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ABSTRACT 

If we look back in time at the history of humanity, we can state that our generation is definitely 

living an era of outstanding efficiency and progress because of globalization and global 

competition, even if this is resulting in the rapid depletion of energy sources and raw materials.  

The environmental impact of non-biodegradable plastic wastes is of increasing global concern: 

nowadays, imagining a world without synthetic plastics seems impossible, though their large-

scale production and their extensive use have only spread since the end of the World War II. In 

recent years, the demand for sustainable materials has increased significantly and, with a view 

to circular economy, research has also focused on the enhancement and subsequent reuse of 

waste materials produced by industrial processing, intensive farming and the agricultural sector. 

Indeed, giving new life to a waste material allows an intelligent use of resources, decreasing 

the cost of production and activating new strategies and new ideas. Plastic polymers have been 

the most practical and economical solution for decades due to their low cost, prompt 

availability, excellent optical, mechanical and barrier properties and resistance against water 

and grease. Biodegradable polymers, known for many decades but ignored mainly because of 

the low cost of synthetic polymers, could replace them in many applications, thus reducing the 

problems of traditional plastics disposability and the dependence on petroleum. Natural 

biopolymers are in fact characterized by a high biocompatibility and biodegradability and have 

already prompted research in the field of regenerative medicine, which to date is one of the 

most popular scientific fields and represents the future of life sciences, where today’s new 

technologies and public health challenges converge.  

During these three years of my PhD, I carried out my research activities in the laboratory of 

Materials Chemistry and Biomimetics, the science of imitating nature. My goal was to use 

natural polymers from sustainable sources as raw materials to produce biomaterials, which are 

materials designed to interface with biological systems to evaluate, support or replace any 

tissue, organ or function of the body. In particular, I focused on the use of the most abundant 

biopolymers in nature (such as cellulose, chitosan, gelatin) to produce biomaterials of different 

types. Biomaterials in the form of thin membranes (films), scaffolds and cements were 

developed, and after a complete characterization, the materials were proposed for suitable 

applications in different fields, from tissue engineering to cosmetics and food packaging. Some 

of the obtained results were published on international scientific and peer-reviewed journals. 
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Chapter 1. 
INTRODUCTION 

 

1.1 SUSTAINABILITY AND CIRCULAR ECONOMY 

The rapid scientific and technological progress has now reached a remarkable development, 

bringing significant improvements in human life, but has also caused negative and sometimes 

even disastrous effects. Examples are the uncontrolled use of natural resources, global warming, 

ecological disasters, and pollution.  

In particular, the environmental impact of non-biodegradable plastic material wastes is of 

increasing global concern. In fact, today imagining a word without plastic seems impossible, 

though their large-scale production and their widespread use occurred only after the end of 

World War II. It is estimated that between 1960 and 2005, the percentage by mass of plastics 

in municipal waste increased from less than 1% to over 10% in high and middle income 

countries 1. 

Most of the plastics (and therefore the waste) that we produce comes from packaging, mainly 

designed for immediate disposal: half of all plastics ever manufactured has been made in the 

last 15 years and was used only once. 

In 2019 alone, plastics contributed to the emission of greenhouse gases in the equivalent of 850 

million tons of CO2 released into the atmosphere: if plastic production and use grow as currently 

planned, these emissions could reach 1.3 gigatons/year by 2030 and 56 gigatons by 2050, as 

much as 14% of the Earth’s entire remaining carbon budget 2. 

The accumulation of the unused polymers in the sea or on the seaside occurs at a rate of more 

than 105 tons/year and causes disruption in the environmental ecosystems of fisheries and the 

ocean. Plastic is so abundant that traces can be found also in the glaciers and in the great sea 

pits, and even in the Mariana Trench: in fact, plastic has been proposed as the geological 

indicator for the present epoch, that of the ‘Anthropocene’ 3. 

One of the main problems of plastic accumulation is the creation of microplastics, millimeter-

sized or even micrometrics fragments which are also generated by photodegradation reactions, 

having a negative impact on the marine environment 4. Microplastics can indeed act as dispersal 

vectors of additives, organic pollutants and provide a favorable habitat for the proliferation of 

a wide range of microbial organisms and communities; plastic residues are also ingested by 

marine species (such as sea turtles, seals, whales, but also by fish and crustaceans) and are 

therefore present in the human food chain. These issues also affect our country closely, 

especially considering the marine biodiversity of the Mediterranean Sea 5. 



 2 

In recent years, there has been an increase in knowledge and awareness of the negative effects 

that plastic has on the environment and man. Not long ago, the European Parliament has 

approved the Directive on disposable plastic products: from 2021, disposable plastics such as 

cutlery and straws has been banned, and the use of plastic products is regulated by national 

plans. The legislation also requires plastic bottles to contain at least 25% of recycled content 

by 2025 and 30% by 2030, and introduces new responsibilities for manufacturers 6. 

 
The current development model based on the linear economy (take-make-waste) is no longer 

sustainable, and there is the urgent need to promote a transition towards the use of renewable 

resources.   

Circular Economy (CE) is a term that defines an economic system designed to regenerate itself, 

and therefore eco-sustainable. According to the definition given by the Ellen Macarthur 

Foundation, the CE provides tools to tackle climate change and biodiversity loss, to increase 

prosperity and jobs; it aims to reduce greenhouse gas emissions, waste and pollution, while 

addressing important social needs 7. The circular economy can thus be summarized in three 

principles: eliminating waste and pollution, circulating products and materials and regenerating 

nature. 

The transition to a circular economy must not only aim at restoring the negative effects of the 

linear economy adopted so far but must also generate economic and commercial opportunities 

and offer benefits to society and the environment. In fact, the recycling and reuse of waste using 

green technologies will limit water consumption, greenhouse gas emissions and world-wide 

pollution without impoverishing the environment and while saving the biodiversity of the Earth 
8. 

The international standards ISO 14040 and 14044 defined the Life Cycle Assessment (LCA) as 

a method to analyze environmental aspects and impacts of product systems. LCA studies indeed 

the environmental aspects and potential impacts throughout a product’s life from raw material 

acquisition through production, use and disposal 9. During the early years of LCA, the 

methodology was mostly applied to products, but it also has the potential to act as an analysis 

and design tool for processes 10. 

Impact assessment in LCA is an important tool for authorities, industries, and individuals in 

environmental sciences and it generally consists of classification, characterization, 

normalization and valuation 11. This assessment may include both quantitative and qualitative 

measures of improvement, such as changes in product, process and activity design, raw material 

use, industrial processing, consumer use and waste management. 
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To date, the excellent properties of plastics such as their low cost, high availability, superior 

optical, mechanical and barrier properties and resistance to water and grease, have made these 

materials the most appealing solutions for the industry, especially in the packaging sector. The 

plastic industry has generally used fossil-based chemicals, such as natural gas or oil, and has 

only recently shifted towards the use of renewable materials. In fact, while plastics have better 

processability and functional properties, their environmental impact has led to sharp increases 

in oil prices and has provided an additional economic incentive for the search for renewable 

alternatives. 

From a circular economy point of view, the research’s interest has shifted towards the 

development of sustainable materials capable of replacing plastics, thanks to similar or even 

better characteristics.  
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1.2 BIOPOLYMERS AND RENEWABLE MATERIALS 
 
Polymers and Biopolymers  

The generic term 'plastics' refers to pure polymers or their mixture with polymeric resins, 

synthetic fibres and additives that constitute the final material, while 'polymer' refers to large 

chemical compounds (macromolecules) characterized by a high number of repetitive units and 

high molecular weight. 

Depending on their nature, polymers can be synthetic or natural. The formers are obtained by 

means of a chemical synthesis performed in the laboratory, while the latter are those found 

directly in nature.  

Bio-based polymers are naturally occurring polymers or natural substances that have been 

polymerized into high molecular weight materials by chemical and/or biological methods: they 

include various synthetic polymers derived from renewable resources and CO2, biopolymers, 

their derivatives, and their blends and composites 12. Accordingly, not all biobased polymers 

are biodegradable.  

Biopolymers are natural polymers produced by the cells of living organisms and their biological 

functions are associated with their complex structures. A further classification distinguishes 

between biopolymers of natural origin (produced directly in living biological systems such as 

animals, plants, fungi and bacteria) and biopolymers of synthetic origin (derived from 

biological raw materials and obtained by chemical processes, extraction, or by the action of 

micro-organisms). Biopolymers of natural origin are mainly divided into three categories: 

polysaccharides (linear or branched polymeric carbohydrates such as cellulose and alginate), 

proteins and polynucleotides (such as RNA and DNA).  

Many biopolymers or biodegradable polymers can be degraded by the enzymatic action of 

microorganisms such as bacteria, fungi, and algae. Biodegradation allows their conversion to 

CO2, CH4, water, biomass and other substances, so biopolymers or biodegradable polymers can 

be easily recycled by means of biological processes 13 or by non-enzymatic reactions such as 

chemical hydrolysis. In Figure 1 the cyclical processes by which biodegradable polymers are 

synthetized and biodegraded are shown. 
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Figure 1. Cyclical processes by which biodegradable polymers (BP) and their biodegradation 

processes can be obtained 13. 
 
Research and development of new materials based on biopolymers and biodegradable polymers 

is hampered by high production costs and low mechanical and water resistance properties, 

which limit their industrial uptake and end-use applications. 

Several approaches have been proposed to address and overcome these issues, enhancing the 

performances of biopolymers-based materials, and widening up their application fields. In order 

to improve the mechanical and barrier proprieties, physical, chemical and enzymatic treatments 

were employed as well as the introduction of natural compounds/extracts or the union of 

biopolymers with different chemical structures. For example, the interaction between two or 

more polymers through physical entanglement is one of the simplest but most effective methods 

to improve film properties, as reported in literature 14. In particular, film formation through the 

combination of polyelectrolyte biomolecules with opposite charges offers advantages resulting 

from the strength of multiple intermolecular interactions. In fact, the mixing of biopolymers 

with opposite charge leads to the formation of poly-ionic compounds or complexes 

(polyelectrolytes), precipitates or gels that lead to the formation of supramolecular structures 

under specific conditions, depending on the ionic resistance, biopolymer ratio and pH 15. 

 
In the last decades new materials designed for biomedical applications in tissue engineering 16–

18, and as drug delivery systems in the pharmaceutical industry 19,20 have been developed using 

biodegradable polymers.  

Finding solutions to increase the mechanical performance and functional properties of 

biopolymer-based materials is of outmost importance and would widen up their usage and 

application fields. 
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During my doctorate, I selected some of the most common and abundant biopolymers and 

natural polymers in nature, preferentially choosing those that can be easily found from waste 

sources. I used biopolymers such as chitosan, cellulose, sodium hyaluronate, keratin and 

gelatin, of which I report below the main characteristics and properties.  

 

Chitosan 

Chitosan is derived from chitin, the second largest naturally occurring polysaccharide in nature 

after cellulose, found in the shells of living organisms such as crabs, lobsters, tortoise, shrimps 

and insects 21. Almost 60,000–80,000 tons of shell waste is produced globally because of the 

consumption of seafood 22 and it is estimated that about 2000 tons of chitosan is produced 

annually from shrimp and crab shell chitin 23.  

Chitin consists of ß (1-4) linked N-acetyl-2-amino-2-deoxy-D-glucose units and is 

synthesized by an enormous number of living organisms, when reinforcement and strength are 

required. Despite the high availability, its network of hydrogen bonds and high crystallinity 

hinder its solubilization in all usual solvents 24 and hence attention has been given to its 

derivative chitosan. 

 
Chitosan is obtained by partial deacetylation of chitin using a chemical or biological method, 

or a combination of both. The term ‘chitosan’ refers to a large group of structurally different 

chemical entities that may have different sizes, molecular weights (MW) and degrees of 

deacetylation (DD) 25. It is a straight-chain copolymer composed of β-(1–4)D-glucosamine with 

randomly located N-acetyl-D-glucosamine groups, based on the deacetylation degree 26 (Figure 

2).  

Even if no strict rules for defining chitosan are found, chitin with a degree of deacetylation 

(DD) of 70% or above is generally considered as chitosan 27. 

 

 
Figure 2. Structure of chitin and chitosan. 

 
The most commercially available chitosan DD ranges within 70 and 90%; DD higher than 95% 

may be obtained via further deacetylation steps 28, even if this may result in partial degradation 
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of the polymer chains and an increase in the possibility of reacetylation. Thus, the lower the 

deacetylation, the higher the molecular weight, which provides higher chemical stability and 

mechanical strength, but reduces the solubility in traditional solvents 29. 

Due to its semi-crystalline structure with extensive hydrogen bonding, chitosan can be 

dissolved only in acidic media with pH lower than the pKa of amine groups (6.2–7.0). In fact, 

the solubilization occurs by protonation of the -NH2 function on the C-2 position of the D-

glucosamine repeating unit, for which the polysaccharide is converted into a polyelectrolyte in 

acidic media. On the other hand, as the pH increases above 6, chitosan amines undergo 

deprotonation, so the polymer loses its charge and becomes insoluble 30.   

 
Chitosan was approved by the FDA (Food and Drug Administration) as 

GRAS (generally recognized as safe), and hence can be considered suitable for many different 

applications, from the cosmetics, food-packaging, to the biomedical and pharmaceutical fields 
31,32. In particular, chitosan revealed to be a promising bioactive material for tissue engineering 

(bone, skin, cartilage, intervertebral disc, blood vessel, etc.), thanks to its properties of 

biodegradability, biocompatibility, non-toxicity and hydrophilicity, together with  anti-

bacterial, anti-fungal and wound-healing effects 29. Moreover, the degradation of chitosan 

produces harmless amino sugars, which can be absorbed completely by the human body. 

 

Cellulose   

Cellulose is the most abundant biopolymer in nature, and its use as a substitute for 

petrochemical products would therefore lead to significant reductions in CO2 emissions: its 

total production capacity is estimated to be around 1011–1012 ton/year 33. 

Cellulose can be extracted from various sources (for example wood and cotton) in a sustainable 

way: if the forests from which the wood is obtained are reafforested and managed efficiently, 

the entire production cycle has the potential to minimize greenhouse gas production even in the 

long run. 

Although biodegradability has been seen as an intrinsic advantage of cellulose products, on the 

other hand the rate of biodegradation is affected by chemical changes, such as derivatization or 

cross-linking 34. 

Cellulose is a polysaccharide in which glucose units are bound by a β 1→4 glycoside bond 

(Figure 3); each glucose unit contains three -OH groups.  
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Figure 3. Structure of cellulose. 

 
Linear polymer chains are arranged parallel to each other by hydrogen bonds, leading to the 

formation of fibrils difficult to solubilize. The arrangement of the fibrils is extremely regular, 

therefore there is the formation of hydrophobic crystalline zones. The degree of polymerisation 

(DP) in common wood cellulose is in the range 3000-5000 35. 

In woody vegetable materials, cellulose is present in combination with lignin and 

hemicellulose: while the latter component generally makes the material more hydrophilic 36, 

lignin has the opposite effect 37. The percentage composition of a wood typical of temperate 

climates shows about 40-45% of cellulose, 25-35% of hemicellulose, 20-30% of lignin and 2-

5% of other components 35. The relatively small amounts of other components present in the 

composition of cellulose can however influence the properties of the material, as they often 

tend to be hydrophobic 38. 

The processing of cellulosic materials can significantly change their chemical composition, thus 

giving rise to many derivatives. Among them, during my doctorate I selected hydroxypropyl 

methylcellulose (HPMC) and sodium carboxymethyl cellulose (CMC Na). 

 
HPMC (Figure 4) is an easily available, non-ionic, edible cellulose derivative, with which 

edible, transparent, odourless, flavourless, oil-resistant, and water-soluble films can be formed. 

In addition, HPMC is approved for food use by the FDA (21 CFR 172.874) and the EU (EC, 

1995), and its food safety has also been confirmed by the "Joint Committee of Experts on Food 

Additives" (ECD) 39. 

 

 
Figure 4. Structure of hydroxypropyl methylcellulose (HPMC). 

 
Depending on the percentage content of methoxylic and hydroxypropyl groups, HPMC is 

divided into three families: Methocel E (HPMC 2910, USP), Methocel F (HPMC 2906, USP) 

and Methocel K (HPMC 2208, USP). Another HPMC classification parameter is related to the 
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the viscosity of 2% w/V Methocel solutions in water at 20 ºC: for example, Methocel E is 

designated as E5, E15 or E50 because its solutions have viscosity values of 4-6 mPa·s, 12-18 

mPa·s and 40-60 mPa·s, respectively. Methocel E is preferably used for film formation in 

aqueous solution, since the resulting films tend to have greater transparency and better 

properties. For my studies, I employed Methocel E 5 and 50. 

Sodium carboxymethyl cellulose (CMC) is a cellulose derivative synthesized for the first time 

by Jansen in 1918 (E. Jansen, Ger. Patent, 332203, 1918). It is considered a GRAS polymer 

and it is widely used for the most diverse applications: from food, cosmetics and 

pharmaceuticals to products for the paper and textile industry 40. 

 

 
Figure 5. Structure of sodium carboxymethyl cellulose (CMC). 

 
CMC is a typical anionic polysaccharide: more precisely, it is a copolymer of β-D-glucose and 

of β-D-glucopyranose 2-O-(Carboxymethyl)-monosodium salt, connected by β-1,4 glycosidic 

bonds (Figure 5). CMC contains a hydrophobic polysaccharide chain and many carboxylic and 

hydroxyl groups, therefore showing amphiphilic characteristics. It is also soluble in water, does 

not cause harmful effects on human health, and has excellent properties such as non-toxicity, 

biocompatibility, biodegradability, hydrophilicity and good film-forming ability: hence, it has 

already been widely exploited in many formulations of edible film 41. 

 

Sodium hyaluronate  

Sodium hyaluronate is the sodium salt of hyaluronic acid (or ‘hyaluronan’), the only 

glycosaminoglycan (GAG) member that is non-sulfated or bound to a proteoglycan core 

protein. It is the major component of the extracellular matrix (ECM), which plays an essential 

role in organogenesis, growth, function, and in many human diseases 42.  

Its structure (Figure 6) is composed of a linear polysaccharide chain of N-acetyl glucosamine 

units, sodium glucuronate (linked by β 1−3 and β 1−4 glycosidic bonds) and counterions 43. 

Both individual carbohydrate residues in hyaluronan adopt the stable chair conformation. 
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Figure 6. Structure of sodium hyaluronate. The polymer is built of alternating units of sodium 

glucuronate (GlcUA, left) and N-acetylglucosamine (GlcNac, right). 

 
Due to its strong negative charge, the polymer present an overall random coil structure in 

aqueous solvents, with specific stable tertiary structures 44.  

In contrast to other glycosaminoglycans which are synthesized in the Golgi network, 

hyaluronan is synthesized within a complex on the cytoplasmic surface of the plasma membrane 
45 by hyaluronan synthase enzymes, which synthesize large, linear polymers of the repeating 

disaccharide β(1,4)-GlcUA-β(1,3)-GlcNAc by alternate addition of GlcUA and GlcNAc to the 

growing chain 44,46. 

The size of the polymers in vivo varies with the type of tissue, reaching enormous sizes in the 

extracellular matrix (between 105 and 107 Da). The industrial manufacturing of hyaluronan 

employs the extraction from animal tissues or the microbial fermentation using bacterial strains: 

both technologies produce high molecular weight hyaluronan with polydispersity ranging from 

1.2 to 2.3.  

Hyaluronan is widespread in nature, having been identified in algae, mollusks, prokaryotes and 

in the soft tissues of all vertebrates: high concentrations are found in the umbilical cord, in the 

synovial fluid between joints, skin, and in the vitreous body of the eye. It was estimated that 

about 15 g of hyaluronan can be found in different tissues of a person of 70 kg, of which about 

50% in the skin 46.  

Hyaluronic acid has a wide range of biological functions, such as stimulation of cell 

proliferation, differentiation, migration and angiogenesis 47, modulation of inflammation and 

of the immune cells function 42,48 and a high level of  biocompatibility. In fact, it is extensively 

used in the biomedical field and in particular in viscosurgery, for the treatment of arthritis to 

supplement the lubrication of arthritic joints, as microcapsule for targeted drug delivery and in 

cosmetics as a hydrating and antiaging material 49–51. Moreover, it is used in cell culture, 

medical devices and in pharmaceutical applications such as eye drops 43. Several studies 

reported also the effects of hyaluronan oligosaccharides on cellular behavior that could imply 

the use of these molecules in cancer treatment or in wound healing 52. Other applications of 

hyaluronic acid include its use as filler for lips, wrinkles, and other parts of the body (even if 
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not approved by FDA) and as topical nanocarrier for the delivery of biomacromolecules to the 

skin. 

 

Keratin  

The word “keratin” first appeared in literature around 1850 to describe the material that made 

up hard tissues such as animal horns and hooves (keratin comes from the Greek “κέρας” 

meaning horn). It constitutes indeed most of the cytoskeleton structures and the epidermal 

appendages of animals, including hair, feathers, wool, and nails.  

 

 
Figure 7. Interaction between keratin's functional groups 53. 

 
Keratin is a protein polymer and in particular a polypeptide made of different amino acids that 

have inter-molecular bonding of the disulphide cysteine amino acid and inter- and intra-

molecular bonding (Figure 7) of polar and nonpolar acids 53. It is often distinguished in α-

keratin, the primary component of wool, hairs, hooves, nails, horns, and stratum corneum and 

β-keratin, found in feathers, avian claws and beaks, reptilian claws, and scales. 

α-Keratin is classified by the formation of a right-handed α-helix structure (with a pitch of 0,51 

nm), in which residues are linked by hydrogen bonds (Figure 8A). Each helix is hierarchically 

assembled into dimers, protofilaments, protofibrils, and intermediate filaments (Figure 8B), that 

are surrounded by amorphous keratin matrix and constitute the basic structural units of keratin.  
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Figure 8. A. Structure of α-helix 54 and B. Hierarchical organization of keratin within the intermediate 

filaments 55. 
 
The primary α-helix associates with another α-helix in antiparallel way, forming a coiled-coil 

dimer stabilized by ionic interactions of cystine residues. The α-helical rod (about 45 nm in 

length) is located in the central zone of the dimer, while at both C- and N- terminals non-helical 

regions are present. Side-by-side or end-to-end aggregation of dimers by sulfur crosslinking 

produces protofilaments which, if tangentially connected, form protofibrils. The intermediate 

filaments (diameter 7 nm) consist of four protofibrils connected by a helical or circular mode 
55. 

 

 
Figure 9. Structure of β-pleated sheet keratin 54. 

 
β keratin has a pleated structure, with sheets composed of antiparallel chains (Figure 9). Two 

or more protein strands (β strand) are linked through hydrogen bonding, forming small rigid 

planar surfaces that are twisted with respect to each other, producing a pleated sheet 

arrangement that form a β-keratin filament with a diameter of 3-4 nm.  

The pleated sheet structure is stabilized by two factors: the hydrogen bonds between β-strands, 

which contribute to forming a sheet, and the planarity of the peptide bond, which forces a β-

sheet to bend. The terminal parts of the peptide chains wind around the β-keratin filaments and 

form the matrix 56. 
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Keratins can be therefore considered as a polymer/polymer composite of crystalline filaments 

embedded in an amorphous matrix. These biopolymers present large variations in their 

properties and structure and can be also classified according to sulphur content as soft (cystine 

content up to 2%) and hard keratins (cystine content up to 22%).  

 
The waste rich in keratin has been valued worldwide to be more than 5,000,000 ton/year 57 and, 

until few years ago, was heated at high temperatures along with other animal waste, requiring 

great costs for transportation, fuel, equipment and manpower. In recent years, with the 

increasing demand for sustainable materials, these by-products started to be regarded as a 

renewable resource worthy of a better exploitation. 

The main methods used for keratin isolation and solubilization from keratin-rich materials are 

reduction, oxidation, microwave irradiation, alkali extraction, steam explosion, sulphitholysis 

and by means of ionic liquids 53. The denaturation methods (such as reduction, oxidation and 

sulphitholysis) rely on the modification of the protein supramolecular structures by selectively 

breaking the inter/intra-chain disulphide covalent bonds and hydrogen bonds, while preserving 

the peptide bonds.  

The intrinsic chemical and biological properties of this abundant and natural protein have led 

to the development of a variety of biotechnology and material science applications. Keratin-

based materials are indeed promising candidates in the medical field due to their 

biodegradability, biocompatibility and their ability to support fibroblast cell growth, since 

keratin is also produced by the epidermal cells and plays an important role in the protective 

function of the skin 58,59. The numerous uses of keratin based materials include drug delivery, 

dental implants, wound dressing and food packaging  60. 

 

Gelatin  

Gelatin is derived from collagen, one of the key structural proteins found in the extracellular 

matrices of many connective tissues in mammals, making up about 25% to 35% of the whole-

body protein content 61,62. Collagen is mostly found in fibrous tissues such as tendons, ligaments 

and skin (about one half of total body collagen), and is also abundant in corneas, cartilages, 

bones, blood vessels, intestinal walls, and intervertebral discs 63. Collagen is synthesized by 

fibroblasts, and up to date 29 collagen types have been identified and described. Over 90% of 

the collagen in the body is of type I and is found in bones, skins, tendons, vascular, ligaments, 

and organs, while type II is predominant in cartilage.  

The peculiarity of the amino acid sequence, where one residue every three is glycine and where 

proline and hydroxyproline are highly represented, accounts for the characteristic coiled coil 
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structure of the collagen molecule, where three distinct polypeptide chains, each of which coiled 

into a left-handed helix, are thrown into a right-handed superhelix stabilized through interchain 

hydrogen bonds and covalent crosslinks 64,65. The triple helix structure forms fibres, arranged 

in bundles, making up the connective tissue matrix.  

When subjected to acidic or alkaline hydrolysis, a mild degradative process occurs and the 

fibrous structure of collagen is broken down irreversibly: by destroying the triple helical 

structure of collagen, one, two or three chains are produced. 

 

 
Figure 10. Basic structure of gelatin. 

 
Gelatin (Figure 10) is obtained by thermal denaturation or physical and chemical degradation 

of collagen through the breaking of the triple- helix structure into random coils 64. While 

collagen exists in many different forms, gelatin is mainly derived from collagen type I 62.  

The estimated world usage of gelatin is about 200,000 tons/year and, depending on the source 

from which it is extracted, two types of gelatin may be distinguished: type A gelatin, obtained 

by acidic hydrolysis from pig skins and characterized by an isoelectric point between 7 and 9, 

and type B gelatin of bovine origin, obtained by an alkaline process and characterized by an 

isoelectric point between 4 and 5 66. The quality of gelatin is measured by the strength of the 

gel, also called Bloom value, which is the weight (grams) required for a specific plunger to 

depress the surface of a gel to a defined depth under specified conditions. Bloom values are 

classified as low (<150), medium (150-220) or high (220-300); commercially, high Bloom 

gelatin is preferred and takes a higher price 67. 

 
The different sources of gelatin and the various production techniques determine a strong 

variability in terms of structure, physical properties and chemical homogeneity 68. The principal 

collagen sources for gelatin extraction include bovine and porcine skins but in the last decade 

other sources were explored, such as fish skins, bones and fins 69, sea urchins 70, jellyfish 69,71 

and bird paws. Indeed, bovine gelatin has shown a potential risk of spreading bovine 

spongiform encephalopathy (BSE), widely known as ‘mad cow disease’, and it is severely 
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limited by religious issues (e.g., Hindus do not consume cow-related products). Similarly, Islam 

does not allow the consumption of pig-related products 67,72. Besides, fish skin, bones and pins 

are the main by-products of the fish processing industry which cause waste and pollution and 

could therefore be a valuable and sustainable source of gelatin 73,74. However, the commercial 

interest in fish gelatins has so far been very low, mainly due to their poor physical properties 

compared to those of mammalian gelatins: in particular, fish gelatins from cold water species, 

exhibit lower gelling and melting temperatures and low gel strength 75. 

Gelatin is one of the most popular biopolymers and has a wide range of applications, being 

generally regarded as GRAS. Firstly, it is the most widely used gelling agent in food 

applications due to its low antigenicity, special texture and the ‘melt-in-mouth’ perception 76. 

In the food industry gelatin is also used in confections, dairy, baked goods and meat products 
77,78. 

Gelatin is suitable for the production of biodegradable packaging materials thanks to 

appropriate film forming properties and good barriers against oxygen and aromas at a 

low/intermediate humidity 79, but the low water barrier properties and the high solubility in 

aqueous environment make cross-linking reaction mandatory 80. 

Due to its nature, gelatin is biocompatible, biodegradable and it is not antigenic under 

physiological conditions 81,82; moreover, it is completely resorbable in vivo. Indeed, it attracted 

a great interest in the pharmaceutical and medical fields, in tissue engineering, wound dressing 

and gene therapy 81,82, being used as a matrix for implants, in injectable drug delivery 

microspheres, in intravenous infusions and in the manufacture of hard and soft capsules. There 

are also reports in which live attenuated viral vaccines used for immunization against measles, 

mumps, rubella, Japanese encephalitis, rabies, diphtheria, and tetanus toxin contain gelatin as 

a stabilizer 83.  

 

During my doctorate, I used biopolymers also in combination with snail slime, in order to 

evaluate the variations on the properties of the obtained materials induced by this natural 

extract. I report below a small section about the snail slime and snail farming, called 

heliciculture, which is a sustainable reality in strong growth. 

 
Snail slime  

Snails’ ancestors are one of the earliest known types of animals in the world. There is a huge 

variety encompassing over 30,000 living species, both aquatic and terrestrial: snails can be 

found everywhere around the world and live in a very diverse type of habitats 84.  
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Since ancient Greece, the snails of different species were prepared in various ways, such as 

chopped, powdered, grilled or infused 85 and have been considered of medicinal value in 

traditional Chinese medicine. 

