fact, thanks to its 
excellent osteoconductive and osteointegrative properties, β-
tricalcium phosphate (β-TCP) is an effective inorganic filler to treat 
small bone defects. In this work β-TCP was encapsulated into 
sphere-shaped matrices of SF and ALG, which resulted to be a 
tunable matrix for the manipulation of calcium phosphate. This 
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system, proved to be cytocompatible, might provide a strategy for the 
easy dosage of β-TCP, with no need for scaling before application in 
the bone implant site. 
Finally, preliminary studies were conducted on strategies for the 
treatment of inflammation induced by the implantation of a scaffold. 
For this research, silk fibroin films combined with the neuropeptide 
substance P were used as models to study the conjugation 
mechanism of SP with SF, and the processes of release. The results 
obtained from the characterization performed, in particular the 
immuno-detection analyses, indicated that both SP chemically 
conjugated and SP physically blended to fibroin retained their 
bioactivity. An investigation of the biological activity of the SF-SP 
system is necessary to demonstrate its ability to modulate 
macrophages phenotypes in in vitro conditions simulating 
inflammation or in vivo experiments. 
The results obtained from the three research activities conducted 
indicate that fibroin can function as a flexible platform to produce 
various systems for bone tissue regeneration application. Moreover, 
as conclusion and possible future perspective for this work, the three 
strategies could be integrated and combined in a unique 
multifunctional system, based on a fibroin engineered platform with 
therapeutic potential at different stages of intervention in the 
treatment of bone injuries. 
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List of Abbreviations and Acronyms 
 
AbI: Primary antibody  
AbII: Secondary antibody  
ADSC: Adipose derived stem cell 
AFM: Atomic force microscopy 
ALG: Alginate 
ANOVA: Analysis of variance 
APTC: 2-aminopyridine-5-thiocarboxamide 
ATR: Attenuated total internal reflection 
BCA: Bicinchoninic acid 
BMSC: Bone marrow stromal cells 
BSA: Bovine serum albumine 
β-TCP: β-tricalcium phosphate  
CaP: Calcium phosphate 
CBS: Cystathionine-beta-synthase  
CFDA: China Food and Drug Administration 
CLM: Confocal laser microscopy(e) 
CSE: Cystathionine-gamma-lyase 
DAPI: 4’6-diamidino-2-phenylindole 
DI: Deionized 
DMEM: Dulbecco’s Modified Eagle Medium 
DMSO: Dimethyl sulfoxide 
DSC: Differential scanning calorimetry 
ECM: Extracellular Matrix 
EDC: 1-ethyl-3-(dimethylaminopropyl)carbodiimide hydrochloride 
ELISA: Enzyme-linked immunosorbent assay 
EtO: Ethylene oxide 
FBS: Foetal bovine serum 
FE-SEM: Field emission scanning electron microscopy 
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FGF-2: Fibroblast growth factor 2 
FSD: Fourier self-deconvolution 
FT-IR: Fourier transform infrared  
GAG: Glycosaminoglycan 
GMP: Good manufacturing practices 
GYY or GYY4137: (p-methoxyphenyl) morpholino-phosphinodithioic 
acid 
HA: Hydroxyapatite 
hBMSC: Human Bone Marrow Stromal Cells 
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HHS: Department of Health and Human Services 
hMSC: Human mesenchymal stem cell 
HRP: Horseradish peroxidase 
H2S: Hydrogen sulfide 
IgG: Immunoglobulin G 
LDH: Lactate dehydrogenase 
M1: Pro-inflammatory macrophage  
M2: Pro-healing macrophage  
M-CSF: Macrophage colony-stimulating factor 
MEM: Minimum Essential Medium 
MFFs: Mass of fibroin fibers 
MSC: Mesenchymal stem cell 
MW: Molecular Weight 
MWCO: Molecular weight cut-off 
NADH: Nicotinamide adenine dinucleotide 
NADPH: Dihydronicotinamide adenine dinucleotide phosphate 
NaHS: Sodium hydrogen sulfide 
NGF: Nervous growth factor 
NHS: N-hydroxysuccinimide 
NIH: National Institutes of Health 
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NK-1R: Neurokinin-1 receptor  
NMR: Nuclear magnetic resonance 
OVX: Ovariectomized 
PBS: Phosphate-buffered saline 
PEG: Polyethylene glycol 
RGD: Arginine-glycine-aspartate 
RMS: Root mean square 
SD: Standard deviation 
SE: Standard error 
SF: Silk fibroin 
SP: Substance P 
SPM: Scanning probe microscopy(e) 
TERM: Tissue engineering and regenerative medicine 
TGA: Thermogravimetric analysis 
TNF: Tumour necrosis factor 
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