 
Snail farming (heliciculture) is currently a growing agricultural reality (about 9,000 

professional helicicole farms in Italy) recognized by both public and institutional bodies, many 

of which have legislated in its favor, creating economic incentives for the spread of such 

production. Among the snail species living in Europe, about a dozen are edible and only four 

to five are commercialized. Of those, Helix Aspersa covers 40% of the market, Helix Pomatia 

28%, Helix Lucorum 22% and Eobania Vermiculata 8.5%. From the above species, 

heliciculture is possible and economically profitable only with Helix Aspersa 86, with the aim 

of producing meat and eggs sold as Escargot. Snail slime is thus a byproduct of snail farming, 

and its composition depends on several variables as snail feeding and extraction method.  

Slime is the mucus that covers the entire external surface of the snail, and it is secreted by 

salivary epidermal glands (pedal glands) to accomplish different functions. It  is primarily used 

for locomotion due to its lubricant and adhesive properties, but it also has emollient, 

moisturizing, protective and even reparative abilities 87. 

 
Today, snail slimes are widely used in cosmetics and dermatological products to treat, for 

example, acne and  scars: this products are indeed claimed to have healing, rejuvenating and 

protective properties 88 thanks to their slime content, or, more specifically, to  the  natural  

occurrence of hyaluronic acid, proteoglycans, glycoprotein enzymes and antimicrobial peptides 

in the slime. It is also used in the para-pharmaceutical sector to treat chronic bronchitis and for 

the management of skin wounds. 

Different snail slime extraction methods can be used: snails can be stimulated to produce 

considerable quantities of slime without causing any damage to their health by means of natural 

methods (manual stimulation) or by using a stimulating solution inside a MullerOne machine, 

conditioned with ozone to preserve the final product (MullerONe method, 

https://www.mullerone.com). Although the stimulating solution has an acidic pH, it does not 

involve stress or dehydration to the snail, which tries to bring the pH of the epidermis back to 

its physiological value by producing slime. Other methods report the use of stimulating 

solutions with neutral pH (NaCl solution), as in the case of Colognesi farm (Ferrara) 87. 
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1.3 FIELDS OF APPLICATION 

The use of biopolymers and natural polymers allows to save fossil resources using biomass, 

which are regenerated annually contributing to the neutrality of the CO2 cycle. 

Thanks to increased awareness and attention to the environment and the continuous research to 

improve their properties, biopolymers and natural polymers have found many fields of 

application in recent years.  

In addition, the biodegradability and the inherent biocompatibility of these materials, makes 

them excellent candidates for the preparation of biomaterials, that are materials designed to 

interface with biological systems in order to evaluate, support or replace any tissue, organ, or 

function of the body. Engineered biomaterials are indeed required to regenerate and ultimately 

reproduce the original physiological, biological, chemical, and mechanical properties. In the 

field of ‘regenerative medicine’, researchers are constantly developing new biomaterials and 

technologies to aid the body’s natural capacity to self-repair, that is impaired with age and in 

cases of disease or injury 89. 

 
I carried out my PhD research activities in the laboratory of Materials Chemistry and 

Biomimetics, that is the science of imitating nature, and I focused on the production of 

biopolymer- and natural polymer-based biomaterials for tissue engineering, cosmetics, 

pharmaceutical and food packaging purposes. 

 

Tissue engineering  

Even if the human body has an excellent ability to repair itself, it strongly depends on the extent 

of tissue loss: tissues and organs can regenerate if damaged up to a threshold called ‘critical 

size defect’. Any injury beyond that size needs an external support to heal. 

Tissue engineering is an emerging discipline that combines cell biology and materials science 

for the in vitro or in vivo construction of tissues or organs 90. The term “tissue engineering” 

(TE) was coined in 1988 at UCLA Symposia on Molecular and Cellular Biology by Professor 

Robert Nerem 91,92. This interdisciplinary engineering has attracted much attention as a new 

therapeutic approach that can overcome the inconveniences of current artificial organs or the 

shortage of organ for transplants. In fact, up to now implantable materials used to fill these gaps 

were obtained from the patient himself (autograft) or from animals (xenograft) and corpses 

(allograft): this surgical treatment is limited by the availability of donors and self-donor tissues, 

immune rejection and by side effects of immunosuppressive drugs 93,94.  

To overcome these limits, tissue engineering emerged as a promising alternative in which 

organs and tissues can be repaired or regenerated by using artificial materials properly designed. 



 18 

The concept of TE is to transplant a biofactor (cells, genes and/or proteins) within a porous 

degradable material known as ‘scaffold’: the key materials for TE are hence cells, growth 

factors and scaffolds, which can be used individually or combined. A schematic representation 

of the strategies applied in TE is reported in Figure 11. 

 

 
Figure 11. Overview of strategies applied in Tissue Engineering: a) Direct implantation of cell-free 
scaffold (gray); b) Cells are harvested, expanded and cultured on scaffolds in vitro, then cell-seeded 
constructs (green) are implanted at the defect site; c) Direct implantation of cell-free scaffold bio-

activated with proteins, growth factors, genes, miRNAs or small chemical drugs (orange) for localized 
delivery of these external bio-stimuli; d) Cells are harvested, expanded in culture, combined with 

external bio-stimuli and cultured in vitro using scaffolds, then constructs (blue) are implanted at the 
defect site. Edited from 89. 

 
Scaffolds provide a suitable environment for cellular processes like spreading and proliferation, 

and play a significant role in preserving tissue volume, providing temporary mechanical 

support, and delivering bio-factors 95.  

A successful scaffold must mimic the tissue that is going to repair and be resorbed in situ, 

allowing the growth of new native tissue, thus avoiding a second surgery to remove the 

implanted devices. When selecting the materials for scaffolds fabrication, fundamental 

properties are required, such as biocompatibility with tissues, a biodegradability rate 

corresponding to the rate of new tissue formation, non-toxicity and non-immunogenicity, an 

optimal mechanical strength and adequate porosity and morphology for transporting cells, 

gases, metabolites, nutrients, and signal molecules both within and across materials and host 

environment 29. A wide variety of materials able to stimulate the biological response of the 

surroundings (bioactive materials) are based on polymers, biopolymers, ceramics, and their 

composites.  

If we refer to the regeneration of bone, materials can be classified into three types, according 

to the interaction that they develop with this tissue: osteoconductive, that are materials that can 

bond to bone tissue and stimulate its growth along the implant surface; osteoproductive, that 

are materials that can stimulate the growth of new bone on the material away from the implant 

or bone interface, and are capable of bonding to soft tissue and cartilage; and osteoinductive, 

materials that induce the bone formation at extra-skeletal sites 96. 



 19 

Although both synthetic and natural polymers are used for biomaterials’ fabrication, natural 

polymers have been the most used, thanks to their bioactivity, better overall interactions with 

various cell types and lack of immune response. On the other hand, synthetic polymers are less 

expensive and provide better functionalities, but some of them has poor biocompatibility or 

show toxicity resulting in inflammatory reaction or fibrous capsules formation. 

Tissue-engineering has been used in the treatment of myocardial injuries 97, the repair of 

cartilage defects 98, and the treatment of bone defects 99. During my doctorate, I focused on the 

bone and cartilage tissue engineering. 

 

Cosmetics  

The global beauty market is notably acknowledged as a growing highly competitive economic 

sector worldwide: indeed, in the last twenty years the cosmetics industry has encountered the 

scenario of ever more demanding beauty standards, with a rise of 4,5% a year on average. 

According to the Personal Care Association, 450 millions of Europeans daily use a variety of 

cosmetic products such as soap, shampoo, hair conditioner, toothpaste, deodorant, shaving 

cream, skin care, perfume and make-up, that contain unsustainable raw materials and produce 

pollution both in the manufacturing stage and in the disposal of packaging and products. 

The global tendency for products considered environmentally sustainable led the industry 

related to personal care formulations to fund the research and the development of personal 

care/cosmetics containing agents of natural resources and improving the use of sustainable raw 

materials/ingredients 8. In this way, cosmetic application could be a solution to reuse byproducts 

discarded by several agro-industries, when they are considered not harmful, not expensive, 

biocompatible, biodegradable or at least compostable under specific environmental conditions, 

and suitable to be used in a wide range of topical preparations.  

 
The desirable features of cosmetic ingredients are efficacy, safety, novelty, formulation 

stability, easy metabolism in the skin and low cost. 

Since the appearance of allergies and skin irritations due to synthetic preservatives (e.g., 

parabens), colorants, stabilizers, etc. 100, the use of biopolymers in the cosmetic field is boosted. 

Edible natural biopolymers are indeed widely employed as versatile constituents of personal 

care products as rheological modifiers, water-soluble binders, thickeners, film forming agents, 

conditioners, sensory and active ingredients, texturing agents, moisturizer, and hydrating 

agents. 
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Drug Delivery 

Drug delivery is the delivery of a substance, in a precise manner towards the area, tissue or cell, 

where its subsequent release will ensure the highest efficiency.  

Design and synthesis of efficient drug delivery systems are of vital importance for medicine 

and healthcare. In particular, cancer therapy and diagnostic imaging are among the main 

applications where drug delivery will be able to give enormous benefits. In the first case, in 

fact, they will reduce the unwanted effects of chemotherapy, increasing the effectiveness of the 

treatment; the specific delivery of contrast fluids will also allow a more defined and precise 

diagnosis. 

Since the first FDA approval of drug delivery system (DDS), Liposomal amphotericin B in 

1990, more than 10 DDS are now commercially available to treat diverse diseases, ranging 

from cancer to fungal infection and to muscular degeneration 101.  

Using drug delivery solutions allows to decrease the doses of the drug administered, therefore 

reducing its possible side effects. In fact, to reduce the risk of infections, systemic antibiotic 

therapies (oral or parenteral) are a routine procedure, even if they can lead to antibiotic 

resistance, mainly caused by the inability to maintain high antibiotic concentrations. 

 
Many different templates can be used as carriers for drug delivery purposes, such as 

nanocarriers, liposomes and micelles, micro- and nanoparticles, protein-based DDS, as well as 

biopolymer-drug conjugated DDS 102–104. 

In my research, I used drug delivery systems to enrich biomaterials such as films and bone 

cements with drugs, and thus to confer greater therapeutic properties. In particular, I designed 

biopolymer-based patches for topical applications able to release anti-microbial and anti-fungal 

drugs. Furthermore, I employed the spray congealing technique (a solvent-free technique by 

which a substance or a blend can be atomized and then solidified to form microparticles inside 

a congealing chamber) to produce antibiotic-loaded microparticles, which were then introduced 

in the composition of calcium phosphate bone cements, showing an effective release over time. 

 

Food packaging  

Modern packaging must meet both the new stringent regulations and the demands of 

consumers, minimizing the impact on the environment. 

Biodegradable packaging is defined by the American Society for Testing and Materials 

(ASTM) as one that is capable of decomposition into carbon dioxide, methane, water, inorganic 

compounds, and biomass, wherein the predominant mechanism of decomposition is the 
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enzymatic action of microorganisms, and the resulting products can be measured in a given 

period of time (ASTM, 2010 D996-10a) 105. 

While traditional food packaging concepts focused their attention only on the preservation of 

foodstuffs, the new food packaging systems are supposed to perform some other role than 

providing an inert barrier to external conditions. Many solutions involving packaging materials 

that can be reused, recycled or composted have been proposed so far, mainly exploiting the 

properties of carbohydrates and proteins 106. In this way, biodegradable and edible films can be 

obtained, opening up new commercial opportunities for sustainable packaging materials. 

Indeed, edible coating offers advantages over the conventional ones, as it can be used wherever 

the application of conventional packaging is limited: e.g., as casing, coatings, separating layer 

for complex and multi-component food systems, capsules, dissolvable pre-portioned food 

packets, and controlled release for food additives (active packaging). 

Active packaging is very appealing for the food industry and its demand increased abruptly in 

recent years as it can extend the food shelf-life: it acts as a carrier of additives such as flavours, 

colorants, nutraceuticals, antioxidant, and preservatives. The major and more promising 

application of this technology is addressed to the production of antimicrobial films. Films able 

to exhibit an effective antimicrobial activity are indeed highly desirable, as most food 

deterioration is caused by the growth of microorganisms. Many antimicrobial agents were 

incorporated into food packaging structure and among them, the preferred ones are those that 

provide a broad-spectrum antimicrobial protection at low concentrations, do not cause 

alterations in the sensory characteristics of the product, are compatible with packaging material 

components, and are in accordance with the applicable legislation 107. 

 
The critical step of the packaging design process relies in the biopolymer selection, since each 

of them has its own specific properties. With regard to degradation, some biopolymers take a 

few weeks, while that of traditional polymers (synthetic) takes several months or even years, 

depending on the type and origin of the polymer 108. 

In the food industry, selected biopolymers are used in the manufacture of biodegradable 

packaging (mono- and multi-layer), active packaging, edible films, and edible coatings for 

fruits, meats, and fish, among other foods, as well as food processing aids such as stabilizers 

and gelling agents 109.  

 

In the next chapters, the main results of my research are reported. These are grouped according 

to the type of biomaterial produced, namely films, scaffolds and bone cements. 
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Chapter 2. 
FILMS 

 

2.1 INTRODUCTION 

Films are thin membranes made of just one layer that includes all the components (polymeric 

matrix, plasticizer, drug, adhesive), does not require any synthetic support and can be used for 

many different applications. The type of polymer used and its characteristics (e.g., molecular 

weight, degree of substitution) play a significant role in defining the films behavior, influencing 

for example the solubility, the adhesive properties, the mechanical strength, the 

biodegradability, and hence the field of application. The interest towards more versatile films, 

able of performing a variety of functions with an active role, has recently speed up the research 

in this field. 

Biopolymers and natural polymers have been widely employed for the production of films 1, 

providing versatile matrices that can also act as carrier of a variety of biologically relevant 

molecules and drugs. Films can indeed be un-medicated 2 or intended as patches for drug 

delivery purposes, and hence be drug-impregnated 3, providing a controlled local release of the 

drug at effective concentration.  

When films are intended to come into contact with the body, they should be non-toxic, contain 

no irritant ingredients and do not provoke allergic reactions: biodegradability and an 

environmentally safe composition represent added values 2. Moreover, based on the application, 

films can be designed to be soluble, hence easily washed off, or able to resist water. Similarly, 

they can be self-adhesive 4 or able to adhere to wet skin 5.  

These emerging platforms can have different properties, and are indeed very appealing in 

different fields, including biomedical 6, cosmetics, packaging 7, sensors and adhesives 5 and as 

drug delivery systems 8. However, they generally present poor mechanical properties regarding 

processability and end-use applications 9. Many efforts have been made to tune the composition 

and properties of biopolymer-based films, in order to improve their performance and widen 

their application fields. 

 
In literature, films with improved properties were obtained through the incorporation of 

compounds and natural extracts 10,11 or by blending with polymers with a different chemical 

structure 12. In particular, films exhibiting improved light barrier and extra protective shield 

against oxidative processes were produced by incorporation of antioxidant and/or antimicrobial 

agents 13–15. For example, addition of propolis showed to enhance mechanical strength, 

antibacterial activity and antioxidant capacity of chitosan-based materials for food packaging 

applications 16. 
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In my research, I employed the use of snail slime extracted from Helix Aspersa Muller snails in 

combination with a biopolymer-based matrix in order to obtain versatile films with improved 

properties. In fact, during my first year of PhD, my research group patented the formulation of 

biopolymers-based films enriched with this natural extract 17. Indeed, snail slime is an attractive 

ingredient thanks to its emollient, moisturizing, antibacterial, and restorative properties and is 

receiving increasing attention, especially in the cosmetic sector: the bioactive substances that 

contains are responsible for its unique properties, which cannot be replicated in the laboratory 

with synthetic chemical compounds.  

The films’ preparation methods and the characterizations carried out on the different obtained 

compositions are reported in the following paragraphs, together with a detailed discussion of 

the results. Some of these studies led to the publication of scientific articles, of which I am a 

co-author, in international and peer-reviewed journals 18–21. 

 
Overall, the obtained films showed common characteristics of biocompatibility and 

biodegradability, as they were obtained through sustainable processes that use water as a 

solvent, and through the use of biopolymers or polymers of natural origin.  

The addition of different amounts of slime to the compositions of films allowed to modulate 

the properties of the materials: in fact, as the amount of slime varied, also the mechanical 

elongation, the bioadhesion, the barrier properties and the antibacterial activity changed. 

As reported in Paragraph 2.3, snail slime extracted with the MullerOne method offered a more 

sustainable route for the solubilization of chitosan, that is generally dissolved in acidic media 

such as acetic or lactic acid: it showed very good film forming ability even when dissolved 

directly in the slime. Moreover, increasing amount of slime added to the composition of films 

prepared by dissolving chitosan in acetic/lactic acid, led to increased bioadhesion properties of 

the resulting film towards the skin, and better elongation properties. Slime was also responsible 

of the antibacterial properties of the films evaluated in vitro against both Gram-positive and 

Gram-negative bacteria. Snail slime-enriched films revealed to be suitable for applications in 

the biomedical and cosmetic sectors as well as in the packaging field. 

Mixing of snail slime with different cellulose-derivatives, leads to materials with different 

solubility: for example, while HPMC-based films quickly solubilize when exposed to water, 

CMC-based films are insoluble, thanks to different interactions established between the 

components (see Paragraph 2.4). The obtained films were characterized by high transparency, 

excellent UV barrier properties and good WVP, mandatory features for food packaging 

materials. Films evidenced a significant antibacterial activity, ensuring protection from possible 

contaminants, a good biodegradability and were printable.  
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In Paragraph 2.5, compositions of films based on cellulose and sodium hyaluronate in 

combination with snail slime HelixComplex® have been studied, revealing antiviral properties 

against HSV-1 virus: these transparent films have been proposed as labial patches for the 

treatment of cold sores (Herpes Labialis). 

Regenerated keratin extracted by sulphitholysis was selected as sustainable raw materials for 

the production of films aimed at skin regeneration, exploiting the peculiar properties of keratin. 

Regenerated keratin is indeed biocompatible and biodegradable, and it was blended with snail 

slime in different proportion in order to obtain free standing films able to treat skin lesions. 

Even if only preliminary results have been obtained, they are listed in Paragraph 2.6. 

Thanks to the collaboration with the research group of Prof. Passerini and Prof. Albertini at the 

FaBiT Department of the University of Bologna, I also developed biopolymer-based films for 

drug delivery purposes. Dermal and transdermal drug delivery, generally described as skin drug 

delivery, is indeed an attractive approach for the treatment of many dermatological pathologies, 

such as skin cancers, inflammatory disorders and cutaneous infections, known to be difficult to 

treat. In fact, direct and localized access to the pathological site is very promising and could 

offer a new channel also for the treatment of diseases not related to the skin 22. 

Two different formulations of gelatin-based films for drug delivery of anti-fungal drugs have 

been developed, of which only one included snail slime. In Paragraph 2.7, gelatin-based patches 

enriched with different amounts of snail slime were produced for the local administration of 

Fluconazole, one of the most effective broad-spectrum antifungal drugs for the treatment of 

cutaneous mycosis. When snail slime was present in the formulation, the drug recrystallization 

was prevented, and the amorphous form of the drug was stabilized over time, up to 6 months 

of storage. The antifungal activity measured by an in vitro permeation study on pig skin 

revealed effective action against clinical isolates of Candida spp.  

In Paragraph 2.8, gelatin-based films loaded with Econazole Nitrate (ECN, 10% w/w compared 

to gelatin) for vaginal application were produced. Their composition was enriched with 

different polymers, such as PVP, Soluplus® and Gelucire® 50/13 to evaluate their ability to 

promote drug permeation. The anti-Candida activity results support their potential use as 

mucoadhesive systems for the local administration of Econazole in order to treat vaginal 

candidiasis with a single application per day. 

 
Eventually, an ongoing project regards the production of carboxymethyl cellulose-based films 

containing a recombinant enzyme of plant origin, NAD(P)H quinone reductase, which 

catalyzes the reduction of oxidized quinones and other organic compounds, using a nucleotide 

pyridine donor (NADH or NADPH). The presence of the enzyme could therefore provide the 
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film with antioxidant properties, avoiding the accumulation of semiquinone radicals, and hence 

making the material of interest in the cosmetic field, for example for the production of beauty 

masks. This project is carried out in collaboration with Prof. Fermani (‘G. Ciamician’ 

Chemistry Department, Unibo) and Prof. Sparla (FaBit Department, Unibo) and so far, only 

first attempts have been made to incorporate the protein within the polymeric membrane, so 

that the activity of the protein remains effective over time: the method of drying and 

preservation of films plays a decisive role and the optimal parameters have not yet been found.  
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2.2 EXPERIMENTAL PART 
 

2.2.1 Chitosan-based films with snail slime 
 

Materials  

Chitosan (degree of deacetylation ≥93%, M.W.=100 KDa) was purchased from Faravelli, 

Milan, Italy. Acetic acid and lactic acid were purchased from Sigma Aldrich (Milan, Italy). 

Snail slime from Helix Aspersa Muller snails was kindly offered by “I Poderi” farm 

(Montemerano, Italy) and stored at 4 °C in a sealed polyethylene bottle until use. The analysis 

of slime composition, provided by the supplier, is reported in Appendix I. 

 
Preparation of chitosan-based films with snail slime  

Chitosan films at 1% w/v were prepared by dissolving the proper amount of chitosan in acetic 

acid (A, 1% v/v), lactic acid (L, 1% v/v), or directly in snail slime (S). The mixture was kept 

under stirring at room temperature (RT) until complete dissolution of the polymer. 11 mL of 

this solution were poured in Petri dishes and put under laminar flow hood at RT overnight. The 

obtained films were labeled C_A, C_L and C_S, respectively. 

Furthermore, two percentages by volume (30% and 70% of the final volume) of snail slime 

were combined with solutions of chitosan dissolved in both lactic and acetic acid for the 

preparation of chitosan film dissolved in solvent blends. For the preparation of 100 mL of 

chitosan-S blend 70:30, 1 g of chitosan was dissolved in 70 mL of A (1% v/v) or L (1% v/v) 

and stirred at RT until complete dissolution of the polymer. Then, 30 mL (30% of the final 

volume) of snail slime were added and 11 mL of this solution were poured in each Petri dish 

and put under laminar hood overnight. The obtained films were labeled CA_7030 and 

CL_7030, where the first number refers to the relative volume of chitosan acidic solution and 

the second one to the volume of S with respect to the total volume.  

In order to obtain a chitosan-based film using the slime as acidic medium, the same procedure 

was followed: 1 g of chitosan was dissolved in 70 (or 30) mL of S and then 30 (or 70) mL of 

distilled water were added, obtaining the films labeled CS_7030 (or CS_3070). Films were 

stored at RT between two sheets of plastic-coated aluminum closed inside PVC bags. 

 
Films characterization  

Films were characterized as described in ‘Thickness’, ‘Tensile tests’, ‘Structural 

characterization’, ‘Thermogravimetric analysis’, ‘Water vapor permeability’ and ‘Bioadhesion’ 

sections of Paragraph 2.2.7. 
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Cell viability bioassay  

The effect of chitosan films on non-malignant epithelial cells metabolism was assessed in vitro 

after incubation of disks (Ø = 6 mm) in 1 mL of Eagle's Minimal Essential Medium (MEM) at 

37 °C for 24 h. Then, the media were used for the analysis on African green monkey kidney 

cells (Vero ATCC CCL-81). Briefly, cells were cultured in MEM supplemented with 10% fetal 

bovine serum (Carlo Erba Reagents, Milan, Italy), 100 U/mL penicillin and 100 μg/mL 

streptomycin at 37 °C with 5% CO2. For experiments, cells were seeded into 96-well plates at 

104 cells/well and incubated at 37 °C for 24 h. Subsequently, cell monolayer was washed with 

PBS and incubated with 100 μL of the different solutions, previously diluted twenty times in 

cell culture medium. The cell viability was assessed by a WST8-based assay according to the 

manufacturer's instructions (CCK-8, Cell Counting Kit-8, Dojindo Molecular Technologies, 

Rockville, MD, USA). After 72 h of incubation, cell monolayer was washed with PBS, and 100 

μL of fresh medium containing 10 μL of CCK-8 solution were added. After 2 h at 37 °C, the 

absorbance was measured at 450/630 nm; results were expressed as the percentage of 

absorbance relative to the untreated controls. Experiment was carried out in triplicate. 

 
Antibacterial activity  

The in vitro antibacterial activity of chitosan films was evaluated against Staphylococcus 

aureus (ATCC 25923) and Escherichia coli (ATCC25922), selected as controls and 

representative strains for Gram-positive and Gram-negative bacteria. The effectiveness of 

samples to inhibit the bacterial growth was assessed by a standardized Kirby-Bauer (KB) 

diffusion test on Mueller-Hinton agar plate and by measuring the bacterial-free zone around the 

disk-shaped samples (Ø = 6 mm) after 24 h of incubation at 37 °C. All experiments were 

performed on duplicate in different days. 

 
Statistical analysis  

Statistical analysis was performed with Graph Pad Prism 4. One-way analysis of variance 

(ANOVA) followed by Tukey's Multiple Comparison Test was employed to assess statistical 

significance of the experimental conditions for Water Vapor Permeability and Adhesive 

strength; statistically significant differences were determined at p values <0.05. 

 

2.2.2 Cellulose derivatives-based films with snail slime 

 
Materials  

Hydroxypropil methyl Cellulose (HPMC, Methocel E5 and E50, viscosity at 2% in water: 4–6 

mPa∙s and 40–60 mPa∙s, respectively) were supplied by Colorcon (UK). Commercial 
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Carboxymethyl Cellulose sodium salt, (CMCNa, Mw: 250 KDa, viscosity at 2% in water: 850 

mPa∙s) was gifted by ACEF (Piacenza, Italy). These celluloses satisfy the standards of the 

United States Pharmacopeia and European Pharmacopeia. Snail slime (S) from Helix Aspersa 

Muller snails was supplied by “I Poderi” farm (Montemerano, GR, Italy) and stored at 4°C in 

a sealed polyethylene bottle until use (see Appendix I).  

 
Preparation of cellulose-based films with snail slime 

Cellulose films were obtained with the solvent casting technique by dissolving 1 g of E5 or E50 

in 20 mL of distilled water (5% w/v) or 0.4 g of CMC in 20 mL of distilled water (2% w/v) 

under gently stirring overnight. Then, 10.2 g of these solutions were poured in Petri dishes (Ø 

= 8.5 cm) and allowed to dry under a laminar flow hood at RT overnight. The obtained films 

were labeled E5, E50 and CMC, respectively and stored between two sheets of plastic-coated 

aluminum closed inside PVC bags. 

To obtain E5, E50 and CMC -based films containing different amounts of snail slime (S), the 

relative volume of S (30, 70 and 100% v/v) was added to the solution containing 1 g of HPMC 

or 0.4 g of CMC, previously dissolved in the remaining volume of water. When S is at 100%, 

the polymer is directly solubilized into the snail slime. After complete dissolution and 

disappearance of bubbles, 10.2 g of this solution were poured in Petri dishes (Ø = 8.5 cm) and 

put under laminar flow hood overnight. The obtained films were labeled as reported in Table 

1, according to the volume of S used. 

 
Table 1. Films compositions and labels. 

 
aDue to their excessive fragility, it was not possible to characterize the films 

corresponding to the composition CMC_S30. 
 
 

Films characterization  

Films were characterized as described in ‘Thickness’, ‘Tensile tests’, ‘Structural 

characterization’, ‘Swelling’, ‘Water vapor permeability’ sections of Paragraph 2.2.7. 

 

Labels Polymer type Polymer 
% (w/V) 

Slime 
%(V/V) 

Water 
% (V/V) 

E5 HPMC E5 5 0 100 
E5_S30 HPMC E5 5 30 70 
E5_S70 HPMC E5 5 70 30 
E5_S100 HPMC E5 5 100 0 
E50 HPMC E50 5 0 100 
E50_S30 HPMC E50 5 30 70 
E50_S70 HPMC E50 5 70 30 
E50_S100 HPMC E50 5 100 0 
CMC CMC Na 2 0 100 
CMC_S30a CMC Na 2 30 70 
CMC_S70 CMC Na 2 70 30 
CMC_S100 CMC Na 2 100 0 
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Tack test  

The adhesive strength of the films was evaluated by means of Anton Paar modular compact 

Rheometer MCR102 with the Rheo Compass software. Glass and aluminum supports were used 

for the test. Films were cut in 3 cm-diameter circles and allowed to adhere to the two different 

supports by wetting them with 10 μL of distilled water and applying a gentle finger pressure. 

The upper plunger of the instrument was covered with double-sided tape (3 M) and was lowered 

until a force of 5 N was applied to the film. After 30 s, the plunger was raised up at a speed of 

1 mm/s, collecting the peak detachment force and the work of adhesion of the film from the 

support. Each formulation was analyzed in triplicate and the mean ± SD was reported.  

 
Film solubility 

After 24 h from the swelling studies, the samples not completely dissolved were removed from 

water and dried until a constant weight was obtained. Solubilization as a consequence of the 

water uptake and dissolution of the film was calculated as follows 23:  

Solubilization (%) = !"	$	!%	
!"

 ⋅100                                                                           1) 

where Wi and Wf are the weights of the sample before and after immersion in water, 

respectively. Solubility tests at longer times (7 and 14 days) were performed in the same way 

only on the samples not completely dissolved after 24 h.  

 
UV–Vis spectroscopy  

In order to evaluate the barrier properties of the films against UV–Vis light, films were cut into 

1 cm -wide rectangular strips and inserted into the sample holder of the Cary 60 UV–Vis 

spectrophotometer. Spectra were acquired in transmittance mode from 200 to 800 nm. The 

transparency of the films was evaluated from transmittance at 600 nm, by the following 

equation: 

Transparency = $	&'(	)(+,,)	
.	

                                                                                     2) 

where T600 is the fractional transmittance at 600 nm and X is the thickness of the film (mm). 

The analyses were performed in triplicate. 

 
Antibacterial activity 

Cellulose-based films were tested in vitro for the evaluation of antibacterial activity by a 

standardized Kirby-Bauer (KB) diffusion test on Mueller-Hinton agar plate (EUCAST, 2016). 

For the analysis, a panel of Gram-positive and Gram-negative reference bacterial strains were 

selected: Staphylococcus aureus (ATCC 25923), Staphylococcus epidermidis (ATCC 12228), 

Enterococcus faecalis (ATCC 29212), Escherichia coli (ATCC 25922), Pseudomonas 
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aeruginosa (ATCC 27853), and Klebsiella pneumoniae (ATCC 9591). The effectiveness of the 

disk-shaped cellulose films (Ø = 6 mm) to inhibit bacterial growth was determined by 

measuring the diameter of the bacterial-free zone around the sample after 24 h of incubation at 

37 °C. In compliance with the international guidance documents in susceptibility testing, disks 

containing gentamicin (GMN 10 μg) and/or imipenem (IPM 10 μg) (Oxoid SpA, Italy) were 

included as reference controls (CLSI, 2015). All experiments were performed in duplicate and 

in different days.  

 
Biodegradation test  

Biodegradation tests of cellulose films were conducted in soil 24. Soil was taken from the 

surface layer in the garden then put in a plastic tray to a thickness of around 4 cm. Films were 

cut into small pieces (about 2 × 2 cm2), dried at 37 °C until a constant weight was raised and 

then buried about 2 cm beneath soil at about 25 °C. Water was sprayed once on the soil surface 

to maintain the moisture. The degraded samples and fragments were taken out after 2 and 4 

weeks, gently cleaned from residual soil with distilled water and dried at 37 °C until a constant 

weight was obtained. Finally, the dried samples were weighted again, and the weight loss of 

the film degraded in soil was calculated.  

 
Statistical analysis  

Statistical analysis was performed with Graph Pad Prism 4. One-way analysis of variance 

(ANOVA) followed by Tukey’s Multiple Comparison Test was employed to assess statistical 

significance of the experimental conditions. Statistically significant differences were 

determined at p values < 0.05.  

 

2.2.3 Cellulose/Hyaluronate-based films with anti-Herpes activity 

 
Materials  

Commercial Carboxymethyl Cellulose sodium salt, (MW: 250 KDa, viscosity at 2% in water: 

850 mPa∙s) was donated by ACEF (Piacenza, Italy). Sodium Hyaluronate (1650 kDa) was 

purchased from Acef spa, Italy. Glycerol was purchased from Fagron (Bologna, Italy). Snail 

slime HelixComplex® extracted from Helix Aspersa snails was provided by HelixPharma 

Company srl and stored between 0 and 4°C in a sealed polyethylene bottle until use.  

 

Preparation of cellulose/hyaluronate-based films with snail slime 

Different cellulose/hyaluronate-based films were produced with the solvent casting technique. 

Cellulose (2% w/v) was dissolved directly into snail slime HelixComplex (or in water for 



 38 

reference samples) and stirred at RT overnight. Then, different amount (0,5 and 1% w/v) of 

Hyaluronate were introduced and the solution was stirred until complete dissolution of the 

polymer. Once a homogeneous solution was obtained, glycerol as humectant was added in two 

different concentrations: 5 and 10% v/v. 10 mL of this solution were poured in PE petri dishes 

(Ø = 8.5 cm) and allowed to dry under laminar flow hood overnight. The obtained films were 

labelled as reported in Table 2. 
 

Table 2. Compositions and labels of the obtained films. 

 
 

Films characterization  

Films were characterized as described in ‘Thickness’, ‘Tensile tests’, ‘Structural 

characterization’, ‘Thermogravimetric analysis’, ‘Water vapor permeability’ sections of 

Paragraph 2.2.7. 

 
Bioadhesion test 

The bioadhesive properties were evaluated by using a microtensiometer (Krüss), opportunely 

modified. Pig ear skin obtained from a local butcher was used as substrate. It was carefully 

separated from underlying tissue, washed with water and soaked in PB pH 7.4 for 15 min. Then, 

it was fixed with acrylic glue to support before starting the analyses. Each film (3 mm2) was 

fixed to the plunger using double-sided tape, put in contact with skin for 15 s, then the force of 

adhesion, expressed as the force for cm2 needed to detach the film from the skin, was recorded. 

At least 10 measurements were performed for each sample. 

 
Cell viability bioassay  

The immortalized human keratinocyte cell line (HaCaT) was cultured in DMEM medium 

(Gibco), supplemented with 1% glutamine, 100 units/mL of penicillin/streptomycin and 10% 

FBS at 37 °C in an atmosphere of 5% CO2. The exponentially growing cells were used for the 

experiments.   

For cell treatment, 1 cm2 of biopolymer-based patch with and without HelixComplex was 

dissolved in 2 mL of DMEM to obtain the 100% concentrated solution.  The effect on cell 

viability of solubilized patches was evaluated on HaCaT cells by MTT (3-(4,5-dimethilthiazol-

2yl)-2,5-diphenyl tetrazolium bromide) colorimetric assay (Roche Diagnostics Corporation), 

Labels Cellulose 
% (w/V) 

Hyaluronate 
% (w/V) 

Glycerol 
%(V/V) 

Water 
% (V/V) 

HelixComplex® 
% (V/V) 

A 2 1 5 100 0 
AS 2 1 5 0 100 
B 2 0.5 10 100 0 
BS 2 0.5 10 0 100 
C 2 0.5 5 100 0 
CS 2 0.5 5 0 100 
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following manufacturer’s instructions. Cells were treated for 24h with 100% and 50% (diluted 

in DMEM) solutions. Afterwards, absorbance was read at 570 nm.  

 
Anti-HSV-1 activity  

The TOZGFP-HSV1 expressing GFP under the control of the ICP22 promoter was 

utilized. Virus stocks were prepared and titrated in Vero cells. Briefly, 

supernatants and infected cells approaching 100% cytopathic effect (c.p.e.) were collected 

and lysed by sonication. Cellular debris was pelleted by centrifugation at 800×g for 20 min at 

4 °C, and the supernatants were aliquoted and stored at −70 °C. For antiviral activity 

of biopolymer-based patches, HaCaT cells were seeded on 24-well plates at a cell density 

of 5^104 cells/well the day before treatment. A time-of-drug-addiction was performed: 

solubilized patches at 100% and 50% were added to the cells during the infection and/or post 

infection with 0.01 PFU/cell (plaque forming unit) of TOZGFP-HSV1. Experiments were 

performed in three conditions: simultaneous addition of solubilized biomaterial and HSV-1 to 

the cells (during the infection step); solubilized biomaterial added immediately after the 

infection (post-infection) and left for 24 hours; and a combination of the previous conditions 

(during and post-infection). 24 hours after treatments, cells were harvested, and HSV-1 titration 

was performed to enumerate the infective viral particles. Viral replication was 

evaluated by plaque assay titration on Vero cells. The percentage of viral inhibition was calculated 

with respect to the untreated infected control.  

 

2.2.4 Keratin-based films with snail slime 

 
Materials  

The keratin used in this project is obtained through the recovery of industrial waste materials, 

being extracted by sulphitholysis from raw wool by the group of Dott. A. Aluigi, PhD at CNR-

ISOF of Bologna. Glycerol was purchased from Fagron (Bologna, Italy). Snail slime from Helix 

Aspersa Muller snails extracted with a natural cruelty-free method was provided by ‘lumaca 

Madonita’ (Palermo, Italy). Snail slime (pH= 7) was stored between 0 and 4°C in a sealed 

polyethylene bottle until use.  

 
Dialysis of snail slime  

The snail slime employed for the preparation of keratin-based films was subjected to 

dialysis in order to remove preservatives added by the manufacturers. Membranes with a cut-

off of 12-14 kDa were conditioned under stirring in distilled water for 24 h, frequently changing 

the water. The aliquot of snail slime was poured into the membrane and set with clips 
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to fix the two sides of the membrane and to avoid the leakage of the sample. The 

membrane was left under stirring for 24 h with frequent replacement of distilled water. 

The dialyzed snail slime was stored at -19 °C until use. 

 
Preparation of keratin-based films with snail slime 

Keratin-based films at 10 % w/V were prepared by dissolving the proper amount of keratin in 

milliQ water under stirring. After the complete dissolution of the polymer, glycerol (50% v/v) 

was added as plasticizer. 1,5 mL of this solution were poured into square polyethylene trays (3 

cm x 3 cm) and allowed to dry overnight under laminar flow hood. The obtained films were 

labelled K and used as control.  

Keratin/snail slime films were prepared using the same procedure, but dissolving keratin 

directly into dialyzed snail slime. After the addition of glycerol, the solution was poured into 

square polyethylene trays (3 cm x 3 cm) and allowed to dry overnight under laminar flow hood. 

The obtained films were labelled K_M and stored at room temperature. 

 
Films characterization  

Films were characterized immediately after the preparation and after 3 months of storage inside 

a desiccator at 18°C, as described in ‘Thickness’, ‘Structural characterization’ and 

‘Thermogravimetric analysis’ sections of Paragraph 2.2.7. 

 
Film solubility 

Samples were cut in square-shaped portion of 1 cm2 and immersed for 24 h in 5 mL of water at 

RT. Then, they were deposited on a glass watch and left overnight at 37°C until a constant 

weight was reached. Then, the solubility was calculated following Equation 1. 

 

2.2.5 Fluconazole-loaded films based on gelatin and snail slime 
 

Materials  

Porcine gelatin (type A, 280 Bloom) was purchased from Sigma Aldrich (St. Louis, MO, USA). 

Snail Mucus extracted from Helix Aspersa Muller snails by MullerOne method was supplied 

by “I Poderi Farm” (Montemerano, Italy) and stored at 4 °C. Glycerol was purchased from 

Fagron, Bologna, Italy. Fluconazole (F) compliant with Ph. Eur specifications was purchased 

from Farmalabor (Assago, MI, Italy). 

 
Preparation of physycal mixture of Fluconazole and gelatin 

50 mg of Fluconazole and 0,5 g of gelatin were mixed in a mortar and accurately grinded. Then, 

X-ray diffraction patterns and FT_IR spectra of the powders as tablets were acquired.  
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Preparation of gelatin and gelatin-slime films 

Gelatin films (5% w/V) were prepared by solvent casting technique: the weighted amount of 

gelatin was dissolved under gently stirring in distilled water at 38°C. After the complete 

dissolution of the polymer, 8.6 mL of this solution were poured in polyethylene (PE) Petri 

dishes (Ø= 5.5 cm) and kept under laminar flow hood at room temperature (RT) overnight. The 

obtained films were labeled G and used as control samples.  

Gelatin films (5% w/V) with different percentages in volume of Snail Slime (S) were produced 

by adding proper volumes of S (40, 50, 60 and 70% with respect to the total volume of the film 

forming solutions) to the gelatin aqueous solution under stirring. Before its addition, the pH of 

the snail slime was raised to 4.5 with few drops of concentrated NaOH. As for control samples, 

8.6 mL of each solution were poured in Petri dishes and allowed to dry under laminar flow hood 

overnight at RT. The obtained films were labeled according to the percentage in volume of 

slime implied in their production: G_S40, G_S50, G_S60, G_S70, respectively.  

In order to provide a better flexibility and stability over time, glycerol (30% w/w with respect 

to gelatin) was introduced in the composition of some selected films after the dissolution of the 

polymer. The obtained films were labeled by adding “_g” to the above stated tags. All the films 

were stored at room temperature between plastic-coated aluminum foils inside PVC bags. 
 
 
Preparation of gelatin and gelatin/slime films with Fluconazole  

From the results of film characterizations, the composition corresponding to G_S70_g was 

selected for encapsulation of Fluconazole (F). 

50 mg of Fluconazole (5% in weight with respect to the total dry mass of gelatin and S; 10% in 

weight with respect to gelatin) were added to 7 mL of snail slime (adjusted to pH 4.5 with 

concentrate NaOH), stirred for about 2 h and then mixed with 3 mL of gelatin solution (5% 

m/V). After the addition of glycerol (30% w/w on gelatin weight), 8.6 mL of the mixed solution 

were poured in polyethylene Petri dishes (Ø= 5.5 cm) and put under laminar hood at RT 

overnight. The obtained film was labeled G_S70_g_F and stored at room temperature between 

two sheets of plastic-coated aluminum closed inside PVC bags. The compositions and labels of 

all the obtained films are reported in Table 3. 
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Table 3. Compositions and labels of the obtained samples. 

 
* Weight of glycerol with respect to the weight of gelatin 
** weight of Fluconazole with respect to the dry weight of gelatin, S and Glycerol. 

 
Film Characterization 

Films were characterized as described in ‘Thickness’, ‘Tensile tests’, ‘structural 

characterization’, ‘Thermogravimetric analysis’, ‘Swelling degree ‘, ‘Bioadhesive properties’ 

sections of Paragraph 2.2.7. 

 
Solubility studies  

Solubility measurements at equilibrium of Fluconazole were performed in different media both 

at 25 °C (preparation of the sample solutions) and at 32 °C (permeation studies). A Fluconazole 

excess was added to 5 mL of phosphate buffer solution (pH 5.5) and phosphate buffer solution 

(pH 5.5) containing 20% w/V of ethanol. Samples were stirred for 48 h, equilibrated for 2 h, 

then the suspensions were centrifuged at 10000 rpm for 10 min. The supernatant was filtered 

through a 0.20 μm membrane nylon filter. After suitable dilutions, samples were analyzed by 

HPLC in triplicate.  

 
Drug Content 

Films of about 45 mg were solubilized in 10 mL of a mixture of MeOH:H2O (40:60 v/v) and 

left under stirring for 24 h. Samples were filtered and 1 mL of each solution was centrifuged at 

8000 rpm for 10 min, after which the supernatant was analyzed by HPLC. The samples were 

analyzed in triplicate and the results of the drug content were expressed as % w/w (weight of 

Fluconazole with respect to the weight of the films) and in mg/cm2.  

 
Fluconazole assay  

An HPLC-UV/Vis equipped with LC-10ADvp pumps (Shimazdu), SP-10Avp UV–Vis detector 

(Shimazdu, 210 nm) and a SIL-20A autosampler (Shimazdu) with a C18 apolar column (Luna 

Phenomenex, 150 mm × 4.6 mm × 5 μm) as stationary phase was used for the quantitative 

analysis of Fluconazole. The mobile phase was composed of acetonitrile 25% and MQ water 

75% fluxed at 1 mL/min and with an injection volume of 20 mL. The quantification of 

Labels Snail Mucus 
%(v/v) 

Water 
%(v/v) 

Glycerol 
%(w/w)* 

Fluconazole 
%(w/w)** 

G 0 100   
G_g 0 100 30  
G_S40 40 60   
G_S50 50 50   
G_S60 60 40   
G_S70 70 30   
G_S70_g 70 30 30  
G_S70_g_F 70 30 30 4.76 
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Fluconazole was assessed by means of a calibration curve (R2 =0.9999, n = 3) made with 

standard solutions of known concentration in the range 0.5–50 µg/mL. The limit of detection 

(LOD) was 0.18 μg/mL while the limit of quantification (LOQ) 0.48 μg/mL. For the permeation 

experiments, the same HPLC method was used, and quantification was assessed using the same 

calibration curve.  

 
In vitro skin permeation and retention studies  

To determine the amount of drug able to diffuse across the skin from the formulation, in vitro 

permeation experiments were performed. Pig ear skin was selected as membrane due to its 

similar histological and physiological characteristics and close permeability properties to 

human skin 25. A Franz-type static glass diffusion cell (15 mm jacketed cell with a flat ground 

joint and clear glass with a 12 mL receptor volume; diffusion surface area = 1.77 cm2), equipped 

with a V6A Stirrer (PermeGearInc., Hellertown, PA, USA) was employed. In the donor 

compartment, circular films (diameter of 1.1 cm containing 4,76% w/w of F) were placed on 

the membrane made of pig ear skin (thickness 1,04 ± 0,07 mm). The skin used was obtained 

from the ears of different pigs, which were kindly provided by a local slaughterhouse (Bologna, 

Italy). The skin was used after removing the underlying fat and subcutaneous tissues with a 

surgical blade and stored at −20 °C until use. Each membrane was conditioned for 15 min in 

PB solution and then carefully placed in the interface between the donor and receptor 

compartments. The receiver medium contained phosphate buffer solution at pH 5.5 containing 

20% (w/v) of ethanol to prevent Fluconazole precipitation and it was maintained under stirring 

at a constant temperature of 32 ± 0.5 ◦C through thermostatic bath circulation. The chambers 

were held together tightly with a cell clamp and sealed with parafilm to limit evaporation. 

Aliquots of 250 μL were collected at 15, 30, 60, 120, 180, 300 and 1440 min. Sink conditions 

were maintained with the replacement of the same volume of receptor medium. For comparison, 

a control solution (0.5 mL) containing the same amount of drug loaded into the film was 

prepared dissolving the drug in ethanol. Then, it was mixed with phosphate buffer solution at 

pH 5.5 and added to the donor chamber. All collected samples were analyzed by HPLC-UV/Vis 

and the results of permeation studies are shown as cumulative drug amount permeated per unit 

of area plotted as a function of time. Each sample was analyzed in quintuplicate, and the data 

are expressed as mean ± SD. At the end of the permeation study, excess formulation was 

removed, and the skin surface was washed 3 times with PB. The skin samples were cut into 

small pieces and stored in vials containing 5 mL of methanol for 1 week. The resulting solution 

was filtered (0.2 μm), properly diluted (1:10) and the drug amount extracted from the skin was 

determined by HPLC. The mean of three replicates for each formulation was calculated and the 
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corresponding values were normalized on the average thickness of the skin used in each 

permeation test. The percentage of retained drug (CF) was calculated with respect to the 

effective drug content (C0), as follows:  

CF= 
!"#$	
!"#&	

 ⋅100                                                                                                       3) 

 
Antimicrobial activity 

The antifungal activity of the Fluconazole-loaded films was tested in vitro against the reference 

strain Candida albicans ATCC 10231 (American Type Culture Collection) and 10 clinical 

isolates of Candida spp. collected at the Microbiology Unit of the St. Orsola Malpighi 

University Hospital, Bologna, Italy. The clinical strains were identified by standard procedures, 

including colony morphology on chromogenic agar (CHROMagar Candida medium, Becton 

Dickinson, Heidelberg, Germany) and confirmed by MALDI Biotyper System using matrix 

assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS, 

Bruker Daltonik, GmbH, Germany). Candida strains were cultured on Sabauraud-dextrose agar. 

The inoculum was prepared in sterile 0.9% saline solution and adjusted at 0.5 McFarland, 

corresponding to 106 CFU (colony-forming units)/mL. 1 mL of the fungal suspension was 

added to 20 mL of Sabauraud-dextrose agar and transferred to an agar plate (Ø = 90 mm). After 

cooling the inoculated agar at room temperature, disks (Ø = 6 mm) of gelatin-based films were 

deposited on the surface of the plate. The experiments included the unloaded gelatin films (G_g 

and G_S70_g) as negative controls, and a paper disk containing 300 µg of Fluconazole as 

positive control. For this purpose, the drug was solubilized in DMSO at 100 g/L, and 10 µL of 

a freshly diluted water solution (30 µg/µL) was loaded on the sterile paper disk. After 24 h of 

incubation at 37 ◦C, the antifungal activity was determined by measuring the microbial growth 

inhibition diameter around the disk. 

 
Statistical analysis  

One-ways analysis of variance (ANOVA) was employed to assess statistical significance on 

the obtained results. The significance was performed with a NewmanKeuls Multiple 

Comparison test. The difference was considered statistically significant with p-value < 0.05.  

One-tailed t test was used to compare the two sets of measurements (inhibition zone diameters 

for Fluconazole-loaded gelatin film vs Fluconazole control) obtained for each Candida spp.  
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2.2.6 Mucoadhesive gelatin-based films loaded with Econazole 

 
Materials  

Porcine gelatin (type A, 300 Bloom) was purchased from Sigma Aldrich (St. Louis, MO, USA). 

Econazole nitrate (ECN, 1-[2-(4-chlorophenyl)methoxy]-2-(2,4- dichlorophenyl)ethyl 1H-

imidazole mononitrate; MW: 444.7 g/mol; Log P = 5.2; pKa 6.65) 26 was supplied by Erregierre 

S.p.A. (BG, Italy). Soluplus® (polyvinyl caprolactam-polyvinyl acetate-polyethylene acetate-

polyethylene glycol graft copolymer: PCL-PVAc-PEG), Kollidon®30 (polyvinylpyrrolidone) 

and Kollidon®VA64 (polyvinylpyrrolidone-vinyl acetate) were supplied by BASF 

(Ludwigshafen am Rhein, Germany). Gelucire® 53/10 (a mixture of mono-, di- and 

triglycerides, mainly mono- and diesters of palmitic (C16) and stearic (C18) acids), esters of 

PEG 1500 and free PEG) was supplied by Gattefossè (Milan, Italy). Genipin was purchased 

from Wako Chemicals (Osaka, Japan) while Mucin (from porcine stomach, Type III) was 

purchased from Sigma Aldrich.  

 
Preparation of gelatin-based films with Econazole  

Gelatin films at 5% w/V were prepared by dissolving gelatin in distilled water at 45°C for 20 

min. This solution was poured in PE petri dishes and allowed to dry at RT overnight. The 

produced films were labeled as G. 

Films containing 10% (w/w with respect to gelatin) of ECN were prepared by mixing the drug 

or the solid dispersion (SD) with gelatin in a mortar. The powders were suspended in distilled 

water (5% w/V gelatin concentration) and the suspension was heated up at 50°C and stirred for 

30 min. 5 mL of each suspension were poured in PE Petri dishes (Ø= 5.5 cm) and allowed to 

dry at RT overnight. The obtained films were labeled GE10, GGE10, GSE10 and GKE10, as 

reported in Table 4.  

For the preparation of cross-linked films, genipin at 2% w/w (with respect to gelatin) was 

previously dissolved in 2 mL of PB pH 7.4 and added to gelatin suspension. The mixture was 

stirred for about 20–30 min, during which the color of the solution turned from 

white/transparent to a pale blue. Then, 5 mL of each suspension were poured in PE Petri dishes 

and allowed to dry at RT. After drying, films were rinsed with a Glycine solution (0.1 M in 

distilled water) to remove the excess of genipin, repeatedly washed with distilled water and air-

dried at room temperature overnight. The obtained films were labeled GE10gen and 

GGE10gen, as indicated in Table 4. As control samples, unloaded gelatin films (G) and films 

containing the additives (GG, GS and GK) were prepared (Table 4). Obtained films were stored 

into plastic bags at room temperature. 
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Table 4. Gelatin (G) -based film composition. 

 
*G, GG (G film containing Gelucire® 50/13), GS (G film containing 

Soluplus®) and GK (G film containing Kollidon®30 and VA64) represent the 
unloaded films containing the same amount of additives of the corresponding 

10% drug-loaded films. 
 
 
Preparation of ECN solid dispersion 

The solvent evaporation method was used to prepare solid dispersions containing Kollidon® 

(SDK) or Soluplus® (SDS): powders were accurately mixed in a mortar and then solubilized 

in ethanol. Solutions were stirred for 30 min at RT and evaporated under low vacuum using a 

rotary evaporator (Buchi Rotavapor R200, Flawil, Switzerland). Co-precipitate white crystals 

were obtained for SDS, while a slightly yellow rubbery solid was obtained for SDK.  

Gelucire® SD (SDG) was prepared by adding ECN to the molten Gelucire at 60°C. The 

suspension was stirred for 10 min and then cooled down at -20°C for 10 min. All the obtained 

SD were stored at 4°C and characterized in terms of solubility and drug-carrier interactions. 

The labels and compositions of each formulation are reported in Table 5. 

 
Table 5. Composition of the solid dispersions: drug to polymer weight ratio (w/w). 

 
*Mixture of PEG-32 esters, free PEG, mono-, di- and triglycerides (mainly composed of stearic and 

palmitic acids). 
 

Label 
Theoretical 
ECN content % 
(w/w) 

Solid 

Dispersion 

 

Genipin% (w/w) 

 
G* - - - 

GG* - - - 

GS* - - - 

GK* - - - 

GE10 10 -- -- 

GGE10 10 SDG -- 
GSE10 10 SDS -- 

GKE10 10 DSK -- 

GE10gen 10 -- 2 

GGE10gen 10 SDG 2 

 

SD 

ECN Polymers 

 

Soluplus®

 
 

Kollidon® 30 

 
 

Kollidon® VA64 

 

 

Gelucire® 

50/13* 

 

 

SDS 1 2 - - - 

SDK 1 - 2 0.5 - 

SDG 1 - - - 2 
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Solid dispersions characterization  

ECN analysis  

The HPLC system consisted of two mobile phase delivery pumps (LC-10ADvp, Shimadzu, 

Japan), an UV–Vis detector (SPD-10Avp, Shimadzu, Japan) and an autosampler (SIL-20A, 

Shimadzu, Japan). The stationary phase was a Luna C18 column (150 mm × 4.60 mm × 5 μm, 

Phenomenex, Bologna, Italy). The mobile phase comprised of methanol and ammonium 

phosphate buffer 20 mM pH 2.5 (75:25 V/V). The flow rate was 1 mL/min, and the detection 

wavelength was set at 230 nm. The retention time of ECN was about 5.4 min, while the run 

time was set at 10 min. The injected volume was 20 μL and the quantitation was carried out 

using the linear calibration curve of ECN, obtained in the range of 0.5–40 μg/mL (R2 = 0.9999). 

In particular, six standard solutions were prepared by solubilizing the suitable amount of ECN 

in 10 mL of ethanol containing 150 µL of DMSO. Then, the solutions were diluted with PB pH 

4.5 to have the following concentrations: 0.5, 1, 5, 10, 20 and 40 μg/mL. A fresh ECN standard 

solution of 10 μg/mL was injected every day as control.  

 
Solubility studies  

An excess of ECN (or of each SD) was added to 10 mL of PB pH 4.5 under stirring at 37 °C 

for 72 h. Then, the suspensions were centrifuged twice at 8000 rpm for 10 min and the 

supernatant analyzed by HPLC-UV/Vis. Measurements were performed in triplicate for each 

sample and the mean ± S.D. was reported.  
 

Differential scanning calorimetry  

Differential scanning calorimetry (DSC) measurements were performed using a PerkinElmer 

DSC 6 (PerkinElmer, Beaconsfield, UK). The instrument was calibrated with indium and lead 

for temperature, and with indium for the measurement of the enthalpy. The samples, weighing 

10–12 mg, were placed into the DSC under a nitrogen flux (20 mL/min) and heated from 25 °C 

to 250 °C at a scanning rate of 10 °C/min. The same procedure was used for the raw materials. 

 
Films characterization  

Films were characterized as described in ‘Thickness’, ‘Tensile tests’, ‘Structural 

characterization’, ‘Swelling degree ‘, ‘Scanning electron microscopy’ sections of Paragraph 

2.2.7. 

 
Drug content analysis 

The ECN content within the film formulations was assayed by the same HPLC method 

described in the above section ‘ECN analysis’. Briefly, 50 mg of each film were dissolved in 

10 mL of pure ethanol and stirred for 60 min. Then, 15 mL of an acidic solution composed of 
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NaCl and HCl (pH 1.5) were added. The solution was stirred at 8000 rpm for 10 min and 

assayed by HPLC. Each formulation was analyzed at least in triplicate and the results are 

expressed as the mean of recovered drug (%) ± SD.  

 
In vitro release studies  

The drug release from the films through cellulose acetate membranes (pore size: 0.45 μm; 

thickness: 150 μm) was performed using six modified Franz type diffusion cells. Films of 1 

cm2 (containing about 1.7 mg of drug) were allocated in the donor compartment, while the 

receptor compartment phase was filled with 12 mL of PB pH 4.5 and maintained at 37 °C by 

circulating water through the jacket of the lower compartment and constantly stirred at 100 rpm 

during the experiments. An aliquot of 0.8 mL was withdrawn at predefined time and analyzed 

by HPLC. The results are expressed as cumulative percentage of drug released and for each 

sample the mean of six replicates ± SD was reported. 

 
Mucoadhesive properties  

The mucoadhesive properties were evaluated by using a micro-tensiometer. Vaginal tissue, 

obtained from a local slaughterhouse (CLAI, Faenza, Italy), was transported to the laboratory 

and used within 2 h. The tissue was suitably cut, washed and hydrated with PB pH 4.5 

containing 1.5% (w/v) of mucin at 37 °C for 15 min and then fixed with acrylic glue to the top 

of the homemade cell before starting the analyses. Each film (3 mm2) was fixed at the top plate 

using double-sided tape. Film and mucosa were put in contact for 30 s after which the top plate 

was moved up at a speed of 30 mm/min until their complete separation. The force was recorded 

as a dyne/cm2 and was expressed as the force for cm2 needed to detach the film from the 

mucosa. The results were then reported as mean values ± S.D. and at least 10 replicate 

measurements were performed for each sample. 

 
In vitro antifungal susceptibility testing  

Candida albicans ATCC 10231 (American Type Culture Collection) and six isolates of 

Candida albicans recovered from urine specimens and genital swabs (collected at the 

Microbiology Unit, St. Orsola-Malpighi University Hospital, Bologna, Italy) were used for the 

analysis. The clinical strains were identified by standard procedures, including colony 

morphology on chromogenic agar (CHROMagar Candida medium, Becton Dickinson, 

Heidelberg, Germany) and confirmed by MALDI Biotyper System using matrix-assisted laser 

desorption ionization–time of flight mass spectrometry (MALDI-TOF MS, Bruker Daltonik, 

GmbH, Germany). The effectiveness of the sample films to inhibit fungal growth was 

determined by means of disk diffusion assay performed on Sabauraud dextrose agar (SDA, 
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Becton Dickinson, Heidelberg, Germany) plate. Briefly, the SDA surface was inoculated with 

a yeast suspension adjusted at 0.5 McFarland and prepared in sterile 0.9% saline solution, and 

disk-shaped films (Ø = 6.0 mm) were laid down on the agar plate, perfectly adhering to the 

surface. As reference controls, sterile disks containing ECN 300 μg were included in each test. 

After 24 h at 37 °C, the diameter of inhibition zone, corresponding to the fungal-free zone 

around the sample, was measured and expressed in millimeters. All experiments were 

performed in duplicate and in different days.  

 
Cell viability and cell damage assays  

The human cervix adenocarcinoma cell line HeLa (ATCC CCL-2) were used for in vitro 

cytotoxicity testing. Cells were routinely grown in Eagle’s Minimal Essential Medium (E-

MEM) supplemented with 10% fetal bovine serum (Carlo Erba Reagents, Milan, Italy), 100 

U/mL penicillin and 100 µg/mL streptomycin at 37 °C with 5% CO2. The safety profile of the 

film formulations was quantitatively evaluated by measuring cell viability and lactate 

dehydrogenase enzyme (LDH) release from damaged plasma membranes after treatment with 

some selected gelatin-based films. In detail, disk shaped samples were dissolved in 6 mL of 

culture medium for 24 h at 37 °C. The pH of the tested solutions was 6.8–7.0, therefore suitable 

for cellular investigations. The cell viability was evaluated by using the CCK-8, Cell Counting 

Kit-8 (Dojindo Molecular Technologies, Rockville, MD, USA), that is a WST-8 [2-(2-

methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, 

monosodium salt]-based assay. WST-8 reagent is reduced by dehydrogenases in cells to 

formazan dye, which is soluble in the tissue culture medium. The amount of the formazan dye 

generated by dehydrogenases in cells is directly proportional to the number of viable cells. The 

LDH released was determined by the Cytotoxicity LDH Assay Kit-WST (Dojindo Molecular 

Technologies). For experiments, HeLa cells were seeded in a transparent 96-well plate at a 

density of 104 cells/well, grown for 24 h, and treated with 200 μL of solution in which the disks 

were dissolved. The following controls were included: untreated cells (control cells incubated 

with 200 μL of culture medium) and cells treated with the Lysis Buffer supplied by the LDH 

Assay kit (lysed cells). After 48 h, the culture medium was collected from each well, cell 

monolayer was washed with PB (pH 7.4) and 200 µL of fresh medium containing 20 µL of 

CCK-8 solution were added. After 2 h at 37 °C, the absorbance was measured at 450/630 nm; 

results were expressed as the percentage of absorbance relative to the control cells. In parallel, 

the collected cell-free supernatants were assayed for LDH release by adding a volume of the 

working reagent and allowing the reaction to proceed for 30 min at RT in the dark. Then, the 
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stop solution was added, and the absorbance was measured at 490 nm. Data were expressed by 

the following equation:  

Cytotoxicity (%) = /$	0	
1$	0

 × 100                                                                           4) 

where A is the absorbance of the test solution, and B and C are the absorbances of lysed cells 

and control cells, respectively. Experiments were carried out in triplicate, and in two 

independent assays. 

 
Statistical analysis  

One-way analysis of variance (ANOVA) was employed to assess statistical significance on the 

obtained results. The significance was performed with Tukey’s multiple comparison test. 

Differences were considered statistically significant with p values < 0.05.  

 

2.2.7 Methods of Characterization 

 
Thickness  

The thickness of the samples was determined using a hand-held digital micrometer (Mitutoyo, 

Japan) to an accuracy of 0.001 mm. At least ten samples were measured for each composition.  

 
Tensile tests  

Tensile tests were performed on films immediately after drying using a 4465 Instron 

dynamometer equipped with a 100 N load cell and the Series IX software package and stress–

strain curves were collected. The Young’s modulus (E), the maximum stress (σm) and the strain 

at break (εb) were evaluated. The test was performed at a crosshead speed of 5 mm/min on strip-

shaped samples. At least 6 specimens were tested for each composition.  

 
Structural characterization  

FTIR spectra were recorded in ATR mode using a Thermo Scientific Nicolet iS10 FTIR 

spectrometer. Spectra were acquired at room temperature with a resolution of 2 cm− 1 from 4000 

to 800 cm− 1.  

XRD patterns were recorded in the 2θ range from 4° to 40° with a step size of 0,067° and 

time/step of 40 s by means of a Philips X’Celerator diffractometer equipped with a graphite 

monochromator in the diffracted beam. CuKα radiation at 40 mA and 40 kV was used.  
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Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was carried out using a Perkin-Elmer TGA7. Heating was 

performed in a platinum crucible in air flow (20 mL/min) at a rate of 10 °C/min up to 800 °C. 

Samples weights were in the range of 5–10 mg.  

 
Swelling degree  

Square-shaped (1 cm × 1 cm) air-dried films were weighted and immersed in 5 mL of Phosphate 

Buffer solution (PB) pH 4.5. After set periods of time samples were removed from the solution, 

wiped with filter paper to remove the excess of liquid and then reweighted. The amount of 

adsorbed water was calculated as follows:  

Swelling (%) = !2	$	!3	
!3

 ⋅100                                                                                  5) 

where Ww and Wd are the weights of the wet and the air-dried sample, respectively.  

 
Water vapor permeability 

Water vapor permeability (WVP) is the water vapor transmission rate through a flat film area 

induced by a vapor pressure between two surfaces under specific conditions of moisture and 

temperature. It was measured slightly modifying the ASTME 96–93 method 27. Films disks (Ø 

= 2 cm) were glued with silicon on the opening of glass vials containing 2 g of anhydrous CaCl2. 

Weighted vials were placed in a glass desiccator containing saturated Mg(NO3)2∙6H20 solution 

(75% RH at 25 °C). The vials were weighted every day until constant weights were achieved. 

WVP was calculated as follows:  

WVP (gs−1m−1Pa−1) = 4!	5	
46	/	47	

                                                     6) 

where ΔW/Δt is the amount of water gained per unit time of transfer, A is the exposed area of 

the samples (0.00020 m2), ΔP is the water vapor pressure difference between both sides of the 

film (1670 Pa at 25 °C, table value) and χ is the film thickness. Samples were tested in triplicate. 

 
Bioadhesive properties  

The bioadhesive properties of the obtained films were evaluated by means of an AntonPaar 

modular compact rheometer MCR102 and the RheoCompass Software. Pig’s ear skin, bought 

in a local butcher’s shop, was carefully separated from the underlying tissue and repeatedly 

washed with water. Then, disks of 2.5 cm of diameter were cut and glued on the disposable 

support of the instrument. The film was allowed to adhere on the skin by wetting it with water 

and applying a gentle finger pressure. Subsequently, the upper plunger, coated with double-

sided tape (3 M), was lowered until a force of 5 Newton (N) was applied to the film for 30 sec. 

Then, the plunger was raised at a speed of 1 mm/s, and the force required to detach the film 
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from the skin was measured and expressed in Newton (N). Tests were carried out in triplicate 

for each composition.  

 
Scanning Electron Microscopy 

The samples were fixed on the sample holder with double-sided adhesive tape, sputter coated 

with Au under argon atmosphere by using a vacuum evaporator (Edwards, Crawley UK). Then, 

films were examined by means of a scanning electron microscope (SEM, Philips XL-20) 

operating at 15 kV accelerating voltage.  
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2.3 CHITOSAN-BASED FILMS WITH SNAIL SLIME 
 

Introduction 

Chitosan has been proposed as an eligible material with potential applications in many fields, 

including medicine, agriculture, food, textile, environment, and bioengineering, due to its 

excellent properties of nontoxicity, biocompatibility, biodegradability, chelating capability 28–

31. In particular, chitosan ability to form films has been widely exploited for food packaging 32, 

wound dressing and drug delivery applications 33–36. Chitosan is soluble in acid solutions due 

to the protonation of the NH2 groups on the C-2 position of the D-glucosamine repeat unit: as 

a consequence, the polysaccharide is converted to a polyelectrolyte in acidic media. Hence, 

molecular weight and distribution of the acetyl groups along the main chain are determinant 

factors in chitosan properties 37–39. In particular, the positive charge of the amino groups at 

acidic pH is considered responsible for the antimicrobial activity of chitosan, through the 

interaction with the negatively charged cell membranes of microorganisms 33. Several studies 

have been focused to modify composition and properties of chitosan-based films in order to 

improve their performance and widen their application fields. In this study I investigated the 

modifications of the properties of chitosan-based films induced by snail slime (S) obtained by 

MullerOne extraction method. To this aim, different amounts of snail extract were added to 

chitosan previously solubilized in acetic acid or in lactic acid. Moreover, the acidic character 

of the slime allowed the preparation of a further series of films obtained by solubilizing chitosan 

directly into the slime. Films were then fully characterized for their solid-state properties, cell 

viability and antibacterial activity. 

 
Results and discussion  

Films-forming solutions of chitosan in lactic or acetic acid are extensively reported in literature 
40,41. However, this is the first attempt to prepare chitosan films with the addition of snail slime 

obtained by MullerOne extraction. This method of extraction provides an acidic solution 

suitable for the solubilization of chitosan, which needs pH values below 6 to dissolve. It follows 

that the use of the slime allows direct solubilization of chitosan through a ‘green’ procedure 

and provides materials where the good characteristics of chitosan are enriched by the peculiar 

properties of snail slime. 

All the chitosan-based films appeared transparent, with color gradually turning to yellow on 

increasing the amount of slime, as shown in Figure 12.  
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Figure 12. Appearance of the prepared films. 

 
The SEM images of some chitosan films containing or not snail slime revealed a smooth surface 

without uneven areas. As a general consideration, the flexibility of the films and their 

adhesiveness increased with S volume, making difficult to detach them from Petri dishes.  

 
Table 6. Effect on thicknesses and mechanical properties of snail slime incorporation into chitosan-

based films  

 
*Each value is the mean of ten determinations, and it is reported with its standard deviation. 

 
As reported in Table 6, films thickness was significantly affected by the acid used for chitosan 

dissolution: the thickness increase from acetic to lactic acid films can be ascribed to the 

increasing dimensions of the counterion 42. A significantly greater augmentation of the values 

of thickness occurred on increasing the S content, most likely because of the increasing amount 

of dry matter (dry matter content of S after lyophilization: 5% m/v, as reported in Appendix I). 

The influence of the nature and composition of the film forming solution on thickness is clearly 

shown by the results obtained for the C_S samples, where water addition did not significantly 

affect the values of thickness 43.  

The results of mechanical characterization are summarized in Table 6. Both C_L and C_A films 

were rigid and brittle with high values of elastic modulus (E) and stress at break (σb), whereas 

C_S films exhibited a relatively high extensibility (εb) and low values of E and σb. In agreement, 

slime addition to C_L and C_A compositions greatly influenced the mechanical properties of 

the films, as clearly shown in Figure 13: εb increased with S content while σb and E decreased. 

The same trend was observed ongoing from CS_3070 to C_S, in agreement with the increase 

of S content. The effect produced by S addition is similar to that obtained by the introduction 

of plasticizers into the composition of chitosan films 44–46.  

 

Samples  Thickness (mm)  σb (MPa)* εb (%)* E (MPa)* 
C_L  0.076 ± 0.009  32 ± 4 4.0 ± 0.8 1200 ± 100 
CL_7030  0.100 ± 0.006  7 ± 2 23 ± 8 170 ± 20 
CL_3070  0.156 ± 0.007  1.4 ± 0.2 50 ± 10 46 ± 12 
C_A  0.052 ± 0.020  40 ± 3 10 ± 3 1760 ± 300 
CA_7030  0.096 ± 0.019  15 ± 4 13 ± 6 270 ± 100 
CA_3070  0.118 ± 0.007  0.9 ± 0.1 138 ± 10 0.8 ± 0.1 
C_S  0.199 ± 0.005  0,43 ± 0.2 163 ± 30 0,38 ±0,05 
CS_7030  0.168 ± 0.021  1.1 ± 0.19 88 ± 7 1.4 ± 0.22 
CS_3070  0.158 ± 0.010  8.6 ± 1.5 12 ± 4 301 ± 44 
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Figure 13. Stress-strain curves recorded on chitosan films prepared in: A) lactic acid; B) acetic acid; 

C) snail slime. 
 
The increased extensibility of the films at higher S concentration can be attributed to snail 

slime–polymer interactions, which reduced the intermolecular interactions between polymer 

chains, facilitating their sliding and mobility and improving the overall extensibility. The 

increased mobility of the polymer chains usually promotes also water vapor permeability 

(WVP) 46, that is the ease of moisture for penetrating and passing through the hydrophilic 

portion of film. However, in our samples we found a peculiar trend as a function of composition 

(Figure 14A): CA_7030 and CL_7030 exhibited WVP values significantly smaller than the 

other films of the series. Interestingly, C_S films exhibited lower permeability than C_L and 

C_A films (*p<0.05) and their WVP values were not significantly affected by water addition.  

 

 
Figure 14. A) Water vapor permeability (***p<0.001, **p<0.01, *p<0.05) and B) Adhesive 

properties of chitosan-based films (***p<0.001, **p<0.01, *p<0.05). 
 
As described in Paragraph 2.2.7, bioadhesion tests were performed using pretreated pig rind 

and applying a preloading to the film. As stated previously, the films became sticky after 

addition of S: the adhesive properties, expressed in terms of force needed for film detachment 

(F) and work of adhesion (W), are reported in Figure 14B. C_A films did not exhibit any 

adhesive performance; however, the addition of S enhanced the adhesiveness, requiring a force 
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up to about 10 N (CA_3070) to detach the films. A similar trend was observed for films 

prepared in lactic acid: C_L exhibited an appreciable adhesive behavior, which was further 

enhanced by S addition. As expected, the highest adhesive properties were recorded for films 

prepared by direct solubilization of chitosan into the slime. In fact, the presence of polar groups 

into the snail slime, most probably belongings to glycolic acid, allantoin and proteins naturally 

present in the exctract, increases the interactions with the skin and thus the bioadhesive 

properties. 

 
Structural characterization  

According to the literature, several crystalline polymorphs are known for chitosan; the most 

represented ones are an anhydrous form indicated as “annealed polymorph” and two different 

hydrated forms named “tendon” and “Type II” 47,48. The variety of polymorphs is due to the 

presence of water molecules, which play an important role in the packing, conformation, and 

mechanical properties of chitosan-based films. In hydrated forms, the chitosan structure can be 

stabilized by several hydrogen bonds between -N-H groups and water molecules. In addition, 

the crystalline structure of chitosan is strongly dependent on its processing treatment, as well 

as on its origin and molecular composition, such as degree of deacetylation and molecular 

weight 49.  

The X-ray diffraction patterns collected from chitosan films are reported in Figure 15: films 

obtained in acetic acid (C_A) showed two prominent reflections at about 9.2° and 12°/2θ, 

together with a sharp peak at 19°/2θ, attributed to type II hydrated polymorph of chitosan 

acetate 50.  

 

 
Figure 15. X-Rays diffraction patterns of chitosan-based films and lyophilized snail slime. 
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Snail mucus is a complex mixture of active ingredients, and it is not easy to discriminate the 

effectiveness and the interaction of each component with the chitosan functionalities. However, 

the comparison of the patterns collected from snail slime-containing samples puts into evidence 

that the material becomes less crystalline on increasing the S content. In fact, CA_7030 films 

showed only two broad halos, centered at about 8° and 20°/2θ, while only a broad halo centered 

at 20° of 2θ could be detected when the samples contained a greater amount of slime 

(CA_3070). The X-ray pattern of the chitosan films obtained in lactic acid (C_L), reported in 

Figure 15, evidences a poorly crystalline structure, with two broad reflections at about 6° and 

at about 20°/2θ. S addition provoked an overall decrease of the intensity of the diffraction 

patterns. It can be hypothesized that, on S addition, the chitosan-slime interactions outweighed 

the chitosan-chitosan interactions, leading to loss of structural order and, consequently, to the 

observed significant reduction in crystallinity. In agreement, the XRD patterns of all the 

samples of the C_S series displayed just a very broad halo centered at about 20°/2θ.  

In agreement with the X-rays patterns, the infrared absorption spectrum of C_A films displayed 

a number of bands which can be ascribed to the hydrated polymorph of chitosan 51. In particular, 

the absorption band at about 1640 cm−1 can be assigned to the C=O stretching (amide I), 

whereas those centered at about 1540 and 1390 cm−1 can be attributed to N-H bending (amide 

II) and C-N stretching, respectively 52.  

 

 
Figure 16. FT-IR spectra of chitosan-based films and lyophilized snail slime. 

 
Addition of S provoked a general broadening of the spectra, which assumed the characteristic 

features of the spectrum of S powder (see Figure 16): an intense absorption peak appears at 

around 1712 cm−1 and is probably due to the high content of allantoin and glycolic acid in the 

snail slime (see Appendix I). This absorption band can also be found in the spectra of composite 

films, with an intensity that increases on increasing S content. The resolution of the absorption 

bands centered at about 1072 cm−1, associated to C-O stretching, decreased on increasing S 

content, suggesting interactions between the hydroxyl groups of chitosan and polar groups of S 

through hydrogen bonds 52. By comparing IR spectrum of S with that reported in literature 53, 

it is clear that snail slime obtained by MullerOne method contains a minor amount of proteins 
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with respect to that obtained by a different method of extraction. We hypothesize that the use 

of ozone during snail stimulation could induce a partial protein degradation, thus lowering the 

proteic component of the final extract. In agreement with XRD results, the infrared absorption 

spectrum of C_L films was quite different and resembled those reported in literature for 

chitosan films prepared in lactic acid 54. Addition of S to C_L films had a similar effect to that 

observed on C_A films, and the spectra were similar to those recorded for the C_S series.  

The thermal stability of chitosan films was assessed by TGA analysis in air. Results obtained 

for the different films are reported in Figure 17, together with the thermal behavior of 

lyophilized S.  

 

 
Figure 17. DTG plots recorded on films in L, films in A, films in S and lyophilized S. 

 
C_A films displayed three steps of thermo-oxidative degradation 55. The first one, in the 

temperature range 35–160 °C, is attributed to the loss of absorbed water. The second one, 

between 160 °C and 460 °C and centered around 310 °C, corresponds to the chemical 

degradation and deacetylation of chitosan 56, while the third step, in the temperature range 460–

700 °C, can be associated with the oxidative degradation of the carbonaceous residue formed 

during the second step. The thermogravimetric plot of C_L differs from that of C_A in the first 

region, which shows two distinct weight losses in the range 37–240 °C, in agreement with the 

different structures evidenced by XRD and FT-IR data. The derivative plot of TGA (DTG) of 

freeze-dried S (Figure 17) displays a weight loss centered at 190 °C, which accounts for about 

70% w/w of weight loss, and further degradation steps between 300 and 800 °C, probably due 

to the degradation of residues. A very similar thermogravimetric plot is that of sample C_S, 

with just some shift of the degradation steps to higher temperatures. Water addition (CS_7030 

and CS_3070) caused just a reduction of the relative amount of the first weight loss. When S 

was added to the composition of C_A and C_L, all the films displayed similar 

thermogravimetric plots to that of C_S series: in particular, the thermal degradation started at a 
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temperature lower than that of pure chitosan films. Moreover, the first mass loss, determined 

between 37 °C and 300 °C, accounts for about 35% and 48% w/w for the 7030 and 3070 

compositions, respectively. Moreover, no water loss was observed between 35 °C and 160 °C. 

 
Biological properties  

In our experimental conditions, C_L and C_A films did not interfere with Vero cells 

metabolism after 72 h of incubation (93.7% and 103.3%, respectively, and relative to untreated 

control cells), as shown in Figure 18.  

 
Figure 18. Vero cells viability after 48 h of incubation with the media containing film components 
following disks dissolution. Data (mean values ± SD) are relative to the untreated control (set to 

100%). 
 
Addition of snail mucus to these films induced an improvement in cell viability, especially for 

the samples of C_A series. These samples exhibited a dose dependent increase in Vero viability 

as a function of S content. The lowest cell viability was detected for C_S films (72.7%); 

nevertheless, as a material is considered cytotoxic when its viability is <70% in comparison to 

untreated controls 57, all samples displayed a promising safety profile.  

The antibacterial properties of the different chitosan films were evaluated in vitro by means of 

a disk agar diffusion method where inhibition of bacterial growth is demonstrated by the clear 

bacterial-free zone around sample disks following a 24 h-incubation. Results are reported in 

Table 7.  
Table 7. Ranges of the inhibition zone diameters (mm) measured for the chitosan films. 

 
*NA; not appearing. 

 

Sample  S. aureus (ATCC 25923) E. coli (ATCC 25922) 
C_L  NA* NA 
CL_7030  NA NA 
CL_3070  NA NA 
C_A  NA NA 
CA_7030  NA NA 
CA_3070  12-13 11-12 
C_S  15-22 11-14 
CS_7030  15-16 12-13 
CS_3070  NA NA 
GMN 10 mg  18-19 18-19 
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There was no difference between the antibacterial effects on the different microbial species. 

Although it is generally recognized that chitosan solutions have strong antibacterial activities 
58, chitosan films did not inhibit bacterial growth in agar diffusion tests because chitosan in a 

film form is unable to diffuse through the surrounding agar media 59. The present results 

confirm this feature since both C_A and C_L samples did not inhibit bacterial growth. As a 

consequence, the bacterial-free zones observed for S-containing films could be definitely 

ascribed to snail slime addition. Chitosan films prepared in acetic acid and directly in S showed 

antibacterial activity at the highest S content (CA_3070, C_S and CS_7030) confirming the 

inhibitory role of slime. On the contrary, films prepared in lactic acid did not display 

antibacterial properties irrespective to S content. 

 
Conclusion  

New and highly versatile films containing different amounts of snail slime, extracted with the 

MullerOne method, and chitosan were obtained by simple solvent casting. The results of this 

work show that snail slime can be added to chitosan previously solubilized in acetic or lactic 

acid, or it can also be used to directly dissolve chitosan trough a greener route. Tensile tests 

revealed that composite films can be stretched up more than ten times with respect to chitosan 

films, demonstrating that S addition displays a plasticizing effect on the films. Moreover, snail 

mucus also enhanced water barrier properties and bioadhesion. Structural characterizations 

indicated that the interactions between snail mucus and chitosan chains involve hydrogen bonds 

between the hydroxyl groups of chitosan and polar groups of S, even if the complexity of the 

extract composition requires more detailed analysis. Thanks to the presence of S, composite 

films displayed enhanced cytocompatibility and significant antibacterial activity towards both 

Gram-positive and Gram-negative bacteria. These results demonstrate that variations in 

composition can be utilized to modulate the properties of these materials for a wide range of 

possible applications including those in the biomedical field. However, due to the influence of 

the extraction methods on the snail extract properties, composite films made with different snail 

extract should be useful to get more information about the interactions between the components 

and to highlight the peculiar extract effect.  
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2.4 CELLULOSE DERIVATIVES-BASED FILMS WITH SNAIL SLIME 
 

Introduction 

Following the evidence that snail slime addition to chitosan films not only provides them with 

antimicrobial activity, but also remarkably improves their water barrier and bioadhesion 

properties (see Paragraph 2.3), in this study I further explored the influence of snail slime on 

the properties of cellulose derivatives-based films. Cellulose was chosen because it is the most 

abundant renewable polymer 60, it is biodegradable and non-toxic 61. Indeed, cellulose-based 

materials are very good candidates for applications in the packaging field 62 and herein different 

cellulose-derivatives were employed for film preparation.  

Hydroxypropyl-methylcellulose (HPMC) was selected since is a renewable, largely available, 

and non-ionic vegetable derivative. Moreover, it is very attractive because it is edible, 

transparent, odorless, tasteless, and able to form oil-resistant and water-soluble films. Its use is 

approved as food additive by the FDA (21 CFR 172.874) and by the EU 63 and it is also 

proposed for the preparation of packaging materials 64, although it exhibits a high moisture 

absorption 65. 

The highly crystalline derivative sodium carboxymethyl cellulose (CMC) is a GRAS 

(Generally Recognized As Safe) polymer and it is also widely used for film formulations 66 and 

as a food stabilizer thanks to its non-toxicity, biocompatibility, biodegradability and 

hydrophilicity.  

The preliminary results obtained on cellulose-based materials in combination with snail slime 

were very promising: films were biodegradable, showed excellent barrier properties, a suitable 

mechanical behavior and were provided with antibacterial activity, which are very appealing 

features in the food packaging sector. In fact, the research on antimicrobial food packaging 

films has attracted great attention in recent years 67, since they can act as effective physical 

barriers against bacteria invasion and prolong the food shelf life 68. In literature, the studies 

aimed to imbue these materials with antibacterial activity are based on the use of essential oils 

as additives 69,70 since the introduction of natural extract is considered to be safe and friendly 

to human and environment 11 compared with the nano-antibacterial agents prepared by different 

inorganic materials. 

Further food preservation analyses were carried out, suggesting that these biocomposite films 

are good candidates to be employed in the packaging sector. 

 
Results and discussion  

The barrier properties of a polymeric film are crucial features to predict the behavior of the 

material as well as the shelf-life of the product when used as a food packaging 71 and they derive 
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mainly from the permeability of the film to gases and vapors, that are noxious to the quality of 

the product 72. The thickness measurements of the films are reported in Table 8: thickness 

ranged from 29 to 171 μm.  

 
Table 8. Thicknesses and transparency values of the obtained cellulose-based films. 

 
 
For every type of cellulose, the thickness increased on increasing the snail slime amount. As all 

the films were prepared by casting the same amount of solution into Petri dishes (8.5 cm in 

diameter), the observed trend could be due to the increasing of the dry matter. In fact, the snail 

extract contains approximately a 5% w/v of dry matter, and so, on increasing the S content the 

total amount of dry matter also increases and the thickness become greater. As thickness 

influences mechanical and barrier properties, all the values are normalized with respect to 

thickness.  

 
UV barrier, light transmittance, and transparency value  

Transparency of films for food packaging applications is one of the main requirements in the 

packaging industry 73, as well as the UV barrier properties are a key feature to prevent chemical 

reactions induced by UV light in food 74. In fact, the UV-radiations are responsible for the 

activation of reactions such as lipid oxidation, vitamins oxidation or loss of color which result 

in a loss of the quality of packaged foods 75. However, the mechanisms that allow films to 

acquire the UV light barrier properties can affect their transparency.  

 
Figure 19. UV–Vis spectra collected on cellulose-based films containing different amount of S (from 

left to right): E5-, E50- and CMC-based films. 

Labels  Thickness (µm) T600/100 Transparency Values 
E5  84 0.90 0.545 
E5_S30  113 0.87 0.535 
E5_S70  158 0.85 0.447 
E5_S100  171 0.84 0.443 
E50  59 0.90 0.776 
E50_S30  85 0.76 1.402 
E50_S70  126 0.65 1.485 
E50_S100  137 0.50 2.197 
CMC  29 0.92 1.249 
CMC _S70  60 0.77 1.892 
CMC _S100  91 0.40 4.373 
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The UV–Vis spectra acquired on the cellulose-based films are shown in Figure 19. In the UV 

region (200–280 nm) samples E5, E50 and CMC showed high transmittance values, which 

rapidly felt to zero after S addition. As reported in literature 76, a transmittance value below 

10% at 280 nm indicates that the films have effective UV barrier properties. It can be concluded 

that S addition confers excellent UV barrier properties both to HPMC and CMC based films, 

regardless of the snail slime content.  

By comparing the spectra, it is worth of note that S-containing films also showed a lower 

transmittance in the visible range (400–800 nm) compared to the control films, indicating that 

the incorporation of snail extract into the film composition had a strong effect on the barrier 

properties also against visible light. A quantitative evaluation of this important feature is 

obtained by using Equation 2 and the obtained transparency values are reported in Table 8. 

According to this value, the greater is the transparency value, the lower is the transparency of 

the film 75,77,78. For E50- and CMC- based films, the transparency decreased on increasing the 

amount of S, while S addition had a minor effect on E5-based films. Anyway, all the 

transparency values were lower than 5, and hence the films can be considered transparent, as 

reported in literature. The mechanism of action of the snail slime could be due to the 

combination of two elements: the absorption of UV rays thanks to the presence of proteins 

containing aromatic amino acids, and the decrease in transparency that prevents the visible light 

passing through the films 79. This decrease can be attributed to the effect of the macromolecular 

components of the snail slime dispersed into the biopolymer’s matrix, which could change the 

optical properties of the material. This effect was more pronounced for E50 and CMC-based 

films, probably because of the higher viscosity of these solutions. 

 
Water vapor permeability 

Prevention of moisture transfer between food and the surrounding atmosphere or between two 

different food products is a main requirement of packaging films 80. Water vapor permeability 

(WVP) was used to test whether moisture can easily penetrate and pass through a substance and 

the results for the different film compositions are reported in Figure 20.  
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Figure 20. Water Vapor Permeability of cellulose-based films (***p<0.001). 

 
Data show that the introduction of snail extract into film composition strongly influenced the 

WVP, which decreased by one or two orders of magnitude as a function of S content: for 

example, the WVP values vary from 1.3∙10−10 to 6.5∙10−12 g⋅m/s⋅m2⋅Pa when measured on E5 

and E5_S100, respectively. This trend could be explained by the formation of a polymeric 

network within the films: the different internal structure could lead to the creation of fewer 

empty spaces, preventing or hindering the diffusion of water molecules through the films. 

Greater S contents (S70 and S100) provoked a greater barrier effect, independently from the 

HPMC molecular weight (E5 and E50). In addition, the decrease in WVP of CMC-based films 

could also be due to a decrease in the hydrophilicity and solubility of the films as the slime 

content increases 70.  

 
Film solubility and swelling degree 

Solubilization and swelling degree measurements are of particular relevance in order to 

evaluate the films stability in aqueous solutions: in fact, a good resistance is needed when films 

are proposed for applications such as food packaging 61. The results of water solubility test 

showed that HPMC-based films are highly soluble and their solubilization in water is 

immediate, whatever their composition. CMC-based films displayed a different and more 

interesting trend: while in absence of snail extract the films solubilized in few minutes, 

CMC_S70 and CMC_S100 films preserved their structure for more than two weeks. In fact, 

after 24 h their solubilization (calculated from Eq. 1) accounted for 30% and 45%, respectively, 

and these values were unchanged even after 7 and 14 days, suggesting a good resistance of the 

films in aqueous solution. Moreover, both samples reached a degree of swelling of 100% after 

4 h, with no further significant variation up to 24 h. These results suggest that the interactions 

between HPMC and snail slime are not strong enough to build a network resisting to water 

permeation, which resulted in an increase of the free volume in the material structure 81. On the 



 65 

contrary, the significant decrease of the dissolution of the CMC-based films with the addition 

of S leads to hypothesize that the protonation of the COO− groups into COOH could occur due 

to acidic pH, as reported in literature 82.  

 
Structural characterization  

The infrared spectra collected from E5 and E50 are reported in Figure 21a,b. The characteristic 

absorption bands of HPMC, in accordance with those reported in literature 83, can be detected: 

in particular, the absorption bands at 3500 cm−1, 1060 cm−1 and around 2915 cm−1 are due to 

O–H, C–O and C–H stretching vibration, respectively, whereas the absorption band around 

1457 cm−1 is characteristic of the CH3 asymmetric bending vibrations. S addition provoked the 

appearance of new bands, centered at 1717, 1390 and 1224 cm−1, which can be attributed to the 

high amount of allantoin and glycolic acid contained into snail slime (see Appendix I). In the 

FTIR spectra collected from CMC-based films (Figure 21c) the bands belongings to the 

functional groups of CMC are well recognizable: the O–H stretching and bending vibrations 

occur at 3385 cm−1 and 1324 cm−1, respectively, while antisymmetric and symmetric vibrations 

bands of –COO- are at 1600 and 1413 cm−1. The absorption band at 1059 cm−1 is associated 

with the asymmetric stretching of glycosidic bridge C–O–C. The low intensity band centered 

at around 900 cm−1 could be attributed to the β-glycosidic linkages between sugar units 84. As 

observed for HPMC-based films, introduction of snail extract into CMC-based films strongly 

modified the IR spectra, which also displayed an impressive broadening. Figure 21c shows the 

strong reduction of the intensity of the band at 1593 cm−1 (attributable to the asymmetric 

stretching vibration of free carboxyl groups in the salt form), and the appearance of two bands 

at 1717 and 1224 cm−1 as a consequence of slime addition. The band at 1717 cm−1 could be due 

both to S addition (as stated above) and to the formation of COOH groups on the side chain of 

CMC, as a consequence of pH lowering. The reduction of the charge on the side chains supports 

the strong effect observed on the swelling properties and on the water uptake ability of 

CMC_S70 and CMC_S100, as well as the decrease in solubility.  

 

 
Figure 21. FT-IR spectra of cellulose-based films: a) E5-based films, b) E50-based films and c) CMC-

based films. The arrows indicate the most intense bands due to S. 
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The X-ray patterns recorded on cellulose-based films are reported in Figure 22. It is known that 

crystallinity of cellulose is associated with strong hydrogen bonding interaction of cellulose 

(intermolecular and intramolecular) and Van der Waals forces between adjacent molecules.  

 

 
Figure 22. XRD patterns of E5-, E50- and CMC-based films. 

 
During the processing of cellulose, reactions of methylation and carboxymethylation result in 

the extending the distance between cellulose molecules, thus disrupting hydrogen bonds and 

hence lowering the crystallinity of the polymers 85. As a matter of fact, reference films showed 

the characteristic diffraction patterns of a poorly crystalline material, with two broad reflections 

at 9.5–12°/2θ and 20.0–21.5°/2θ characteristic of cellulose II 86, which is obtained by means of 

chemical and physical treatments of cellulose I, the most abundant form found in nature 87,88. 

The broadness of the reflections increases on increasing slime content, in agreement with a 

decrease of crystallinity. This effect, even more evident in the patterns of CMC films where the 

signal between 9.5 and 12°/2θ is no longer appreciable, might be attributable to the presence of 

S interlaid between the polymer chains.  
 

Mechanical properties  

The tensile strength at break (σb), the elastic modulus (E) and the deformation at break (εb) are 

reported in Table 9, while the stress-strain curves are shown in Figure 23. 

 

 
Figure 23. Stress-strain curves of a) E5, b) E50 and c) CMC films. 

 
Both HPMC and CMC films exhibited high stress at break, and they could be extended only by 

a few percentage units. Enrichment of the formulation by S addition greatly enhanced films 
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extensibility, whereas it reduced the stress at break and the elastic modulus. Furthermore, the 

different series of films displayed different mechanical behavior upon S addition, as shown by 

the stress-strain curves reported in Figure 23: in particular, while E50_S100 and CMC_S100 

showed an elastic behavior, E5_S100 seemed to display a plastic behavior. The effect produced 

by S addition to cellulose-based films is like to that obtained on slime-containing chitosan films 

(see Paragraph 2.3): probably, as a consequence of the interactions between S and the polymer 

chains, the intermolecular interactions between the cellulose molecules are reduced, thus 

facilitating their sliding and improving their mobility. According to conventional standard 89,90, 

the tensile strength of packaging films must be higher than 3.5 MPa: all the prepared films, 

except E5_S100 and CMC_S100, met this requirement. 

 
Table 9. Effect of S incorporation on the tensile properties of cellulose -based 

films. Each value is the mean of ten determinations and is reported with its 
standard deviation. (*p<0,05, **p<0,01 and ***p<0,001 compared to the 

control). 

 
 
Adhesion studies  

As found for chitosan-based films, also cellulose-based films became sticky after the snail slime 

addition: the adhesive properties, expressed in terms of force needed for film detachment (F), 

are reported in Figure 24.  

Labels   σb (MPa)  εb (%)  E (MPa) 
E5  50 ± 6  16 ± 8  1760 ± 400 
E5_S30  31 ± 3**  13 ± 5  1220 ± 90 
E5_S70  18 ± 1***  11 ± 3  720 ± 100** 
E5_S100  3 ± 1***  61 ± 8***  72 ± 10*** 
E50  54 ± 10  22 ± 7  2020 ± 140 
E50_S30  49 ± 10  16 ± 7  1920 ± 430 
E50_S70  31 ± 3*  34 ± 5  860 ± 80** 
E50_S100  13 ± 1***  46 ± 1**  140 ± 20*** 
CMC  32 ± 4  2 ± 1  2750 ± 600 
CMC _S70  5 ± 1***  29 ± 3***  44 ± 14*** 
CMC _S100  2.7 ± 0.3***  67 ± 6***  2 ± 1*** 
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Figure 24. Detachment forces (N) of films from glass (blue) and aluminum (grey) supports  

(*p<0.05; **p<0.01). 
 
In order to evaluate a possible application of our films in the field of food packaging, adhesive 

studies were conducted by using aluminum and glass as supports: these materials are in fact 

very used as domestic food container. Cellulose-based films exhibited good adhesive 

performances on both the substrates, even if some differences should be remarked. In particular, 

the adhesion force on glass support showed a fairly linear trend on increasing the amount of S. 

Furthermore, films based on HPMC E5 were stickier than the others even without S, although 

its addition considerably increased this property. On the other hand, CMC based films were not 

very sticky on glass, but the addition of S surprisingly increased the adhesiveness of almost 10 

times.  

 
Preservation of food  

The effectiveness of the obtained films to preserve the freshness of food and to remain attached 

to the container for a desirable period of time was qualitatively assessed using a fresh apple 

purchased in a local shop at commercial maturity and immediately used, following a method 

reported in literature and suitably modified 91. The apple was cut into cubes of regular 

dimensions (side about 1 cm) and arranged into a glass container. The container was covered 

with the film CMC, as shown in Figure 25A, and then placed in the refrigerator at 4 °C. As a 

control, apples cubes were maintained in the refrigerator without any coverage. Digital photos 

were acquired at time zero and after ten days of storage. After ten days of storage at 4 °C, the 

uncovered apple cubes became dried and darker while those covered with the film showed an 

excellent state of preservation, allowing only a slight enzymatic browning on their surface (see 

Figure 25A) thus demonstrating the efficacy of CMC_S70 in the preservation of food. 

Moreover, it is important to underline that the film immediately adheres to the glass container 

and remains attached to it for the whole time of storage.  
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Figure 25. A) Apple cubes covered with the film CMC_S70 (left) and uncovered (right) at time 0 (top) 

and after 10 days (bottom) of storage at 4 °C; B) Apple slice wrapped with the CMC_S70 film 
immediately after cutting (top) and after 10 days (bottom) of storage. 

 
A further investigation was made by cutting a small slice of apple and wrapping it with the 

CMC_S70 film in order to check its appearance after ten days of storage in the refrigerator at 4 

°C.  

The adhesiveness of the CMC_S70 film on itself and on the surface of an apple, together with 

its effectiveness in food preservation, was evaluated from a qualitative point of view. In fact, 

from the comparison of the digital photos of the apple slice wrapped with CMC_S70 taken at 

time zero and after ten days of storage in the refrigerator at 4 °C (Figure 25B), it can be inferred 

that no significant oxidative processes have damaged the state of apple conservation.  

 
Antibacterial tests  

The antibacterial activity of the different cellulose-based films was assessed in vitro by means 

of a disk agar diffusion method against both Gram-positive and Gram-negative bacteria. Results 

are reported in Figure 26.  
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Figure 26. Antibacterial activity of cellulose-based disks against a) Gram-positive bacteria; b) Gram-

negative bacteria. Data are the mean value of the diameter (in mm) of the clear bacterial free zone 
measured around the disk samples. 

 
All cellulose films without snail slime did not show any inhibition on the tested bacteria. 

Instead, the antimicrobial activity of S-containing films on contact surface around the discs was 

evident, indicating the antibacterial effect of snail slime. This is further confirmed by the 

increased diameter of the bacterial-free zone for the samples at the highest slime content. Disks 

used for antibacterial assay were weighted and the S content of each composition was 

determined, considering that they contain about 6% w/w of residual water. Considering the 

weight of the cellulose-based films, and the amount of snail mucus on the different 6 mm-

diameter disks, it is evident that the inhibitory activity of the samples was strictly related to S 

content. Of note, even the cellulose-based disks containing S at 30% displayed a significant 

inhibitory zone for Pseudomonas aeruginosa, one of the most versatile pathogens present in a 

variety of environments, including soil and water, and intrinsically resistant to numerous 

antibacterial agents. It is an opportunistic pathogen responsible for a broad spectrum of 

infections as respiratory tract and urinary infections, primary skin infections, ear and eye 

infections.  

 
Biodegradability test  

Biodegradation tests were conducted in soil, as described in the Experimental Part (Paragraph 

2.2.7). After 2 weeks, only fragments of the sample CMC_S70 were still present: a weight loss 

of 54% was calculated. After 4 weeks, sample CMC_S70 was fully biodegraded. The 

biodegradation data meet very well to the results reported in literature 24 and represent an added 

value of the snail-containing cellulose films. 
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Conclusions  

The results of this work demonstrate that the use of snail slime in the preparation of cellulose 

derivatives-based films provides materials characterized by high transparency, excellent UV 

barrier properties and very good WVP. Addition of the snail slime results in an increase of the 

extensibility, together with a decrease of the stress at break and of the elastic modulus, in all 

the three different types of cellulose (HPCM E5, HPCM E50 and CMC) films. Moreover, all 

the films prepared in the presence of the slime displayed enhanced adhesion towards glass and 

aluminum and a significant antibacterial activity against both Gram-positive and Gram-

negative bacteria. However, the structural characterization evidenced that the snail extract 

establishes different interactions with the internal structures of the different types of cellulose. 

In fact, while immersion in water causes immediate solubilization of all HCPM-based films, 

the addition of high amounts of S to the composition of CMC-based films makes them insoluble 

for more than a week, thus allowing their use for food packaging. In addition, all the prepared 

films were fully biodegradable in few weeks and printable. On the basis of these results, it can 

be inferred that snail-enriched CMC-based films might find potential applications that require 

direct contact with food as edible antimicrobial packaging, hence they are good candidates to 

replace synthetic polymers in the packaging industry.  
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2.5 CELLULOSE/HYALURONATE-BASED FILMS WITH ANTI-HERPES 
ACTIVITY 

 
Introduction 

In Europe, more than 200 million women (69%) and 187 million men (61%) suffer from cold 

sores, a widespread and annoying disease caused by the Herpes Simplex Virus type 1 (HSV-

1). Cold sore (Herpes labialis) is very contagious and spreads from person to person through 

close contact. Generally, herpes is a rash of the skin and mucous membranes (in particular, the 

lips) and is characterized by the erythema of the affected area followed by the formation of 

vesicles 92, which can burst and form scabs. HSV-1 hides inside the nerve cells, where it lies 

latent throughout the individual’s lifetime, so it has never completely healed: it cannot therefore 

be cured, but it is possible to manage the symptoms. Stimuli such as fever, menstruation, 

sunlight, and upper respiratory infections can reactivate the virus, after which it returns to the 

epithelial cells via the sensory nerve. Tacking action at the early stage is the most effective way 

to contain the virus and promote fast healing.  

In order to stop the replication of the virus and to avoid the use of antiviral drugs, administered 

in the form of pills or creams, transparent patches are a widespread remedy, as they make cold 

sores less visible and also act as an antivirus shield, reducing the risk of infection.  

In this context, the aim of this work was to evaluate the ability of snail slime HelixComplex® 

to confer anti-viral activity against HSV-1 to biopolymer-based films in order to act as 

biodegradable and bio-adhesive labial patches. 

The slime used for this purpose was extracted from Helix Aspersa snails by the HelixPharma 

Company srl with a natural and cruelty-free patented method, which allows to obtain the extract 

at a neutral pH (between 6.5 and 7). Carboxymethyl cellulose (CMC) and sodium hyaluronate 

were selected as biopolymers and films were prepared by solvent casting, dissolving the 

polymers directly into snail slime or in water for reference samples. Different patch 

formulations were prepared varying the relative amounts of hyaluronate and glycerol, which 

was introduced as humectant. 

All samples were characterized for their ability to remain attached to the skin without the use 

of glue and then tested against HSV-1, evaluating their efficacy pre- infection, post-infection 

and both pre- and post- infection. Only the labial patches enriched with HelixComplex® were 

able to reduce the infection, suggesting that its use could be very effective in the prevention and 

in the reduction of the disease, avoiding the infection of neighboring cells. In conclusion, these 

films represent a sustainable alternative to the commercial plastic patches. Thanks to their 

adhesiveness and biocompatibility, films enriched with snail mucus extract demonstrated to be 

very good candidates to act as a labial patch for the treatment of Herpes labialis.  



 73 

Results and discussion 

Since Herpes labialis is composed of small blisters filled with fluid that accumulate on the lips 

or around the mouth, this can be very annoying but also embarrassing. Recent data report the 

use of essential oils to treat cold sores: it has been shown that Tea Tree oil has the ability to 

fight the HSV-1 and both peppermint oil and lemon balm oil inhibit its activity; however, their 

misuse could cause allergic reactions. A lip patch is a suitable and widespread remedy as it 

creates a protective barrier against potential external triggers, reducing the risk of infection and 

preventing worsening symptoms. The patches can be applied at any stage of the infection; 

however, it is better to apply them as soon as possible to contain the infection. 

Biodegradable active films were obtained by solvent casting incorporating different amount of 

hyaluronate and glycerol into cellulose matrix films, as reported in the Experimental Part 

(Paragraph 2.2.7). All the obtained films appeared homogenous and transparent, as shown in 

Figure 27. 

 

 
Figure 27. Appearance of some obtained films inside petri dishes (left) and adhered on lips (right). 

 
Bioadhesion 

Bioadhesion tests of films to the skin were carried out as described in Paragraph 223, and the 

results are shown in Figure 28. 

 

 
Figure 28. Bioadhesion strength values of the obtained films. 

 
The lowest adhesion force values were obtained from films A and AS, the compositions with 

the highest sodium hyaluronate content (1% w/v) and with glycerol at 5% v/v. Halving the 

sodium hyaluronate content led to a significant increase in bioadhesion strength: in fact, C films 
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(glycerol v/v=5%) showed values higher than those of A films by about 2.9 times, while B films 

by about 4 times. The highest bioadhesion strength values were obtained from films B and BS, 

the compositions with the highest glycerol content (10% v/v), while presence of snail slime had 

no significant influence compared to the corresponding reference samples. 

 
Tensile tests 

Tensile tests were performed on films immediately after drying using a dynamometer. Stress-

strain curves were collected and the maximum stress (MPa) and the deformation at break (%) 

were evaluated and reported in Figure 29. 

 
Figure 29. Maximum stress (left) and deformation at break (left) values of the obtained patches. 

 
All films showed suitable mechanical properties, with deformation at break values exceeding 

200% for all compositions. As expected, tensile strength was lower for samples B and BS, due 

to the high glycerol content in their formulation, which added free volume between the 

polymers’ chains 93.  

 
Structural characterization 

The XRD patterns collected on the air-dried cellulose/hyaluronate-based films are reported in 

Figure 30, left: only a broad reflection at 20.0–21.5°/2θ, characteristic of cellulose II 86, was 

detected. 

 
Figure 30. XRD patterns (letf) and FT-IR spectra (right) of the obtained films. 

 
The FT-IR curves (Figure 30) show the characteristic bands of cellulose at 1600 and 1413 cm−1, 

related to the –COO- antisymmetric and symmetric vibrations, respectively. O-H stretching 

band can be found at 3318 cm-1, while bands related to hyaluronate can be found at 2875 cm-1, 
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due to the aliphatic C-H stretching and at 1616 cm-1. Bands centered at 1565 and 1556 cm-1 are 

related to the -NH2 bending while that at 1318 cm-1 is associated to the amide I. Absorption 

peak at 1151 cm-1 is related to the antisymmetric stretching of the C-O-C bridge while those at 

1072 and 1040 cm-1 (skeletal vibrations involving the CO stretching) are due to the saccharide 

structure 94.  

 
Thermogravimetric analysis 

By thermogravimetric analysis, the thermal behavior of all the film was monitored and reported 

in Figure 31.  

 
Figure 31. TGA curves of the obtained films. 

 
All the compositions showed a similar behavior: the first weight change occurred between 50 

and 120°C and it is due to the water loss. At higher temperature, between 150 and 400°C, the 

weight loss is mainly due to the biopolymer’s degradation. The amount of loss water during the 

first weight change was calculated for each film and no significative difference was found 

among them: all the compositions had on average a percentage of water loss around 20%, which 

could be useful in maintaining a damp place in the area of infection and hence to avoid the 

formation of unwanted crusts. 

 
Water vapor permeability 

Water vapor permeability (WVP) was calculated using Equation 7 and was used to test whether 

moisture can easily penetrate and pass through the patches. Allowing the passage of moisture 

through the film is indeed useful to avoid the dryness of the skin and the formation of crusts. 

The films showed good permeability to water vapor, with WVP values ranging between 3 and 

4,5x10$8,. No significant difference was found between the samples, suggesting that the 

presence of snail slime did not affect the permeability of the compositions.  
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Evaluation of biopolymer-based patches biocompatibility 

The toxicity of the biopolymer-based patches was evaluated on HaCat cells using two working 

concentrations (100% and 50%) of medium-solubilized patches. After 24 h of incubation at 37 

°C, MTT assay was performed, and viability was calculated as percentage in comparison to 

not-treated cells.  

 

 
Figure 32. Evaluation of biopolymer-based patches cytotoxicity. HaCat cells were exposed to 100% 

(left) and 50% (right) concentrations of solubilized biomaterials for 24 h. Cell viability was calculated 
as percentage with respect to the untreated control. 

 
As shown in Figure 32, no sign of cytotoxic effect was found for the samples. Cells exposed to 

undiluted solubilized patches without HelixComplex® exhibited viability values around 70% 

compared to the untreated cells, while those enriched with HelixComplex® revealed viability 

values over 80%, indicating that the presence of the snail slime inside the biomaterials increased 

their cells viability. After 1:1 dilution of the solubilized biomaterials, the cell viability reached 

values of viability around 89% and 96% from patches with and without HelixComplex®, 

respectively.   

 
Anti-HSV-1 activity of biomaterial  

In order to evaluate if the biopolymer-based patches had an antiviral potential, the inhibition of 

HSV-1 replication in HaCaT cells was tested in presence of the solubilized biomaterial at 100 

(undiluted) and 50% (diluted 1:1) concentrations. The time-of-drug-addiction allowed to 

investigate in which stage of the viral infection the biomaterial could act. 

Therefore, experiments were performed in three conditions: simultaneous addition 

of solubilized biomaterial and HSV-1 to the cells (during the infection step); solubilized 

biomaterial added to the cells immediately after the infection (post-infection) and left for 24 

hours; and a combination of the previous conditions (during and post-infection). 24 hours after 

treatments, cells were harvested, and HSV-1 titration was performed to enumerate the infective 

viral particles. The percentage of viral inhibition was calculated with respect to the untreated 
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infected control. The results of viral load reduction (%) are summarized in Table 10, together 

with the logarithmic reduction (LR).   

 
Table 10. Percentages of viral load reduction of obtained patches at 100% (undiluted) and at 50% 

(diluted with respect to untreated control cells. 

 
LR= Logaritmic Reduction. 

 
The 100% concentrated solubilized reference patches (A, B and C) were able to decrease the 

viral replication when tested during the infection (68.9, 66.3 and 57.9%, respectivey), post 

infection (79.8, 78.8 and 73.7%, respectivey), and during and post-infection (77.6, 77.5 and 

70.1%, respectivey), compared to the not-treated infected cells. When the biomaterials were 

diluted (50%), the values of viral inhibition dropped to values on average around 37% in the 

during infection administration and around 54% in the ‘post-infection’ administration and in 

the during and post-infection application. The biomaterial formulated with HelixComplex® 

showed a significantly higher inhibition of HSV-1 replication with respect to the 

untreated infected cells, especially for CS samples. The treatment of cells with AS, BS and CS 

was able to reduce the viral load by more than 80% for each application condition, reaching 

even values of 99% in the ‘during and post-infection’ administration. The percentages of 

reduction of viral replication were significantly higher during infection and in the combined 

administration (during and post-infection) for biomaterial with snail slime compared to the 

same administration of reference samples (p=0.0221 and p=0.0099, respectively). When 

diluted AS, BS and CS samples were added, the values of viral inhibition suffered a slight 

decrease, but were significantly higher than the viral inhibition reached by biomaterial 

without HelixComplex® (p=0,0216; p=0,05; p=0,00869, during infection, post-infection, and 

combined, respectively). The results suggest a dose-dependent activity of biomaterial: all the 

formulations are more active if used at full concentration in comparison to 50%. Moreover, the 

presence of HelixComplex® in the biopolymer patches increased the antiviral activity of the 

product at all steps of the viral infection (entry, release of new virions) in comparison to patches 

without snail mucus. The time-of-drug-addiction revealed also that the treatment of infected 

Sample
undiluted diluted

Sample
undiluted diluted

Sample
undiluted diluted

% reduction LR % reduction LR % 
reduction LR % 

reduction LR % 
reduction

LR % 
reduction

LR

A 
during

68,9% 0,51 39,8% 0,22 B
during

66,3% 0,47 40,4% 0,23 C 
during

57,9% 0,38 29,7% 0,15

AS 
during

82,5% 0,76 67,9% 0,49 BS 
during

81,3% 0,73 72,4% 0,56 CS 
during

95,6% 1,4 93,7% 1,2

A post 79,8% 0,69 56,2% 0,36 B post 78,8% 0,68 60,8% 0,41 C post 73,7% 0,58 44,9% 0,26

AS post 86,4% 0,87 74,0% 0,59 BS post 85,6% 0,84 72,9% 0,57 CS post 97,8% 1,6 96,6% 1,5

A 
during
+ post

77,6% 0,65 57,4% 0,37 B
during
+ post

77,5% 0,64 58,9 0,39 C
during
+ post

70,1% 0,52 45,4% 0,26

AS 
during
+ post

99,7% 2,5 99,1% 2,0 BS 
during
+ post

100% 4,3 99,8% 2,6 CS 
during
+ post

99,6% 2,3 99,3% 2,2
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cells during the infection and post-infection, acts synergistically to reach the highest viral 

inhibition (99.74%) suggesting that the biopolymer-based patches with HelixComplex® might 

interfere both with the viral entry, and the new viral particles release.  

  
Conclusions 

Herpes labialis is a common self-limited ailment and approximately one-third of all infected 

patients suffer relapses. Prompt treatment can shorten the duration of eruptions and, in some 

cases, pain symptoms, even if it cannot be definitely healed. 

Herein, a transparent labial patch for the treatment of Herpes labialis was produced by 

combining cellulose and hyaluronate with the snail slime HelixComplex®, extracted from 

Helix Aspersa snails. All the obtained films were transparent and easy to handle, without 

superficial defect and biodegradable. All the formulations had suitable mechanical properties 

and were soluble, allowing it to be disposed of in compost or washed away. Once adhered to 

the skin, the films remained attached for hours without drying out or detaching from the edges, 

important features for a labial patch. In vitro cytotoxicity assay displayed a promising safety 

profile, which was further confirmed by anti-HSV tests. All samples enriched with 

HelixComplex® were able to reduce the infection when tested against HSV-1, suggesting that 

their use could be very effective in the prevention and in the reduction of the disease, avoiding 

the infection of neighboring cells. 
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2.6 KERATIN-BASED FILMS WITH SNAIL SLIME 
 

Introduction 

Waste from intensive farming (wool, hair, feathers, hooves, horns) is very abundant in Europe 

and is highly rich in keratin, but only in recent years it has been considered a renewable resource 

worthy of better exploitation rather than mere by-products. In fact, keratin is one of the most 

promising natural biopolymers for applications in several fields, ranging from cosmetics, to 

pharmaceuticals, to biomedical thanks to its unique molecular structure and its biological 

properties: indeed, it is biodegradable, biocompatible, and suitable to support cell growth, since 

it is also produced by epidermal cells and plays a key role in the protective function of the skin. 

Keratin represents one of the toughest biological materials, serving as an effective protective 

integument (surface layer), although it is purely composed of proteins. The inadequate 

knowledge of the protein’ structure after interacting with other components and the poor 

mechanical properties of keratin-based materials, still limit their application. Usually, the use 

of crosslinking agents (such as formaldehyde or epoxy resins) to improve its processing and the 

final mechanical properties is required; however, most of the cross-linking agents are toxic and 

cause environmental problems. As an alternative, keratin is often mixed with different 

polymers, both of natural or synthetic source, since blending is one of the most feasible options 

improving mechanical properties and stability of keratin-based films, preserving its excellent 

biological activity.  

Since snail slime addition strongly influenced the mechanical and structural behavior of 

cellulose derivatives- and chitosan- based films, the aim of this project concerns the use of 

regenerated keratin for the production of biodegradable, sustainable and antibacterial 

membranes for skin regeneration, as keratin has demonstrated to play a key role in wound 

healing. Indeed, an effective and rapid regeneration of skin wounds, such as burns or ulcers, 

continue to create incredible frustrations and expenses for the health system. While many 

advancements have been made in products currently on the market, there remains a need for 

better wound care interventions that could make wound healing more efficient and effective 95. 

The keratin used in this project is obtained through the recovery of industrial waste materials 

and is extracted by sulphitholysis from raw wool by the group of Dott. A. Aluigi at CNR-

ISOF of Bologna. Moreover, since proteins form brittle films without the addition of 

plasticizing compounds, glycerol was introduced in the patch formulation, being the best 

plasticizers that can be used in protein films 96,97. 

At present, this research is still going on and further data will be collected in order to 

characterize the obtained materials and to evaluate their use for wound dressing applications. 
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Results and discussion 

Keratin-based films were obtained by dissolving regenerated keratin in both distilled water and 

snail slime, using glycerol as a plasticizer. So far, only preliminary results have been obtained, 

including the structural characterization of keratin in powder, lyophilized snail slime and of the 

obtained keratin-based films. In addition, the thermogravimetric analysis of the obtained films 

was performed. 

 
Structural characterization 

The XRD diffractogram of the lyophilized Madonita snail slime (Figure 33, red) showed a high 

number of reflections, probably due to the presence of added substances as preservatives.  

 

 
Figure 33. XRD patterns of the snail slime as received (red) and after dialysis (blue). 

 
A dialysis was performed to remove all added substances, and the resulting XRD pattern 

(Figure 33, blue line) revealed the disappearance of most peaks: only a band centered around 

20°/2θ and two reflections at 28° and 40°/2θ were observed. Hence, for the preparation of the 

films I only used dialyzed slime. 

The XRD pattern of the films obtained by dissolving keratin in water and in dialyzed snail slime 

are reported in Figure 34. 

 
Figure 34. XRD patterns of keratin in powder (orange), keratin-based film in water (pink) and 

keratin-based film in dialyzed slime (green). 



 81 

The diffractogram of the films obtained in water and in dialyzed snail slime are very similar, 

showing a broad band centered around 20°/2θ and two sharp reflections at 5° and 8°/2θ. Keratin 

in powder showed two additional reflections, one centered around 4°/2θ and the other at about 

6°/2θ. 

  

 
Figure 35. FT-IR spectra of keratin in powder (orange), keratin-based film in dialyzed slime (green) 

and of dialyzed snail slime (blue). 
 

Infrared absorption spectrum of keratin powder (Figure 35, orange) shows characteristic 

absorption bands assigned mainly to the peptide bonds (-CONH): vibrations in the peptide 

bonds originate bands known as amide A, amide I, II and III. The amide A band at 3288 cm−1 

relates to the stretching vibration of N-H bonds; the amide I band is connected mainly with the 

C=O stretching vibration and occurs in the range of 1700–1600 cm−1, while the amide II 

(centered at 1542 cm−1) is related to N-H bending and C-H stretching vibrations. The amide III 

band occurs in the range of 1220–1300 cm−1 as result of in phase combination of C-N stretching 

and N-H in-plane bending, with some contributions from C-C stretching and C-O bending 

vibrations. Peaks at 1195 and 1021 cm−1 are associated with the asymmetric and symmetric S-

O stretching vibrations of the Bunte salts residues, respectively. In addition, a low intensity 

peak at 2918 cm-1 relative to methylene stretching is visible. 

In the FTIR spectrum of the film obtained by dissolving keratin in dialyzed slime (Figure 35, 

green) it is possible to appreciate an increase in intensity of the characteristic band of the slime 

around 1720 cm-1 (Figure 35, blue), together with the main bands of glycerol in the region 

between 800 and 1150 cm−1, that are related to the vibrations of C-C and C-O bonds 98,99.  

 
Thermogravimetric analysis 

Keratin-based films were heated at 10 °C/min up to 800 °C and the derivative of weight (%) as 

a function of temperature is reported in Figure 36. 
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Figure 36. DTG plots of the obtained keratin-based films. 

 
Keratin-based films prepared by dissolving both keratin in water and in slime showed similar 

thermal behavior, with four main thermo-oxidative degradation peaks. The first weight loss 

occurred in the temperature range 30–100 °C and is attributed to the loss of absorbed water, 

while the second and very small one, between 100 °C and 150 °C, is related to the loss of 

structural water. The most intense weight loss occurring around 200°C is attributable to the 

degradation of glycerol and it overlaps to the weight loss of keratin, which starts over 250 °C 

and is complete above 400°C. 

 
Film solubility 

As reported in Paragraph 2.2.4, film solubility tests were performed by immersing 1 cm2 of 

samples in 5 mL of distilled water at room temperature.  

Both films K and K_M were very soluble in water and dissolved within minutes. In literature, 

low solubility (30%) was found for keratin-based films without the addition of plasticizers, 

which increased up to 51% when 0.09 g of glycerol/g keratin were added 100. Hence, the 

addition of glycerol could be used to tune the film’s solubility in water; however, its presence 

in the film composition is required, since too fragile films are obtained without its plasticizing 

effect, as found in literature 101. 

Interestingly, when keratin-based films were immersed in CaCl2 0.1M solutions prepared both 

in distilled water and in HCl (pH= 4,5) they became white and insoluble for more than 1 week. 

Probably, the precipitation of some salts on the film’s surface occurred, and XRD patterns of 

film after solubility tests must be acquired to confirm this hypothesis.  
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Conclusions 

Further tests shall be carried out for a complete assessment of the properties of the obtained 

films. In particular, the mechanical properties of the materials will be evaluated together with 

their bioadhesion, necessary for application as patch. A better understanding of the protein’s 

structure may be obtained by deconvolution of IR spectra, which could also provide information 

on the relative content of keratin α or β in films. Moreover, the patches’ biocompatibility and 

their possible antibacterial activity against Gram-negative and Gram-positive strains will be 

assessed. In addition, wound healing tests will be carried out thanks to the collaboration with 

the team of Prof. Giordano of the Engineering Department (Unibo): the effectiveness of patches 

to promote the closure of the flaps of an open wound will be evaluated. 
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2.7 FLUCONAZOLE-LOADED FILMS BASED ON GELATIN AND SNAIL SLIME 
 

Introduction 

In the last decades, thin polymeric films have been proposed as an alternative approach to 

conventional pharmaceutical forms such as creams, ointments and gels for the local delivery of 

drugs, both to mucosal tissue and to skin 102. Topical formulations for the local delivery of drugs 

must provide an effective concentration and a controlled release to avoid multiple applications 

per day. Unlike common topical patches (medicated plasters), films do not need of an 

appropriate support, usually made of synthetic material, and can be designed either to be easily 

washed off or to resist water and to be self-adhesive 4 or to adhere to wet skin 5. 

Herein, gelatin-based films enriched with snail slime are developed, aimed to act as a 

biodegradable and naturally bioadhesive patches for cutaneous drug delivery.  

Fluconazole, a broad-spectrum bis-triazole approved in 1990 by the Food and Drug 

Administration (US FDA), was selected thanks to its high antifungal activity, which make it 

one of the most commonly treatment option for virtually all forms of Candida infections in both 

immune competent and immune compromised hosts. The administration of Fluconazole 

directly on the skin provides an effective alternative to oral administration and hypodermic 

injection and reduces the risk of systemic side effects 26,103. 

In the case of fungal skin infections, an effective drug concentration must penetrate the stratum 

corneum, which is responsible for low drug permeability. Fluconazole is less lipophilic when 

compared to other antifungal imidazole-derivatives, due to the presence of two triazole rings, 

and presents high affinity for keratin prolonging its retention in the skin 104. Therefore, the main 

obstacle facing the efficiency of topical Fluconazole delivery is the stratum corneum 

permeation 105. Films prepared by mixing gelatin and snail slime were obtained through solvent 

casting and then characterized by means of FTIR, X-ray spectroscopy and optical and electronic 

microscopy. Additionally, their tensile strength, swelling properties and adhesion to skin were 

evaluated (See Paragraph 2.2.7). Finally, the ability of promoting the percutaneous absorption 

of Fluconazole and the antifungal properties of the novel patch-like platform were assessed.  

 
Results and discussion  

The main hurdle facing the efficiency of topical antifungal drugs is their ability to penetrate the 

skin efficiently. Different formulation strategies have been studied to improve the Fluconazole 

cutaneous permeation, including microemulsion-based hydrogel, micelles and solid lipid 

nanoparticles 26,105–107.  

In this study, I investigated the characteristics of a novel film-forming patch formulation, 

designed starting from biomaterials as porcine gelatin and snail slime at different volume ratio, 
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and I evaluated its ability of promoting the percutaneous absorption of Fluconazole and its 

effective antifungal properties. Gelatin-based films were prepared by mixing the gelatin 

solution with different amounts of S (see Table 3 of Paragraph 2.2.5). Films properties were 

highly modified by the snail slime addition: in fact, films became more flexible, stretchable and 

adhesive on increasing the slime content. Therefore, Fluconazole was added to the composition 

containing the highest amount of slime, G_S70. All the obtained films were transparent with a 

color turning more and more yellowish on increasing S content, as it can be observed by 

comparing the appearance of films G (Figure 37a) and G_S70 (Figure 37b).  

 

 
Figure 37. Digital pictures of a) G; b) G_S70 and f) G_S70_g_F; e) Scanning electron image of F 

crystals. 
 
Fluconazole is a white crystalline powder having a columnar form with length between 200 and 

400 µm, as shown in Figure 37c: however, this crystalline form was no longer observed in the 

film formulation G_S70_g_F. In fact, the drug completely solubilized in the film forming 

solution, giving transparent and homogeneous films in which the presence of drug crystals 

could not be detected (Figure 26d), suggesting the formation of an amorphous solid dispersion 

after the solvent evaporation. The films surfaces appeared smooth with no flaws or defects.  

 
Structural characterization  

Literature reports the existence of at least nine different polymorphs of Fluconazole, the main 

ones being forms I, II, III and a hydrated form 108. 
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Figure 38. FT-IR spectrum of commercial F powder. 

 
The FTIR spectrum of F (Figure 38) shows a broad band around 3200 cm−1 due to hydrogen 

bonded hydroxyl group stretching vibrations, together with sharp bands between 3100 and 3070 

cm−1 arising from aromatic C-H stretching vibrations. Further sharp bands are also detectable: 

in the fingerprint region, the bands at about 1620, 1600 and 1510 cm−1 are associated with the 

stretching of the C=C and C=N bonds present in triazole, whereas those at 1220 and 1150 cm−1 

arise from the stretching vibrations of aromatic C-F and from C-O belonging to a tertiary 

alcohol, respectively. Bands centered at 1900, 1845 and 1770 cm−1 are described as overtone 

and combination bands consistent with 1,2,4 tri-substitution of phenyl group 108.  

 

 
Figure 39. X-Ray diffraction pattern of commercial F powder. 

 
Figure 39 displays the X-ray diffraction pattern of Fluconazole: the positions and relative 

intensities of the XRD peaks, as well as those of the infrared absorption bands, are typical of 

form III polymorph 108.  
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Figure 40. FT-IR spectra collected on gelatin/snail slime -based films. Arrows indicate the most 

prominent bands attributed to glycerol and snail slime. 
 
In Figure 40 the FT-IR spectra of the composite films are shown, and the characteristic bands 

of the gelatin structure are clearly visible. In particular, the peak at 1653 cm−1 can be ascribed 

to the C=O stretching of amide I, that centered at 1550 cm−1 is associated to the NH bending of 

amide II, while at 1238 cm−1 the CN stretching of amide III can be found 11. The broad band 

above 3000 cm−1 corresponds to the free and bound hydroxyl and amino groups, whereas the 

absorption band at about 1330 cm−1 is assigned to the wagging of the CH2 groups of the prolines 
109. The main absorption bands of glycerol appear in the 800–1150 cm−1 region and are related 

to the vibrations of C-C and C-O bonds (compare G and G_g spectra) 98,99. IR spectra of the 

films containing different amount of snail slime are very similar to each other and show, in 

addition to the bands belonging to gelatin, two characteristics bands at about 1230 cm−1 and at 

1719 cm−1 ascribable to the presence of allantoin and glycolic acid in the slime extract 18. 

Surprisingly, addition of F did not modify the IR spectrum and the presence of the drug was 

not revealed by infrared spectroscopy (see G_S70_g_F): this pattern differs from that recorded 

on G_S70 only for the presence of the bands belonging to glycerol.  

Infrared spectroscopy and X-rays diffraction were carried out also on a physical mixture of 

gelatin and Fluconazole, in the same relative amounts used for the films, to verify the detection 

limits of these techniques: obtained spectra confirmed the presence of polymorph III of 

Fluconazole (data not shown).  
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In order to confirm the drug solid state into G_S70_g_F film, a structural characterization by 

means of X-ray diffraction was carried out and reported in Figure 41.  

 

 
Figure 41. XRD patterns of Fluconazole and of composite films G_g, G_S70_g and G_S70_g_F. 

 
Type A gelatin is characterized by a large reflection at about 8°/2θ and a broad halo centered 

at 21°/2θ 110. It is known that the peak at ~8°/2θ is related to the diameter of the triple helix 

whereas the halo, corresponding to a periodicity of about 0.45 nm, is related to the distance 

between adjacent polypeptide strands 111. Following the addition of snail extract in the film 

composition (G_S70_g), the reflection centered at about 8°/2θ slightly decreased its intensity, 

suggesting that the reconstitution of the triple helix structure of gelatin was partially destroyed 

because of its interaction with the natural extract 112. This leads to the hypothesis that the 

presence of the slime can outweigh the polymer-polymer interactions, leading to loss of 

structural order and, consequently, to the observed reduction in crystallinity, thus indicating the 

plasticizing effect of the snail slime. The diffraction pattern of G_S70_g_F did not exhibit the 

characteristic reflections of the drug, thus supporting the hypothesis of the formation of an 

amorphous phase after solvent casting. Amorphous forms exhibit high level of supersaturation 

due to the lack of ordered crystals with high lattice energy state. However, due to their 

thermodynamical instability, amorphous forms show the tendency of recrystallize, thus 

negating the solubility enhancement and compromising the therapeutic action. It is reported 113 

that solid dispersion of Fluconazole with selected polymers can stabilize the amorphous form 

of the drug, hindering its recrystallization process during storage. In order to investigate the 

role of gelatin, glycerol and snail slime on the solid-state transformations of Fluconazole, some 

parallel experiments were conducted. We found that the contemporary presence of glycerol and 

gelatin enhanced the drug dissolution inside the film-forming solution, which appeared clear 

and without evidence of residual Fluconazole crystals. However, just after solvent evaporation, 

films clearly showed the presence of tiny crystals grown inside gelatin layers, as it can be 

appreciated in Figure 42b-d.  
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Figure 42. Digital images of films a) G_S70_g_F and b) G_g_F; c,d) optical microscope images of 

crystals grown inside the film G_g_F. 
 
The structural characterization revealed that Fluconazole recrystallized as a hydrate polymorph 
108, the same solid form which was obtained by solvent evaporation of the solution obtained by 

solubilizing the drug in acidic water (pH 4.5). These findings are very interesting because they 

highlight the central role of snail slime in stabilizing the amorphous form of the drug. 

Noteworthy, this effect lasts over time: as a matter of fact, X-rays diffraction and infrared 

spectroscopy performed on films G_S70_g_F stored for 3 and 6 months at 25 °C and 50% RH 

(Figure 43), clearly demonstrated that the drug is still present in the amorphous solid state and 

the film kept its appearance and transparency. 

  

  
Figure 43. X-ray diffraction patterns of G_S70_g_F after 3 (orange line) and 6 (black line) months of 

storage.  
 
This phenomenon could be explained by the interactions that gelatin and the snail extract 

(which is a heterogeneous aqueous mixture containing proteins, collagen, allantoin, 

mucopolysaccharides and glycolic acid) form with the drug, acting as “amorphous polymer 

carriers”. In fact, according to the literature, amorphous solid dispersions of polymers such as 

PVP, PVP-VA, HPMC, chitosan and gelatin may increase the solubility and/or the dissolution 

rate of poorly water-soluble drugs, maintaining a sufficient level of supersaturation over storage 
114–116. 

Thermogravimetric analysis 

The amount of moisture in the film could be crucial as it affects the mechanical strength, 

adhesive properties and friability of film. TGA analyses were performed on G, G_g, G_S70_g 
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and G_S70_g_F, and the amount of adsorbed water was evaluated from the first loss up to 130 

°C. G films contained up to 15% w/w of water, while those added with glycerol retained a lower 

content, 11% w/w, which decreased to 8% when glycerol and S were both present into the 

formulation. Films containing Fluconazole had the lowest amount of adsorbed water: about 2%. 

It can be inferred that water content has a minor effect on the mechanical properties of films 

with respect to S addition.  

 
Tensile tests  

The mechanical properties of the films, in terms of maximum stress σmax (MPa), Young’s 

modulus E (MPa) and deformation at break εb (%), were evaluated and reported in Figure 44, 

together with the sample thickness.  

 

 
Figure 44. A-C: Mechanical properties of gelatin-based films: A) maximum stress at break (aaa 

p<0.001 compared to G; bbb p<0.001 G_g vs G_S70_g, G_S40 vs G_S60 and G_S40 vs G_S70); B: 
Elongation % at break (aaa p<0.001 compared to G; bbb p<0.001 G_S40 vs G_S70, G_S70 vs 

G_S70_g and bb p<0.01 G_S70_g vs G_S70_g_F); C: Elastic modulus (aaa p<0.001 compared to G, 
bbb p<0.001 G_g vs G_S70_g, G_S40 vs G_S50, G_S40 vs G_S60 and G_S40 vs G_S70); D: 

Thickness of gelatin-based films. 
 
Snail slime addition produced a dramatic effect on the tensile properties of the films, as clearly 

evidenced by graphs reported above. As a matter of fact, an impressive decrease of the 

maximum stress σmax and of the elastic modulus E was observed after the addition of even the 

lowest amount of S (G_S40) (aaa: p < 0.001 compared to G film) and the values of these 

parameters decrease on increasing S content (aaa: p<0.001 compared to G film). Ongoing from 
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G to G_S70 films, the values of σmax and E drop by a factor of about ten, while no significant 

difference was observed between G_S70, G_S70_g and G_S70_g_F (p>0.05), thus elucidating 

that the introduction of Fluconazole and/or glycerol did not affect the maximum stress and the 

elastic modulus of the films. The deformation at break (Figure 44B) slightly decreases up to 

G_S50 and then increases up to G_S70, reaching a value about 5 times greater than that of G 

(aaa, p<0.001). Therefore, it can be inferred that the “plasticizing effect” of snail slime increases 

with its content (bbb, p<0.001 for G_S40 compared with G_S70), providing the films with 

increasing elongation at break. The reason why this trend was not maintained at relatively low 

S content is not very clear but might be due to different interactions that occur between the 

polymer and the components of the slime when mixed in different proportions. As expected, 

the presence of glycerol significantly reduced the maximum stress (e.g., the σmax of G_S70 is 

about 3 times higher than that of G_S70_g; bb, p<0.01) and the elastic modulus, while it 

enhanced the deformation at break, thus amplifying the effect due to S addition (aaa, p<0.001 

for G_S70 and G_S70_g compared to G). Moreover, the presence of glycerol affects the 

deformation at break (G_S70 compared to G_S70_g; bbb, p<0.001) in agreement with its 

plasticizer effect. In fact, being glycerol a polyhydroxy-alcohol with small molecules, it can 

easily enter the protein matrix to interact with polar amino acids and form hydrogen bonding 

involving hydroxyl groups, which could alter the forces holding the protein chains together and 

add free volume between them 93. Addition of the drug provoked a small increase of the values 

of stress at break and elastic modulus together with a slight decrease of the deformation at 

break, probably due to the lower water content with respect to G_S70_g. Finally, film’s 

thickness (Figure 44D) increased on increasing the amount of S, according to the larger amount 

of solid matter: in fact, snail slime is a mixture of proteins, glycolic acid, allantoin, which 

represent about a 5% (w/v) of dry matter.  

 
Swelling degree  

Considering that this film is intended for skin application, swelling of the drug-loaded 

polymeric film may play an important role on both bioadhesion and controlled drug release 8. 

In fact, hydrophilic polymers with different structures possess a varying degree of swelling, 

based on the relative resistance of matrix network structure to water molecules movement. This 

may be due to the formation of hydrogen bonding among the polymeric matrix and the other 

additives: glycerol, snail slime and the drug. The swelling degree of the films as a function of 

snail mucus content, glycerol and Fluconazole was measured in PB at a pH value of 4.5 and 

reported in Figure 45.  
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Figure 45. Swelling curves of the gelatin-based films: a) influence of snail slime and b) influence of 

glycerol and drug addition. 
 
As shown in figure, the swelling of all samples gradually increased up to about 150 min, when 

it reached an almost constant plateau. The presence of the snail slime did not seem to 

significantly affect the swelling properties of the films (p>0.05) and a clear trend as a function 

of the slime content could not be found. All the samples containing glycerol showed a marked 

reduction of the swelling degree compared to those without glycerol, indicating the formation 

of strong interactions between glycerol and gelatin. The addition of S at 70% to G _g (Figure 

45A), as well as the addition of Fluconazole, did not significantly modify the swelling ability 

with respect to the G_g film.  

 
Bioadhesive properties  

Skin adhesion is one of the most important functional property for a skin drug delivery system. 

Gelatin and snail lime-based films G_S70 and G_S70_g_F are slightly adhesive to the touch, 

but they behave like patch only wetting their surface in contact with the skin. Therefore, such 

films, once removed from the primary packaging, might be used simply by wetting the skin 

with water (few droplets) and then applying the film by light finger pressure to allow its 

adhesion. Moreover, the films ability to remain attached to the skin for several hours was tested 

up to 8 h: as an example, Figure 46b shows a digital picture of G_S70_g film attached to the 

skin of a hand by means of few drops of water, immediately after adhesion and 8 h later. Film 

is highly performant and keeps its adhesive force over time.  
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Figure 46. Adhesive strength values of the films expressed as Force (N) ± SD (aaa: p<0.001 all 

samples compared to G; b: p<0.05 for G_S70 vs G_S70_g); b) Digital pictures of G_S70_g 
film adhered to the skin of a hand immediately after adhesion (t=0) and after 8 h. 

 
The results of the adhesion strength measurements, expressed as the Force (N) necessary to 

detach the film adhered to the skin, are shown in Figure 46a. The trend suggests that increasing 

quantities of slime increase bioadhesion. The film with the best adhesive capacity is that with 

the higher amount of S, G_S70, with a value more than 2 times higher than G (aaa: p<0.001). 

As highlighted by the histogram, also glycerol was able to increase the adhesive capacity of the 

samples containing S: in fact, 17% more strength was required to detach the films G_S70_g 

from the skin when compared to G_S70 (p<0.05). Interestingly, even if the adhesion capacity 

of the G_g film is higher than that of the G film, it is lower compared to G_S40, suggesting that 

snail slime played a major role on promoting adhesion. On the other hand, the presence of the 

drug did not significantly affect the adhesive ability of the film. In general, all the obtained 

films showed good detachment forces from the skin, guaranteeing their adhesion to the skin 

without the addition of glues, like pressure sensitive adhesives generally used in patch 

development.  

 
In vitro permeation studies  

To assess the permeation profile of Fluconazole from the film, the effective amount of F loaded 

into the film was first assessed. The experimental drug content was 4.53% ± 0.07 w/w 

(corresponding to 1.84 ± 0.05 mg/cm2) very close to the theoretical one (4.76% w/w), 

suggesting that the preparative method allowed to obtain a homogenous drug distribution within 

the formulation. Permeation results obtained from film G_S70_g_F were compared with a 

control solution containing a drug concentration of 4.14 ± 0.02 mg/mL. Ethanol (20% m/V) 

was added in the control solution to prevent F precipitation, since the drug saturated solubility 

in pH 5.5 phosphate buffer solution at 25 °C was 5.05 ± 0.05 mg/ mL, very close to the reported 

water solubility (4.37 mg/mL). The drug solubility increased up to 16.43 ± 0.85 mg/mL in the 
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control solution. The same solution was used in the receiver compartment to ensure sink 

conditions in the permeation experiments and the drug concentration did not exceed 20% of the 

saturated solubility (20.07 ± 1.09 mg/mL).  

 

 
Figure 47. Cumulative Fluconazole concentration permeated through pig ear skin: G_S70_g_F 

(orange) and F solution (blue) as a control (0.45% w/V solution of F in PB supplemented with 20% 
w/w EtOH corresponding to the same amount of F loaded into the film). 

 
Analyzing the permeation results, the amount of permeated drug from the solid formulation 

was superimposable to that of the drug in solution (Figure 47). In particular, in both systems 

the cumulative amount of F permeated through the skin was about 60 µg/cm2 (corresponding 

to 5% of F) after two hours, 200 µg/cm2 after 4 h and approximately 500 µg/cm2 in 8 h. After 

24 h the drug permeation reached 1000 µg/cm2, corresponding to 60% of F loaded into the film. 

These results evidence that the film formulation enhanced the drug permeation into the skin 

layer, displaying a similar behavior to the control solution containing 20% of ethanol w/V, 

which is known for its penetration enhancement property 117. A possible explanation of the film 

behavior can be related to the different thermodynamic activity of the examined samples. The 

drug loaded film formulation (G_S70_g_F) is an example of a supersaturating drug delivery 

system. As reported in the Section “Structural characterization”, the obtained film is an 

amorphous solid dispersion, which demonstrated a supersaturation stability for 6 months, 

unlike the films without snail slime, in which Fluconazole quickly recrystallized. On the other 

hand, the control solution contains the drug at a lower concentration than its saturated solubility 

(16.43 ± 0.85 mg/mL). Thus, for the control solution, the permeation profile of F across the 

skin is promoted by the enhancer, mainly through a lipid extraction mechanism 118, rather than 

by the thermodynamic activity of the subsaturated drug solution. In contrast to chemical 

penetration enhancers, like ethanol, supersaturation has proved to increase skin penetration 

without alteration of the stratum corneum 119. The increased thermodynamic activity associated 

to the supersaturation degree of the film formulation might be a valid explanation of the 

permeation behavior of the drug. In fact, the film maintained a sufficient level of 
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supersaturation over the analysis time, ensuring complete dissolution and good permeation. 

Thus, the hybrid film containing the biopolymer and the snail slime might represent an effective 

drug delivery system to the skin. Finally, the amount of drug accumulated in viable skin 

measured at the end of the experiments were 9.6 ± 0.6% (corresponding to 176.0 ± 11.1 μg/cm2) 

and 6.8 ± 1.9% (corresponding to 140.8 ± 39.1 μg/cm2) for film and solution, respectively, 

indicating a certain drug accumulation into the skin.  

 
Antimicrobial tests  

The Fluconazole-loaded gelatin films were tested in vitro for the evaluation of the antifungal 

activity against the reference strain C. albicans ATCC 10231 and 10 clinical isolates of 

Candida spp. Unloaded gelatin films (based on plain gelatin and on the gelatin and snail slime 

mixture) as negative controls and Fluconazole paper disks as positive controls were included 

in each experiment.  

 
Table 11. Measurements of the inhibition zone diameters (mm) detected for unloaded and 

Fluconazole-loaded gelatin films.  

  G_g  G_S70_g  G_S70_g_F F 
C. albicans ATCC 10231  N.A.*  N.A.*  26,5 ± 0,6  25,6 ± 0,6  
C. albicans (n = 2)  N.A.*  N.A.*  23,5 ± 4,7  23,6 ± 2,1  
C. glabrata (n = 2)  N.A.*  N.A.*  24,5 ± 1,3  25,0 ± 0,9  
C. parapsilosis (n = 2)  N.A.*  N.A.*  23,5 ± 0,7  22,7 ± 1,2  
C. tropicalis (n = 2)  N.A.*  N.A.*  22,0 ± 1,8  22,6 ± 1,8  
C. krusei (n = 2)  N.A.*  N.A.*  21,5 ± 2,4  23,1 ± 1,6  

Values are mean and SD of two independent experiments performed on the reference strain and on 
two isolates for each Candida spp. 

*N.A.= Not Appearing. 
 
Table 11 reports the diameters of the inhibition growth zones, measured around the tested disks 

and the Fluconazole control (300 µg). As expected, the unloaded films did not display any 

antifungal activity. No statistically significant differences between G_S70_g_F and the positive 

control were observed on the two sets of measurements. These results agree with the permeation 

studies and are attributable to the supersaturating status of the novel film formulation. 

Therefore, Fluconazole-loaded gelatin and snail slime-based films, containing 320–360 µg of 

drug, proved to be effective towards Candida spp. as well as the positive control, indicating that 

the drug loaded into the film quickly dissolved and diffused through the agar maintaining its 

high potency and with the same activity of the drug solution.  

 
Conclusions  

A new film-forming patch based on gelatin and snail slime for the local delivery of Fluconazole 

was successfully developed. Film properties significantly depend on the amount of snail slime: 
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in particular, formulations with the higher content of S were more flexible and stretchable and 

the presence of the slime provided the films with the desirable adhesive properties towards the 

skin. Films were easy to handle and, once applied to the skin, the adhesion was provided for 

more than 8 h. The film containing the largest volume of extract was selected as potential 

delivery platform of Fluconazole. The presence of snail slime promoted drug solubilization into 

the film forming solution and hindered Fluconazole recrystallization inside the film. 

Furthermore, snail mucus was crucial in stabilizing the amorphous form over the time, until 6 

months of storage. Patches containing Fluconazole demonstrated an effective antifungal 

activity against all the tested Candida strains and promoted the drug permeation across the skin. 

In conclusion, the novel patch-formulation based on natural and biodegradable materials can 

adhere to wet skin, promoting Fluconazole permeation, and can be easily washed off, avoiding 

waste, or thrown into compost after use. 
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2.8 MUCOADHESIVE GELATIN-BASED FILMS LOADED 
WITH ECONAZOLE 

 

Introduction 

In the last decade, vaginal films have received a great deal of attention with respect to traditional 

vaginal dosage forms such as creams, gels and vaginal suppositories 120. Good retention ability, 

bio-adhesiveness, negligible discomfort, low cost, easy storage, decreased product leakage, 

ease of administration and wide formulation flexibility are the main interesting features of these 

thin strips 121. Vaginal films have been formulated using a variety of polymers, both 

semi/synthetic and natural, such as polyacrylates, cellulose derivatives, polyvinyl alcohol, 

carrageenan, pectin and chitosan 122–125 and, among them, gelatin is very promising. 

Beside to the prolonged residence time at the site of infection, for effective local vaginal 

delivery of therapeutic agents, the dosage form needs to control the release of the active 

substance, while assuring its minimum effective concentration. Econazole nitrate (ECN) is an 

imidazole antifungal agent widely used for the treatment of mucosal candidiasis since its 

transmucosal absorption is negligible; thus, it could be useful for a topical therapy of vaginal 

candidiasis. However, the ECN poor water solubility along with the limited volume of the 

vaginal fluid (it was reported to be in the range of 2–3 g/24 h and it is decreasing with increasing 

age 121) can compromise the drug availability 126,127.  

Several strategies and different dosage forms have been explored to assure ECN concentrations 

significantly higher than its minimum inhibitory concentration (MIC) for a prolonged time. 

Polymer-lipid based mucoadhesive microparticles were designed as innovative vaginal delivery 

systems for ECN able to enhance the drug antifungal activity 128. Another approach used to 

optimize the dissolution process of a different hydrophobic microbicide and thus its 

bioavailability, was to develop vaginal films as an amorphous solid dispersion of the drug in a 

hydroxypropyl methylcellulose and polyethylene glycol 400 mixture 129. Other strategies to 

overcome the limitations of conventional therapy include nano-formulations. In particular, 

nanoparticles-in-film formulation have been considered for the vaginal administration of 

various microbicide drugs 130. More recently, a new ECN loaded chitosan-coated nano-capsule 

carrier, which might be used to load films, has been developed for the treatment of vaginal 

candidiasis 131.  

The aim of this study was to develop an innovative vaginal mucoadhesive delivery system able 

on one hand to enhance the solubility of ECN, and thus its effective concentration at the site of 

action, and on the other to achieve a sustained drug release. Specifically, different ECN solid 

dispersions (SD) were prepared and characterized using different polymers (Soluplus®, PVPs 

and Gelucire® 50/13) and loaded into gelatin-based films. As described in the Experimental 



 98 

part (Paragraph 2.2.6), vaginal films were produced by solvent casting comprising either raw 

ECN or the corresponding SD. Crosslinked films by means of genipin (2% w/w) were also 

prepared for comparison purpose. Morphological and structural characterizations of the films 

were performed by means of scanning electron microscopy (SEM) and X-ray diffraction 

(XRD). Moreover, their mechanical, swelling and mucoadhesive properties as well as their in 

vitro drug release behavior were assessed. Finally, the antifungal activity of the developed films 

was evaluated in vitro against Candida albicans reference strain and clinical isolates recovered 

from human specimens. Effects of the films on cell viability and cell damage were assessed on 

a human genital epithelial cell line using two different assays.  

 
Results and discussion  

In the development of controlled release bioadhesive systems, both drug release control and 

swelling capability play an important key role. Films should also ensure appropriate 

concentration of the active ingredient at the site of application according to the treatment. 

Therefore, with the aim of improving the drug solubility and, consequently, its potential 

bioavailability, I first studied the effect of several polymers on the ECN solubility by designing 

three different solid dispersions, which were then loaded into gelatin films for vaginal 

application and compared to the neat drug-loaded films. In particular, the influence of different 

drug solid dispersions and of a cross-linker additive on the properties of the gelatin matrix were 

investigated.  

 
Characterization of the ECN solid dispersions  

Solid dispersions (SD) are widely used to improve the bioavailability of poorly water-soluble 

drugs132. SD increase drug bioavailability owing to different mechanisms, which involve either 

the conversion of the crystalline drugs into amorphous forms or the formation of nanocrystalline 

phase using hydrophilic polymers (such as PVP and HPMC), or through the enhancement of 

drug wettability, dispersibility and supersaturated solubility by means of amphiphilic carriers 
133. In this study, polymers with different physical-chemical characteristics for solid dispersion 

production, as PVP, Soluplus®, and Gelucire® 53/10 were tested for their ability to solubilize 

ECN. In particular, a blend of Kollidon® 30 and Kollidon® VA64, also known as copovidone, 

was selected as amorphous hydrophilic polymer able to form water soluble complexes and as 

amorphous APIs stabilizer 134,135, especially using PVPs blends 136. Soluplus® is an amorphous 

polymer with an amphiphilic chemical structure able to solubilize poorly soluble drugs in 

aqueous media 137,138. Conversely, Gelucire® 50/13 is a semisolid waxy semi-crystalline 

material with amphiphilic nature used as solubilizer for poorly soluble compounds due to its 

property of forming micelles/self-emulsifying systems 133,139,140.  
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The solubility of pure ECN in PB pH 4.5 was 331 ± 6 µg/mL due to the acidic pH, which 

favored the solubilization of the weakly basic drug (Table 5 of Paragraph 2.2.6). All the SD 

increased the drug solubility: Kollidon® and Soluplus® increased the ECN solubility 3.4 times 

(1114 ± 182 µg/mL) and 2.5 times (813 ± 46 µg/mL), respectively, while Gelucire® 50/13 

increased the drug solubility of 9.2-fold (3064 ± 159 µg/mL). Therefore, this additive 

demonstrated the higher ability in solubilizing ECN.  

 

 
Figure 48. DSC curves of ECN-SD (red line), pure ECN (green line) and of the corresponding 

physical mixtures (PM, blue line).  
 
In order to detect possible drug solid state modifications during the SD preparation, 

characterization of the ECN-SD was carried out by means of DSC (Figure 48A-C) and XRD 

(Figure 49A-C). Raw ECN showed an endothermic peak with a maximum at about 168 °C 

followed by a large and irregular exothermic peak, which made the endotherm quantification 

difficult 128. Both PM and SD showed a lowering and broadening of the drug endothermic peak 

with respect to ECN. In particular, the melting peak of the drug shifted to about 156 °C for all 

PM, reached slightly lower values for SDG (about 154 °C, Figure 48C) and was practically 

undetectable for SDS (Figure 48A) and SDK (Figure 48B). This modification may be due to 

the partial solubilization of the drug into the polymer during the DSC scan (hence justifying the 

similar behavior of the PM). In fact, ECN may partially solubilize either in the molten Gelucire 

at about 60 °C 128, or in the polymeric carriers, since their Tg values are lower than the melting 

point of ECN (Tg = 70 °C, 149 °C and 101 °C for Soluplus, Kollidon 30 and VA64, 

respectively) 141. On the other hand, the lowering and broadening of the ECN endothermic peak 

could be related to the presence of a drug nano/micro crystalline phase within the SD, as 
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previously reported in literature 142. In order to better define the solid state of the ECN within 

the SD, samples were analyzed by X-rays diffraction.  

 

 
Figure 49.  XRD patterns of additives (black line), physical mixtures (PM, blue line) and of ECN-SD 

(red line) compared to that of pure ECN (green line). 
 
The diffraction patterns of SDS (Figure 49A) and SDG (Figure 49C) samples displayed the 

permanence of the ECN crystalline structure; the reduced intensity of the reflections may be 

simply due to drug-additive blend (1:2 w/w ratio). Regarding SDK (Figure 49B), a certain 

reduction of the drug crystallinity could be appreciated since the majority of the reflections 

decreased in intensity and those at about 26° and 32°/2θ completely disappeared. Thus, despite 

the partial drug amorphization using PVPs, the SD with Gelucire 50/13 showed the highest 

enhancement in drug solubility, while maintaining the drug crystallinity. These results suggest 

that the solubility improvement was not related to the drug solid state in the SD, but rather to 

the ability of the amphiphilic carrier to increase API solubility as a result of the formation of a 

micellar dispersion 143,144.  

 
Characterization of vaginal films containing the SDs  

Gelatin-based films containing either the drug or the SD were then prepared at 10% w/w ECN. 

In a recently published paper, it was found that ECN was able to interact with gelatin by base-

acid reaction between the basic Ɛ-amino groups of gelatin residues and the acidic hydrogen of 

ECN, resulting in transformation of econazole nitrate into econazole, EC 145. Since this 

topotactic transformation occurred during film preparation, films containing the SD were 

characterized to evaluate the eventual drug modification, even in the presence of polymers.  
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Figure 50. XRD analysis of a) EC powders (orange line) and of gelatin-based films: GGE10 (green 

line), GKE10 (blue line) and GSE10 (pink line); b) XRD patterns of EC powder (orange line) 
compared to those of GGE10 (green line) and GGE10gen (purple line). 

 
Figure 50 reports XRD patterns of the films compared to the pattern of EC as reference: all the 

reflections matched with those of EC powder (orange line), thus confirming that the presence 

of additives did not prevent the base-acid interaction between ECN and gelatin.  

Films should also display a suitable mechanical behavior; thus tensile properties of films were 

evaluated. The values of stress at break (σb), deformation at break (εb) and Young’s Modulus 

(E) are reported in Table 12.   

 
Table 12. Thickness, stress at break σb, strain at break εb and Young’s modulus, E; of gelatin-based 

films. Each value is the mean of ten determinations and is reported with its standard deviation. 

Films  Thickness (µm) sb (Mpa) ±SD eb (%) ±SD E (Mpa) ±SD 
G  91 93 ± 6 7 ± 2 3600 ± 200 
GG  115 40 ± 5 5 ± 2 1630 ± 250 
GK  105 37 ± 8 2.0 ± 0.4 2500 ±300 
GS  101 30 ± 7 3.0 ± 0.3 2090 ± 160 
GE10  110 83 ± 7* 8 ± 2* 3640 ± 250* 
GGE10  115 56 ± 6 11 ± 2 2070 ± 140 
GKE10  107 67 ± 5 7 ± 2 2300 ± 200 
GSE10  102 73 ± 7 7 ± 2 2700 ± 240 
GE10gen  98 78 ± 10* 6 ± 1* 3400 ± 200* 
GGE10gen  100 62 ± 10 4 ± 1 2640 ± 240 

*Data from literature 145, here reported for comparison purpose. 
 
G films were brittle and rigid, with high elastic modulus and stress at break. As previously 

reported 145, the addition of ECN did not significantly affect the mechanical parameters, while 

the introduction of the additives induced a significant decrease of the stress at break and of the 

elastic modulus for all the tested formulations. Films GG, GK and GS showed a noticeable 

decrease of all the mechanical parameters with respect to G. When SD were added, the most 

remarkable differences between GKE10 and GSE10 were the stress values, which were almost 

double with respect to GK and GS, whereas GGE10 displayed the lowest stress and modulus 

and the highest deformation. These features highlighted that GGE films were the less brittle 

and rigid materials among all the tested compositions. Gelatin films were highly soluble in 

aqueous media, with a swelling of about 1000% after few hours in saline solutions 146. The 
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incorporation of ECN increased the gelatin solubility, as GE10 films were not recoverable in 

pH 4.5 PB after 30 min (Figure 51).  

 

 
Figure 51.  Influence of the additives on the swelling ability of G-films. 

 
When the solid dispersions SD of different compositions were added, all the films swelled 

considerably lower than G and GE10: in particular, GKE10 and GGE10 showed a swelling 

degree of about 450 and 350%, respectively, after 5 h. GSE10 displayed an intermediate 

swelling degree. At longer times all the films gradually dissolved: after 24 h only GGE10 and 

GSE10 films were still well recognizable. Therefore, comparing the gelatin films, those 

containing Gelucire® 50/13 demonstrated good flexibility and structural integrity after 24 h of 

incubation in aqueous media. Based on these results, only gelatin films containing SDG were 

further investigated and cross-linked with genipin.  

 
Characterization of gelatin films containing SDG  

Gelatin-based films containing ECN at 10% w/w, added either as a powder or as a SD, were 

then studied. Due to the high solubility of the gelatin films, stabilization with a suitable 

crosslinking method is mandatory for mucosal application. Genipin, a natural product obtained 

from gardenia fruits, is a valid alternative to the cytotoxic glutaraldehyde useful to crosslink 

gelatin 145,147. Therefore, gelatin films crosslinked with genipin (2% w/w) were investigated 

and compared with the uncrossed-linked ones regarding mechanical properties, morphology, 

drug solid state and drug-excipient interactions, swelling behavior and drug release. The 

elongation at break (Ɛ), the stress at break (σb) and the Young’s modulus (E) of the films were 

measured. The results (Table 12) evidenced that genipin crosslinking did not modify the tensile 

properties of the films (compare GE10/GE10gen), while the addition of SDG provoked a 

significant decrease of both stress at break and elastic modulus.  
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XRD patterns of genipin cross-linked films (GE10gen) revealed the permanence of EC crystals 
145. The XRD analysis of the films containing SDG (GGE10) showed that the treatment with 

genipin did not alter the EC solid state with respect to the uncross-linked samples, as shown in 

Figure 50b. 

These results suggested that neither Gelucire® 50/13 nor genipin interfered in gelatin-ECN 

acid-base interaction. The IR spectrum of the drug (not reported) evidenced several 

characteristic peaks at 3174 and 3108 cm−1 (aromatic C–H stretching vibrations); 1585 and 

1547 cm−1 (aromatic C–C and C–N stretching vibrations); 1218 cm−1 (aromatic C–Cl stretching 

vibrations); 1108 cm−1 (C–O–C stretching vibrations); 828 and 803 cm−1 (out of plane C–H 

deformation vibration) and finally at 761 cm−1 (out of plane C–H deformation vibration of the 

tri-substituted phenyl group) 128. FT-IR spectra recorded on GE10 showed several absorption 

bands corresponding to amide I, II and III typical of gelatin superimposed on those of EC 148 

and after genipin crosslinking (GE10gen) no remarkable differences of peaks shapes and 

intensities were evidenced. The IR spectrum of Gelucire® 50/13 (not reported) displayed a 

broad band between 3100 and 3600 cm−1 (stretching of free OH groups), at 1738.5 cm−1 

(stretching C=O group), at 1469.5 cm−1 (C–H deformation of alkyl group), at 1113.7 cm−1 (–

C–O stretching) and at 963.3 cm−1 (double band, characteristic of the polyethylene glycol 

groups) 133. Comparing the FT-IR spectrum of GE10 to the GGE10 ones (not reported), the film 

containing SDG showed all the characteristic adsorption bands of both gelatin and Gelucire, 

suggesting the absence of interactions between the components of the formulation.  

 

 
Figure 52. SEM images of ECN crystals, EC crystals, G film (surface, left and cross-section, right), 
GE10 film (surface, left and cross-section, right), GGE10 film (surface left and cross-section right) 

and images of GE10gen (top) and GGE10gen (bottom). 
 
SEM images, reported in Figure 52, showed the different morphology between the drug crystals 

of pure drug (ECN) and the modified drug within the film formulation (EC). The unloaded film 

(G) presented a smooth surface, while films loaded with the drug or with the SDG (GE10 and 

GGE10) presented small crystals of the drug underneath the film surface, due to the suspended 

drug within the polymeric matrix, as reported in literature 149. The images of GE10 and GGE10 

revealed a uniform distribution of the drug into the film with the EC crystals distinctly 
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recognizable. Moreover, SEM analysis evidenced that there are no differences in terms of drug 

crystal morphology in the presence or absence of the solid dispersion. The morphology of the 

cross sections showed the typical leaflet structure of gelatin film, even if GGE10 films showed 

a more compact structure than GE10 ones. Moreover, the morphology did not change after 

chemical cross-linking (GE10gen and GGE10gen). The HPLC analysis of the solubilized 

samples evidenced that the drug recovery was in the range 86–93% (92.6 ± 0.5, 89.6 ± 1.2, 87.9 

± 1.8 and 89.8 ± 1.9 for GE10, GGE10, GE10gen and GGE10gen, respectively), suggesting 

that a certain amount of drug remained bounded with gelatin after its topotactic transformation, 

thus decreasing the free drug extent, regardless the presence of the additives (neither Gelucire® 

50/13 nor genipin). To confirm this hypothesis, uncross-linked films (GE10 and GGE10) were 

also prepared by apart solubilizing ECN or SDG and gelatin in DDW at pH 1.5 while 

maintaining the same proportion and conditions of stirring and temperature previously reported 

for film preparation. The pH was adjusted at 1.5 by adding HCl (6 M) before the solvent casting 

process. The results confirmed a greater availability of free drug, as the drug recovery was about 

the 100% for all the samples (100.2 ± 2.1 and 101.2 ± 2.1 for GE10 and GGE10, respectively), 

confirming our hypothesis.  

 

 
Figure 53. Release studies performed using Franz diffusion cells. EC release profiles from both 

uncross-linked gelatin-based films and genipin cross-linked gelatin-based films. 
 
The release profiles of both uncross-linked films and genipin crosslinked films are reported in 

Figure 53. The drug release profile from GE10 and GGE10 was controlled during the first 5 h 

and reached about 40% of drug dissolved: GGE10 films displayed a greater burst release than 

neat GE10 films due to the high solubility of the SDG. In particular, the amount of drug released 

after 2 h was 21,5% and 12% for GGE10 and GE10, respectively. Then, both films exhibited a 

sustained slow drug release up to 24 h. In particular, the amount of EC released was 70% and 

55% for GE10 and GGE10, respectively. Noteworthy, GGE10 film appeared swelled but still 

intact, while GE10 dissolved forming a gel layer. GE10gen e GGE10gen showed a more 
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controlled drug release up to 24 h and intact swollen films were still present at the donor sites 

of Franz cells at the end of the experiment. These results indicated that all film formulations 

controlled the drug release up to 24 h and only the uncrossed-linked ones (GE10 and GGE10) 

could achieve a higher drug concentration (about 40%) at the site of application during the first 

5 h. Comparing the release profiles of GE10 and GGE10 after the first 5 h, the addition of 

Gelucire® 50/13 enabled a more controlled drug release, due to its amphiphilic nature with 

respect to the hydrophilic gelatin. Then, genipin cross-linking exhibited a greater effect on the 

release profile of films without Gelucire: after 5 h the difference of drug released from GE10 

and GE10gen is about 21%, while it was merely 13% from GGE10 and GGE10gen, suggesting 

that Gelucire might have reduced the extent of cross-linking between the ε-amino groups of 

gelatin and genipin. After 24 h, around 55% and 62% of drug were released from GGE10 and 

GE10gen films, respectively. Therefore, Gelucire® 50/13, due to its peculiar amphiphilic 

property, ensured an appropriate release of the active ingredient, both enhancing the drug 

release at the beginning of the treatment and controlling the drug release over time, as genipin. 

Moreover, genipin is relatively expensive and imbues crosslinked-gelatin films with a dark blue 

color, which could represent a limit for some applications. Finally, the ability of the film to 

adhere to the mucosa, measured as the force required to detach the film from the mucosa, was 

investigated and the results are reported in Figure 54.  

 

 
Figure 54. Mucoadhesive strength values of the films: GE10, GE10gen, GGE10 e GGE10gen 

(**p<0.01). 
 
GE10 film did not present a significant mucoadhesive strength, owing to the high water 

solubility of gelatin in the absence of crosslinking. On the contrary, the addition of genipin to 

the ECN loaded film (GE10gen) showed a strong increase of mucoadhesive properties. It is 

interesting to note that the mucoadhesive strength value of GGE10 resulted to be comparable 

to the cross-linked GE10gen film (p>0.05). Therefore, the addition of Gelucire® increases the 

structural integrity of the gelatin film allowing the adhesion of the film to the mucosa pivotal 

for gelatin film application, while avoiding the cross-linking step. Furthermore, a small 

difference was observed between the samples GGE10 and GGE10gen (**p<0.01). Therefore, 

these results highlight that the presence of Gelucire® solid dispersion within gelatin films had 
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a significant effect on the strength of adhesion to the mucosa tissue, thus improving the 

residence time at the site of application.  

 
Biological activity  

The anti-Candida activity of the different gelatin-based films was assessed in vitro against both 

C. albicans reference strain ATCC 10231 and six clinical isolates recovered from genitourinary 

tract infections. The diameters of the inhibition zones are reported in Figure 55.  

 

 
Figure 55. Anti-Candida activity of gelatin-based films loaded with ECN against the C. albicans 
reference strain (a), and six clinical isolates (b), whose results were pooled together. Data are 

expressed as the diameter (mm) of the clear free zone measured around the disk-shaped samples. 
Negative films (GG10 and Ggen) were included in the analysis and no inhibition was measured. 

 
Data indicated that the gelatin films inhibited fungal growth with the same effectiveness, and 

no statistically significant differences were measured in the diameter values between these 

formulations and the ECN positive control (ECN 300 µg). Considering the ECN amount loaded 

on the film samples, and the weight of gelatin-based films, the drug concentration ranged from 

300 to 340 µg, depending on the formulation. The four gelatin-based films displayed similar 

inhibitory activity towards the reference and the clinical strains, which are representative of 

pathogens circulating in the population, however the best result was achieved for GGE10. The 

cross-linking step with genipin slightly decreased the effectiveness of the films as diameters of 

the fungal-clear zones reduced, even if not at significant levels. Overall, these data confirm the 

suitability of Gelucire® as polymer for ECN delivery system. As an in vitro proof-of-concept 

on the safety of the gelatin-based films, G, GG, and GGE10 disk-shaped samples were 

dissolved in cell culture medium and solutions were used to treat HeLa cells. To obtain an 

accurate result in cytotoxicity assay, the samples were evaluated by different methods, such as 

the determination of NADH in living cells and the release of LDH from dead cells. Results at 

48 h of culture are reported in Figure 56.  
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Figure 56. Cell viability assay (a) and LDH release (b) of HeLa cells following 48 h of culture with 

the experimental samples. Results are percentage values relative to both cells and lysed cells. 
 
As a sample is considered cytotoxic when its viability is <70% in comparison to untreated cells 

(control cells), none of the tested solutions is cytotoxic, at the used experimental conditions. 

Only a slight reduction of cell viability (22%) was measured for GGE10, while analysis of cell 

damage by LDH evaluation confirmed the safety of this sample as LDH activity was measured 

at negligible level (10%). 

 
Conclusions  

Econazole-loaded vaginal films based on plain gelatin and films containing a drug solid 

dispersion based on different polymers (Soluplus®, PVPs and Gelucire® 50/13) were 

successfully prepared and characterized. The solubility of ECN increased for all SD, though 

the drug remained almost crystalline within the SD. Once the SD was combined with gelatin 

matrix, XRD patterns demonstrated the occurrence of the base-acid interaction between the 

drug and the polymer, resulting in transformation of ECN into EC. Among the tested 

formulations, GGE films demonstrated good flexibility and swelling ability combined with a 

certain structural integrity after 24 h of incubation in PB pH 4.5. Additionally, GGE films 

displayed greater adhesiveness and activity against Candida albicans than gelatin films alone 

and those crosslinked with genipin, without a cytotoxic effect. Thus, the use of Gelucire® 50/13 

within the polymeric film matrix could represent a valid alternative to the use of chemical 

crosslinkers to obtain gelatin-based delivery systems for prolonged drug release. In conclusion, 

the overall in vitro results demonstrated that formulated films containing Gelucire improved 

the drug solubility, while controlling the drug release for an extended period of time, suggesting 

their potential use for the treatment of vaginal candidiasis with a single application per day. 

Moreover, being films very flexible in dose according to the final size, they enable a customized 

dose according to the need.  
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Chapter 3. 
SCAFFOLDS 

 

3.1 INTRODUCTION 

Chondral and osteochondral defects are challenging problems, since the native structure of 

cartilage and subchondral bone cannot be regenerated with any of the available treatments 1.  

The staggering growth of procedures points toward a need for regenerative solutions for bone 

and cartilage, that are scalable and can remain successful throughout the life of the patient. 

Tissue engineering approaches are well underway to regenerate the most complex of tissues 

through the use of external templates (scaffolds) which simulate the cell growth 

microenvironment and combine the body's self-healing ability to guide the regeneration in 

damaged or defective tissue sites. 

As introduced in the ‘Tissue engineering’ section of Paragraph 1.3, the 3D biomaterial scaffolds 

act as templates for cell attachment and tissue repair 2: cells are allowed to proliferate and 

organize their extracellular matrix in a three-dimensional (3D) lattice to form ex vivo a clinically 

functional tissue, exhibiting histochemical, biochemical and biomechanical properties identical  

to native, healthy tissue 3. Hence, far from being passive components, tissue engineering 

scaffolds provide a promising way to repair and regenerate damaged tissues by mimicking the 

structural and functional profile of the natural extra-cellular matrix (ECM) 4, providing a 

friendly interaction with biological tissues and promoting tissue repair. Furthermore, an ideal 

scaffold should fill the missing segment of the defective tissue and provide a sufficient 

mechanical support for host tissue immediately after implantation 5. In fact, at the most basic 

level, the tissue engineering scaffolds serve as a mechanical support for the regeneration of 

tissues, especially in load-bearing areas.  

However, the scaffold design is very complex: an adequate macro- and micro-porosity must be 

achieved together with pore interconnection to allow cell spread and proliferation, tissue 

infiltration, nutrient and waste exchange, as well as blood vessel and nerve growth. Hence, a 

successful scaffold should combine a mechanical function (similar to that of the native tissue) 

with the delivery of biologically relevant molecules, providing a sequential transition in which 

the regenerated tissue assumes function as the scaffold degrades 6. For example, for bone tissue 

regeneration, it has been reported that the minimum requirement for pore diameters is 

considered 100 μm, necessary for cell attachment, migration and transport; while pore 

diameters over 300 μm are recommended for tissue ingrowth 7. Additional studies have also 

shown the importance of pore size on the progression of osteogenesis, due to vascularization, 

and the role of scaffold morphology 8: since there is no consensus on the ideal pore size, maybe 
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the best way is to create scaffolds with gradients of porosity to serve specific functions during 

the healing process 7. 

Approaches in scaffold design must meet all the mentioned requirements and, to this aim, 

several fabrication techniques have been employed, from conventional to rapid prototyping 

methods. Conventional techniques include porogen leaching, gas foaming, phase separation, 

fiber meshing, supercritical fluid processing, microsphere sintering, electrospinning and freeze-

drying 9,10, while 3D printing and additive manufacturing are examples of non-conventional 

methods. The different preparation methods allow to have a different control on the 

morphology, porosity and final properties of the scaffolds, and the most suitable method for the 

synthesis must be chosen according to the use. 

 
Bone and cartilage are included under the same orthopedic field, but they are very different 

tissues and hence require different approaches to regenerate. In fact, unlike bone, which has a 

high regenerative potential, cartilage does not have a vascular network and has limited self-

repair and regeneration ability: once damaged, it cannot effectively repair, eventually leading 

to the occurrence of osteoarthritis 11. Even the repair of small cartilage defects is hampered by 

its avascular nature, low cell density and slow diffusion of nutrients 2.  
Nowadays, the materials employed for scaffolds fabrication are natural or synthetic polymers 

such as polysaccharides, poly(α-hydroxy ester), hydrogels or thermoplastic elastomers 12. 

However, freestanding polymeric scaffolds lack mechanical strength and other desired 

functions to serve as graft material 12. In order to customize the mechanical, structural and 

surface properties, it is possible to vary the ratios and combination of different polymers; even 

the degradability can be tuned by modifying the chain length or using polymeric mixtures. With 

this aim, composites of polymers and ceramics have been developed 13 and also scaffolds loaded 

with bioactive molecules were produce in order to confer them drug delivery capacity. 

 
During my doctorate I developed both scaffold for bone and cartilage tissue repair and the main 

results are reported in Chapters 3.3 and 3.4, respectively. 

For the production of scaffolds for bone repair, I selected gelatin as biopolymer since it is not 

antigenic, it is biocompatible and biodegradable under physiological conditions. As explained 

in the ‘Gelatin’ section of Paragraph 1.2, it is obtained by thermal denaturation or physical and 

chemical degradation of collagen through the breaking of the triple- helix structure into random 

coils; hence, it is completely resorbable in vivo 14. However, due to its high solubility in aqueous 

environment, a crosslinking reaction is mandatory 15. Crosslinking, defined as induction of 

chemical or physical links among polymer chains, is a simple method that usually involves the 

ε-amino groups of the lysine residues and is generally used to modify mechanical, biological 
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and degradation properties of hydrogels 16. Different crosslinking methods may be used, 

including chemical, plasma and enzymatic methods, together with the use of small crosslinkers, 

such as glutaraldehyde and genipin 16. 

To produce materials for bone regeneration able to reduce osteoclast activity in osteoporotic 

bones, I designed layered scaffolds with different crosslinking degree to modulate their stability 

in physiological conditions, and hence the lifetime of the structure. The mechanical properties 

of these gelatin lattices, already enhanced by the anisotropic curled structure, were improved 

by the addition of an inorganic phase. The Sr-substituted hydroxyapatite loaded into the 

scaffolds conferred drug delivery ability to the scaffold, which showed a sustained release of 

Sr ions in the surrounding media. Overall, the results of this work proposed an alternative 

method for reinforcing and modulating the final properties of bone scaffolds, and have been 

published in a scientific international journal 17. 

Scaffolds for cartilage repair were obtained by combining different types of gelatin (derived 

from mammalian or from fish) with chitosan, a natural aminopolysaccharide obtained by 

alkaline deacetylation of chitin, the main component of crabs and shrimps shells 18. Chitosan is 

particularly suitable for cartilage repair, since its structure is similar to the glycosaminoglycans 

(GAG) that are naturally present in the cartilage extracellular matrix, and probably this is the 

reason of its superior biocompatibility. As for bone tissue, cartilage scaffolds must initially 

have a certain mechanical stability and must allow a regular distribution of cells: balancing the 

ratio between the amount of chitosan and gelatin allowed us to tune both the porosity and 

solubility of the material. 

Given the experience of the research team and the previous studies on film formulations, the 

composition of these biomaterials was enriched with snail slime. The preparation of these 

materials posed several challenges: at first, the amount and the type of gelatin used in the 

scaffold fabrication significantly influenced the morphology and the stability of the final 

material. Moreover, the high solubility of the scaffold made it necessary to find a non-toxic 

crosslinker acting on both gelatin and chitosan, and able to maintain the sustainability of the 

whole process. 

Even if the method employed was effective for scaffolds prepared with porcine gelatin, it 

revealed to be inadequate in the case of fish gelatin. Additionally, the presence of snail slime 

limited the cross-linking degree of the biomaterials: its role in the scaffold’s composition and 

its contribution to scaffolds properties must be studied deeper. 

While the biomaterials used without cells have been successful in bone repair (as guide for 

tissue regeneration mechanisms, or for the migration of cell populations to lesion from adjacent 

tissue), these have proven to be inadequate for cartilage treatment, probably due to the limited 
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proliferative and migratory capacity of chondrocytes 19. However, the preliminary results of 

this work are promising, even if other analyses are needed to evaluate their biological activity 

and ability to express the genetic markers necessary for cartilage repair.   
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3.2 EXPERIMENTAL PART 
 

3.2.1 Gelatin-based scaffolds for bone tissue engineering 
 

Materials  

Porcine gelatin (type A, 300 Bloom) and Glycine were purchased from Sigma Aldrich (St. 

Louis, MO, USA). Genipin was purchased from Wako Chemicals (Osaka, Japan).  

 
Synthesis of Sr-substituted hydroxyapatite  

Strontium-substituted hydroxyapatite (Sr-HA) synthesis was performed through direct 

synthesis in aqueous solution. Briefly, 50 mL of 0.65 M (NH4)2HPO4 solution (pH 10 adjusted 

with NH3) was added dropwise under stirring to the 1.08 M cationic solution Ca(NO3)2·4H2O 

+ Sr(NO3)2, with a Sr/(Ca + Sr) ratio of 0.10 and heated at 90 °C for 4 h. The precipitate was 

centrifuged, dried at 37 °C, finely ground in a mortar and sieved. 

 
Preparation of gelatin-based scaffolds 

To produce gelatin-based scaffolds, gelatin was dissolved in distilled water at 55 °C under 

magnetic stirring and foamed for 90 seconds. Based on the desired lifetime of the scaffold, 2.5 

mL of genipin solution at different concentrations in distilled water were used (Step 1): solution 

0.05, 0.1, 0.15 and 0.2% (w/w of genipin with respect to the amount of gelatin). 2.5 mL of PBS 

(1 M at pH 7.4) were added to accelerate the cross-linking reaction. The foam was then shaped 

in strips with a uniform thickness of 1 mm and length of 18 cm using a 3D-printed doctor-blade 

(Step 2) 20. The strips were kept at 37 °C for 1 h in order to start the cross-linking reaction 

which led to a change of the scaffold’s color from white to blue (Step 3). Cylindrical single- 

and double-layer scaffolds with a spiral cross-section were obtained by hand rolling a single 

damp gelatin stripe and two overlapped gelatin stripes of different composition, respectively. 

The obtained scaffolds were immersed in glycine 0.1 M for 30 min, washed with distilled water, 

immersed in ethanol for 24 h and then freeze-dried overnight. The obtained scaffolds were 

labeled according to their genipin content: G_0.05, G_0.1, G_0.15, G_0.2 (Step 4). In the case 

of double-layer scaffolds, the outer layer was always the stripe cross-linked with the major 

genipin concentration (G_0.2). Samples obtained by overlapping stripes with different genipin 

content were labelled G_0.05/G_0.2, G_0.1/G_0.2 and G_0.15/G_0.2. The preparation method 

is summarized in Scheme 1. 
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Scheme 1. Scheme of preparation of the spiral cross-section scaffolds. 

 
In order to evaluate the scaffolds’ ability to be loaded with drugs, active molecules or inorganic 

phases and then to release them, the composition of G_0.1 stripe was enriched with 30% of Sr-

HA (w/w of Sr-HA with respect to the total weight of Sr-HA and gelatin) by adding it to the 

gelatin suspension before foaming. Cylindrical single- and double-layer scaffolds were 

obtained by curling one strip as previously described (obtaining samples labeled as G_0.1_HA), 

or two superimposed stripes rolled with the G_0.2 strip (double-layer samples labeled as 

G_0.1_HA/G_0.2). Non-curled strips of the same composition as G_0.1_HA were used as 

control and labeled S_0.1_HA. Samples were labeled according to 

their genipin content, expressed as ratio (%) between the weight of genipin and 

gelatin. S_0.1_HA is the single flat layer (non-rolled) scaffold used as reference. The 

compositions of the obtained scaffolds are summarized in Table 13.  

 
Table 13. Composition of the obtained single-layer and double-layer scaffolds. 

 
Samples were labeled according to their genipin content, expressed as ratio (%) between the weight of 

genipin and gelatin. G refers to rolled scaffolds, while S_0.1_Sr-HA is the single flat layer (non-
rolled) scaffold used as reference. 

 
Scaffold Characterization 

Scaffolds were characterized as described in ‘Compressive Tests’ and ‘Scanning Electron 

Microscopy’ sections of Paragraph 3.2.3.  

 
X-ray Diffraction  

X-ray diffraction analyses were carried out by means of an X’Pert powder diffractometer 

(Philips, Eindhoven, Netherlands) equipped with a graphite monochromator in the diffracted 

beam. CuKα radiation (λ = 15,418 Å; 40 mA; 40 kV) was used. XRD patters were obtained in 

the 3–50°/2θ range using a 0.03 step and a 3°/min speed.  

 

Single-layer scaffolds Genipin % (w 
genipin/w gelatin) 

Double-layer scaffolds Genipin % (w 
genipin/w gelatin) 

S_0.1_Sr-HA 0.1  Inner 
layer 

Outer 
layer G_0.05 0.05  

G_0.1 0.1 G_0.05/G_0.2 0.05 0.2 
G_0.15 0.15 G_0.1/G_0.2 0.1 0.2 
G_0.2 0.2 G_0.15/G_0.2 0.15 0.2 
G_0.1_Sr-HA 0.1 G_0.1_Sr-HA/G_0.2 0.1 0.2 
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Extent of crosslinking  

The measurement of the extent of cross-linking is based on the determination of the unreacted 

ε-amino groups belonging to lysine residues. Briefly, selected samples were allowed to react 

with TNBS (trinitro-benzen sulfonic acid) and, after hydrolysis in HCl 6 N, the absorbance of 

the solution was measured at 346 nm against a blank. The moles of ε-amino groups per gram 

of gelatin are obtained by the following formula:  

Moles of ε–amino groups/g of gelatin = '·)·*	
+·,·-	

			                                             7) 

where A is the absorbance value, V is the final volume of the sample, ε is the molar absorptivity, 

x is the optical path and b is the weight of the tested sample, expressed in grams. The degree of 

cross-linking (%) was determined from the ratio between the moles of free ε–amino groups in 

genipin treated gelatin and those in non-crosslinked gelatin. 

 
Water Uptake Ability (WUA)  

The equilibrium water uptake ability was determined after immersion of the pre-weighted dry 

samples in phosphate buffered saline (PBS 0.1 M, pH= 7.4) at 37 °C for 20 s. The weight of 

the wet samples was measured after PBS excess removal. Then, the WUA was calculated 

according to the following equation:  

WUA =	𝑊𝑤	−	𝑊𝑑	𝑊𝑑                                                                                                     8) 

where Ww and Wd represent the weight of the wet and dry sample, respectively. The process 

was repeated in triplicate and data were reported as mean and standard deviation. 

 
Gelatin release  

Gelatin release in NaCl 0.9% solution at 37 °C was determined at increasing times, from 2 to 

70 days by colorimetric method using a bicinchoninic acid protein assay (Sigma Chemicals, St. 

Louis, MO, USA). 

 
Strontium release  

For the evaluation of strontium release kinetics, samples G_0.1_HA/G_0.2, G_0.1_HA and 

S_0.1_HA were weighted, immersed in 5 mL of saline solution (NaCl 0.9% in ultrapure water, 

added with sodium azide to prevent microbial contamination) and stored at 37 °C for different 

periods of time up to 7 days. At every selected time, the medium was removed and replaced 

with 5 mL of saline solution. Three different samples for each time were analyzed. Aliquots of 

the collected medium were suitably diluted with HNO3 0.5 M, containing 10% (w/V) of 

LaCl3·H2O (99% trace metal basis, Sigma Aldrich). Quantitative determination of strontium 

content was made by means of atomic absorption spectrophotometer (AAS, Analyst 400, Perkin 
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Elmer Italia, Milano, Italy) equipped with an air-acetylene burner and a strontium lamp working 

at a wavelength of 460.73 nm. The standard additions method was used.  

 
Statistical analysis  

Statistical evaluation of data was performed using the software package SPSS/PC+ Statistics 

23.0 (SPSS Inc., Chicago, IL, USA). The results presented are the mean of six independent 

values. Data are reported as mean ± standard deviations (SD) at a significance level of p < 0.05. 

After having verified normal distribution and homogeneity of variance, a one-way ANOVA 

was done for comparison 

 

3.2.2 Chitosan and gelatin-based scaffolds for cartilage repair 
 
Materials  

Chitosan (C, degree of deacetylation = 93%, M.W.=100 KDa) was purchased from Faravelli 

(Milan, Italy).  Gelatin (G) from cold water fish (MW=60 KDa) and porcine skin (type A, 300 

Bloom, MW=50-100 KDa) were purchased by Sigma-Aldrich. Acetic acid was purchased from 

Sigma Aldrich (Milan, Italy). Snail slime from Helix Aspersa Muller snails extracted 

by MullerOne method was provided by “I Poderi” farm (Montemerano, Italy), and details are 

reported in Appendix I. 

 
Preparation of chitosan and gelatin-based scaffolds with snail slime 

Chitosan and gelatin-based scaffolds were prepared by suspending the proper amount 

of gelatin (10 % w/v) in acetic acid (2% w/v) under stirring at 35 °C. After complete gelatin 

dissolution, chitosan (2% w/v) was added at RT and the mixture was left under stirring for 2 h. 

Then, the solution was foamed for 5 minutes at room temperature, put in Petri dishes and kept 

at -20°C for 2 hours. The scaffolds were obtained by freeze-drying and labelled GpC and GfC 

for porcine and fish gelatin-based scaffolds, respectively. 

To obtain chitosan and gelatin-based scaffolds containing different amount of snail slime (S), 

the relative volume of S (10 and 30 % v/v) was added to the solution of gelatin and chitosan 

previously dissolved in the remaining volume of acetic acid (2% w/v). The solution was foamed 

for 5 minutes at RT, put in Petri dishes, and kept at -20°C for 2 hours. The obtained scaffolds 

were labelled GpC_S10, GpC_S30 and GfC_S10, GfC_S30, according to the gelatin used and 

the amount of slime employed. The compositions and labels of the obtained samples are 

summarized in Table 14. 
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The dry scaffolds were crosslinked by immersion in a tripolyphosphate (TPP) aqueous solution 

(10% w/V, pH<6) at 4°C for 2 h. Then, the scaffolds were repeatedly washed with abundant 

distilled water, kept for 2 hours at -20°C and then lyophilized.  

 
Table 14. Compositions and labels of the obtained chitosan/gelatin-based scaffolds. 

 
 
Scaffold Characterization 

The mechanical properties were tested as described in section ‘Compressive Tests’ while 

morphological evaluation by means of scanning electron microscopy (SEM) of the obtained 

scaffolds was performed as described in section ‘Electron Microscopy’ of Paragraph 3.2.3.  

 
Swelling degree 

Cubic-shaped (1 cm3) scaffolds were weighted and immersed in 5 mL of PB at 37°C. After 

fixed time intervals (1, 3, 5, 10, 20, 30, 60, 120, 180, 240 and 300 minutes) the samples were 

removed from the solution, wiped with filter paper to remove the excess of liquid and then 

reweighted. The swelling degree was obtained using the following equation: 

Swelling (%) = !2$!3
!3

∙ 100				                                                                               9) 

where Ww and Wd are the weights of the wet and the air-dried sample, respectively.   

 
Scaffold solubility 

After 24 h from the swelling studies, the scaffolds not completely dissolved were removed from 

the solution and dried at 37°C until a constant weight is obtained. The solubility was calculated 

as following: 

Solubilization (%) = !"$!%
!"

∙ 100				                                                                         10) 

where Wi and Wf are the weights of the sample before and after immersion in water, 

respectively. 

 

 

 

 

 

Sample Chitosan  
% (w/v) 

Gelatin % (w/v)  Acetic acid  
% (v/v) 

Snail slime 
% (v/v) Fish Porcine 

GpC 2 - 10 100 0 
GfC 2 10 - 100 0 
GpC_S10 2 - 10 90 10 
GfC_S10 2 10 - 90 10 
GpC_S30 2 - 10 70 30 
GfC_S30 2 10 - 70 30 
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3.2.3 Methods of Characterization 

 
Compressive Tests  

Mechanical characterization of the scaffolds was performed on samples in dry conditions. 

Compression tests were carried out using a 4465 Instron testing machine, equipped with a 1 kN 

load cell. Six samples were tested for each composition, at a loading rate of 1.0 mm/min.  

 
Scanning Electron Microscopy 

Morphological and micro-structural analyses were performed with a Philips XL-20 scanning 

electron microscope (SEM) operating at 15 kV. Scaffolds were sputter-coated with gold before 

the analysis.  

Energy dispersive X-ray spectrometry (EDS) maps were performed on composite scaffolds 

using a Philips XL-20 Scanning Electron Microscope operating at 15 kV.  

Transmission electron microscopy (TEM) investigation of the synthesized powders was carried 

out using a Philips CM 100 transmission electron microscope operating at 80 kV. A small 

amount of powder was dispersed in ethanol and submitted to ultrasonication; then, a drop of 

the suspension was transferred onto holey carbon foils supported on conventional copper micro 

grids.  
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3.3 GELATIN-BASED SCAFFOLDS FOR BONE TISSUE ENGINEERING 
 

Introduction 

The structure of the scaffold plays a critical role in the reconstruction of bone tissues, but 

conventional porous scaffolds exhibit isotropic transmission of stress 21, which hampers their 

integration with the anisotropic host bone. Accordingly, finely designed 3D scaffolds with 

similar structures of natural bone are required for better bone integration and even for successful 

osteointegration and functional reconstruction of bone defects. In fact, it has been demonstrated 

that that spiral- cylindrical arrangement of hybrid chitosan/cellulose/nano-hydroxyapatite 

membranes can promote complete infiltration of bone tissues in vivo 22. Hence, the rolling-up 

strategy has been applied by several groups in scaffold fabrication, also made by nanofibers 23–

26, with the purpose to increase the surface to volume ratio for cell attachment and form a 3D 

non-planar cell matrix 27.  

In this study, I developed new anisotropic gelatin scaffolds for bone tissue engineering by 

assembling gelatin foamed strips, which were curled concentrically to generate a cylindrical 

scaffold with a spiral cross-section, which composition and structure mimic the osteon 

concentric arrangement. The 3D rolled scaffolds were stabilized by crosslinking with genipin, 

a natural crosslinking molecule extracted from the fruits of Gardenia jasminoides Ellis, which 

exhibits low cytotoxicity when compared to other chemical crosslinking agents. Genipin can 

efficiently crosslink cellular tissues and biomaterials containing primary amino-groups to form 

blue pigments 28–31. Different genipin concentrations were tested in order to obtain strips with 

different crosslinking degrees and hence a tunable stability in biological environment.  

Furthermore, the possibility to enrich the material with an inorganic phase was investigated: 

enrichment with strontium substituted hydroxyapatite (Sr-HA) was performed to obtain 

systems with improved mechanical performances and with an anti-osteoporotic activity, thanks 

to a sustained release of strontium over time. Indeed, strontium is known to display a beneficial 

role on bone remodeling, and it has been proposed for the treatment of pathologies associated 

to excessive bone resorption (e.g., osteoporosis) 32,33: its action on bone turnover has been 

ascribed to the combined effect of decrease of bone resorption and enhancement of bone 

formation 34,35, and clinical studies showed a beneficial effect of strontium treatment in 

osteoporotic patients 36,37.  

The approach used (see Scheme 1) provided highly porous multi-layered scaffolds with 

anisotropic mechanical properties and a sustained strontium release, suggesting possible 

applications for the local treatment of abnormally high bone resorption. Moreover, this study 

demonstrates that assembly of layers of different composition can be used as a tool to obtain 
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scaffolds with modulated properties, which can be loaded with drugs or biologically active 

molecules to provide properties tailored upon the needs. 

 
Results and discussion 

Porous gelatin scaffolds can be obtained through foaming and freeze-drying of gelatin aqueous 

solutions 38–40. Herein, we employed an extremely versatile method to prepare composite multi-

layered scaffolds in a very simple way: cylindrical scaffolds were prepared by rolling up one 

or two overlapped layers at different degree of crosslinking, as depicted in Scheme 1. The use 

of doctor-blade, a technique in which a blade with a certain gap height is used to produce porous 

large strips 41, allowed us to obtain regular strips of foamed gelatin (step 2) with a set width and 

thickness and provided highly porous multi-layered scaffolds with anisotropic mechanical 

properties. The compositions and labels of each scaffold are reported in Table 1 (Paragraph 

3.2.1).  

 
Sr-HA Characterization 

It is well known that strontium is present in the mineral phase of bone, especially in the regions 

of high metabolic turn-over 42, and that its administration to post-menopausal women has 

beneficial effect in the treatment of osteoporosis, reducing bone resorption and enhancing bone 

formation. Strontium can easily replace calcium in the hydroxyapatite structure, because of the 

chemical similarity between the two cations. For this reason, Sr-substituted hydroxyapatite, 

with a Sr content of 10% (in atoms), was synthesized and employed for scaffold manufacturing. 

The X-ray powder diffraction pattern of the obtained Sr-HA is reported in Figure 57a, together 

with the pattern of hydroxyapatite (HA) as comparison.  

 

 
Figure 57. a) X-Ray diffraction pattern of strontium-substituted hydroxyapatite (Sr-HA) and of 

hydroxyapatite (HA); b) TEM image of Sr-HA nanocrystals (bar = 100nm). 

All the peaks in Sr-HA pattern are characteristic of hydroxyapatite, which is the only crystalline 

phase obtained from the synthesis. The incorporation of Sr into the crystal lattice of 
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hydroxyapatite is confirmed by the shift of the main diffraction peaks of Sr-HA (25-26.5°/ 

2theta range), at lower angles when compared to those present in the X-ray diffraction pattern 

of the samples synthesized in the absence of strontium (HA), as reported in literature 43. This 

shift is in agreement with the substitution of calcium with the bigger strontium ion into the 

hydroxyapatite structure. Sr-HA appears constituted of nanocrystals with small dimensions 

(about 20 nm long) and an irregular shape, as shown in the TEM image (Figure 57b). 

 
Structural characterization 

The preparation of the scaffolds implied gelatin foaming, crosslinking, and air drying. The 

structural modifications induced by this procedure on gelatin was analyzed using X-ray 

diffraction analysis: the wide-angle X-ray diffraction peak of collagen at about 1.1 nm, which 

is related to the diameter of the triple helix, can be used as an index of the degree of renaturation 

of gelatin 44.  

 
Figure 58. X-rays powder diffraction patterns recorded on gelatin foam (Gel, red), gelatin foam 

containing genipin before lyophilization (G_02_no lyo, blue) and the same sample after lyophilization 
(G_02, black). 

 
Figure 58 reports the wide-angle X-ray diffraction patterns of samples during the different steps 

of the scaffold’s preparation. All the patterns displayed a diffraction peak at about 8°/2q, 

corresponding to the periodicity of 1.1 nm, and a broad halo centered around 20°/2q 

corresponding to a periodicity of about 0.45 nm, due to the distance between adjacent 

polypeptide strands 45. The presence of genipin during the cooling of the foam involved the 

formation of crosslinks which inhibited the conformational disorder-order transition: in fact, 

the 1.1 nm peak displayed a high relative intensity in the pattern recorded from gelatin foam 

(Gel), while it seemed reduced in the XRD pattern of the sample obtained after foaming in 

presence of genipin before lyophilization (G_02_no lyo), suggesting a decrease of the triple 

helix content. The further reduction of the relative intensity of the diffraction peak observed on 
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the scaffold after freeze-drying (G_02) is consistent with a further decrease of the triple helix 

content, in agreement with what previously reported for wet and freeze-dried collagen 46.  

 
Morphological evaluation 

The morphology of the obtained scaffolds was investigated by means of scanning electron 

microscopy. The images in Figure 59a-d, related to single layer rolled scaffolds, confirm the 

high porosity and the interconnection of pores; furthermore, the layers appeared strictly joined, 

forming a continuous network without uneven areas at the joint points. 

 

 
Figure 59. SEM images of single-layer curled scaffolds (a-d): G_0.1 (a,b) and G_0.15 (c,d); flat layer 

scaffold S_0.1_Sr-HA (e) and double-layer rolled scaffold G_0.1_Sr-HA/G_0.2 (g) with their EDS 
map showing the presence of Sr (f and h, respectively). 

 
Figure 59e shows the structure of a single flat layer (S_0.1_Sr-HA) containing Sr-HA: the 

homogeneous distribution of Sr-HA nanocrystals inside the gelatin network is confirmed by the 

EDS maps reported in Figure 59f, where the small bright zones indicate the presence of 

strontium.  

The morphology of the double layered scaffold G_0.1_Sr-HA/G_0.2 is showed in Figure 59g, 

together with its EDS map (Figure 59h): the layered structure is well evident, since the layers 

containing the inorganic phase appear more compact. These images suggest that rolling up 

layers containing Sr-HA provokes a reduction of the pore’s dimensions in comparison with 

those of the flat layer. Moreover, a clear separation between the layers was found: these gaps 

are very important for an improved nutrient transport within the matrix because they could meet 

the nutrient requirement of the inner regenerated tissue which is subject to the restrained 

diffusion rate of oxygen and other nutrient 27. Furthermore, the Sr-HA containing layers can be 

easily identified by the EDS map, which localizes the presence of strontium inside the 

cylindrical structure. 
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Mechanical properties 

Mechanical properties were measured under compression both in longitudinal and transverse 

direction and the results are reported in Figure 60. 

 

 
Figure 60. Mechanical properties in compression, measured in longitudinal and transverse direction. 

Each value is the average of six determinations and is reported with its standard deviation and 
statistical analysis. Asterisks indicate the results of Turkey post-hoc test  

(*p<0.05, **p<0.01 and ***p<0.001). 
 
At variance with the great majory of the porous scaffolds proposed for bone repair 47, the 

peculiar three-dimensional structure of the scaffold resulted in anisotropic mechanical 

properties: both the values of maximum stress at break and of elastic modulus in compression 

were significantly higher when measured along the longitudinal (parallel to the long axis of the 

cylindrical scaffold) than the transverse direction of the scaffolds. Also the values measured in 

the transverse direction were higher than those measured for the flat-layer scaffold S_0.1_Sr-

HA, which showed isotropic mechanical properties when tested both longitudinally and 
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transversely. An improvement of the mechanical properties, especially along the longitudinal 

direction, was obtained through the variation of the crosslinker’s concentration: increasing of 

genipin concentration up to 0.2% (w/w of genipin with respect to the amount of gelatin) 

provoked an increase in the degree of crosslinking up to about 30% and, as a consequence, an 

improvement of both the values of maximum stress at break and of Young’s modulus, as found 

in literature 48. The scaffolds prepared with two different layers exhibited intermediate 

mechanical properties between those of the single-layered scaffolds, while the compaction 

caused by rolling the scaffolds enhanced the mechanical properties (compare the values of 

S_0.1_Sr-HA with those of G_0.1_Sr-HA). The introduction of Sr-HA in the composition of 

the scaffolds provoked a further enhancement of the mechanical properties, in agreement with 

what previously reported for isotropic scaffolds, which showed increasing mechanical 

performances on incresing the inorganic phase content 49: the stress at break of G_0.1_Sr-HA 

measured in longitudinal direction was five times higher than that of G_0.1 (1.6 ± 0.3 for 

G_0.1_Sr-HA and 0.3 ± 0.1 for G_0.1), whereas the values of the mechanical parameters along 

the transverse direction did not show significant variation as a function of composition.  

 
Extent of crosslinking 

The extent of crosslinking calculated for single-layer rolled scaffolds is reported in Table 15. 

The crosslinking degree significantly increased from G_0.05 to G_0.2, in agreement with the 

increase of genipin concentration used for the preparation of the scaffolds. 

 
Table 15. Extent of crosslinking (%). 

 
Each value corresponds to the average of three determinations and it is reported with its own standard 

deviation. 

 
Water Uptake Ability  

The water uptake ability (WUA) of the samples was calculated by means of Equation 2: when 

the composition was enriched with Sr-HA, the values were normalized to the weight of gelatin 

alone. Values reported in Table 16 highlight that the amount of adsorbed PBS depends on the 

number of layers used to prepare the scaffolds. Indeed, the double-layered samples displayed 

WUA values higher than those of single-layer scaffolds (e.g., G_0.1/G_0.2 vs G_0.1 or 

G_0.15/G_0.2 vs G_0.15), most likely because of the presence of uneven areas between 

Sample Crosslinking 
G_0.05 
G_0.1 
G_0.15 
G_0.2 

8 ± 1 
14 ± 3 
26 ± 2 
30 ± 1 

G_0.1_Sr-HA 15 ± 3 
 



 134 

different layers, which could provide more space for the solution uptake. The presence of Sr-

HA inside the scaffolds did not influence significantly the WUA. 

 
Table 16. Water Uptake Abilities. 

 
Each value in the table corresponds to the average of three determinations and it is reported with its 

own standard deviation. 
 
Gelatin release 

Average values of the amount of gelatin released from the samples after immersion in NaCl 

0.9% at 37°C are reported in  

 

Table 17. The higher the concentration of genipin used to crosslink the scaffold, the longer the 

lifetime of the material: the scaffold with the highest percentage of genipin achieved a strong 

stability and it did not dissolve even after 70 days, while the dissolution of samples cross-linked 

with lower genipin concentrations started already at 14 days. 

 
Table 17. Gelatin release (% w). 

 
Each value is the average of tree determinations and is reported with its standard deviation. 

 
Strontium release 

The amount of strontium released as a function of soaking time in NaCl 0.9% at 37°C was 

evaluated by means of atomic absorption spectrophotometric analysis. The results reported in 

Figure 5 show that the strontium cumulative release after seven days reached values of about 

23% for the double-layer rolled scaffolds, 16% for the single-layer rolled scaffolds and 14% 

for the flat layer, following the same trend of the water uptake ability results.  

 

Sample WUA (gPBS / ggelatin) 
S_0.1-Sr-HA 
G_0.05 
G_0.1 
G_0.15 
G_0.2 

1.7 ± 0.3 
3.1 ± 0.9 
2.2 ± 0.8 
2.2 ± 0.3 
2.1 ± 0.4 

G_0.1_Sr-HA 1.8 ± 0.3 
G_0.1/G_0.2 5.0 ± 0.6 
G_0.15/G_0.2 6.9 ± 0.7 
G_0.1_Sr-HA/G_0.2 5.0 ± 0.4 

 

 Time (days)  
Sample 2  7 14 21 28 49 70 
S_0.1_Sr-HA 14.8± 0.1 22.7± 0.1 33.7± 2 39.3± 1.3 49± 2 dissolved dissolved 
G_0.05 26± 2 47± 2 dissolved dissolved dissolved dissolved dissolved 
G_0.1 16± 1 26.9± 0.9 36.8± 0.4 44.3± 0.8 52.1± 0.6 dissolved dissolved 
G_0.15 12± 1 20.7± 1 28.1± 0.4 34.6± 0.2 40.9± 0.2 66± 1 dissolved 
G_0.2 11± 1 17.6± 0.8 23.7± 0.9 28.7± 0.5 32.7± 0.6 38.6± 0.6 56± 2 
G_0.1_Sr-HA 16.5± 1 27± 0.6 36.5± 0.8 44± 1 52.8± 0.5 dissolved dissolved 
G_0.05/G_0.2 22± 1 39± 1 44± 1 50± 2 54± 2 60± 2 dissolved 
G_0.1/G_0.2 14.7± 0.8 24± 1 34± 2 42± 1 49± 1 61± 1 dissolved 
G_0.15/G_0.2 11± 0.6 20± 0.8 25± 0.8 34± 1 42± 2 50± 2 65± 2 
G_0.1_Sr-HA/G_0.2 15± 1 24.3± 0.6 33± 1.4 40.8± 2 48.3± 1 61.3± 1 dissolved 
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Figure 61. Strontium cumulative release from samples G_0.1_Sr-HA/G_0.2 (red), G_0.1_Sr-HA 

(green) and S_0.1_Sr-HA (blue) as a function of soaking time (days) in NaCl 0,9% at 37°C. 
 
These results suggest that the greater amount of solution that the double-layer rolled scaffolds 

were able to absorb could be responsible for the greater strontium release in solution.  

 
Conclusions 

Cylindrical layered scaffolds were obtained through curling of one or two gelatin strips on 

themselves, combining stripes with different crosslinking degree. The rolled scaffolds 

displayed high porosity, although slightly lesser than that of the flat scaffold, because the rolling 

up provoked shrinkage of the pores. Morphological investigation showed the clear separation 

between the layers of the double-layered curled scaffolds, responsible for the greater water 

uptake ability of these materials in comparison with those measured for the single-layer rolled 

scaffolds. On the other hand, the separation between the layers did not seem to influence the 

mechanical properties. In fact, the mean values of the elastic moduli were in the range reported 

for normal cancellous bones 50, which also display anisotropic behavior 51,52. It follows that the 

rolled scaffolds developed in this work could find useful applications in defects of trabecular 

bone tissue. Moreover, the mechanical compressive tests revealed the anisotropic behavior of 

the samples, which exhibited better mechanical properties when compressed along the 

longitudinal direction; only the flat scaffold showed isotropic performances. An improvement 

of the mechanical properties was achieved by increasing the crosslinking degree, which also 

modulated the scaffold stability. All scaffolds displayed a sustained strontium release over time, 

especially for the double-layered rolled scaffolds. The release can be tuned by varying the layer 

where the drug is loaded or loading the drug in both layers, as well as increasing the gap 

between layers, indicating that these scaffolds can be used as systems for the local treatment of 

pathologies characterized by abnormally high bone resorption. 
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3.4 CHITOSAN AND GELATIN-BASED SCAFFOLDS FOR CARTILAGE REPAIR 
 

Introduction 

There are different types of cartilage (hyaline, elastic, and fibrous cartilage), that differ by their 

position within the body and their composition. Hyaline cartilage is a tough and flexible tissue 

that allows the nearby bones to slide over one another, it is subjected to a high stress and acts 

as shock absorber. For these reasons, damages to cartilage are quite common both as sport 

injury and due to osteoarthritis. However, self-repair ability of cartilage is limited by its 

avascular nature and by the limited proliferation capacity, low density, and tendency to de-

differentiate of cartilage cells (chondrocytes) 53,54. Common treatments are mosaicplasty and 

autologous chondrocytes injection, but the structure of the native cartilage is not reproduced. 

Tissue engineering is a promising strategy to overcome these problems, using scaffolds to 

deliver cells and signalling molecules, thus allowing the repair of the damaged tissue 55.   

Natural biopolymers are inherently biomimetic and may be biodegraded through enzymatic and 

hydrolytic degradation. On the other hand, these materials have inadequate mechanical 

properties and hence they are normally used in blend. Among the most used biopolymers in 

tissue engineering, chitosan and gelatin were selected in this project for scaffold preparation.  

Indeed, chitosan has repetitive units in common with the main cartilage glycosaminoglycans, 

allowing the formation of a structure similar to the cartilage extracellular matrix through 

electrostatic interactions, and thus creating a favorable environment for normal cellular 

processes of chondrocytes. Chitosan is also able to promote the chondrogenic activity and the 

cartilage-specific protein expression 56 and so, chitosan-based composite scaffolds have 

become very appealing for the restoration of articular cartilage 57. 

The combination of chitosan and a biopolymer like gelatin or collagen has gained attraction in 

cartilage tissue engineering, due to the non-toxicity and biocompatibility of the biopolymers 58. 

Gelatin was introduced to improve the mechanical properties of the scaffolds and to obtain a 

controlled and regular porosity, a fundamental requirement to promote cell proliferation. Two 

types of gelatins were used: one extracted from cold water fish, and one extracted from porcine 

skin. In fact, nowadays the use of fish gelatin overcomes some concerns related to gelatin 

extracted from mammals (such as the increasing number of vegetarians, religious issues and 

the possibility of pathogen transmission) and, in addition, could provide a valuable alternative 

source of gelatin, being the major by-product of the fish-processing industry. Furthermore, 

blending chitosan with fish gelatin improved the mechanical properties and decreased the 

permeability of films, as reported in literature 59.  

Since we have previously demonstrated that snail slime is able to induce modifications to the 

properties of film based on chitosan and gelatin, we wanted to investigate its influence on the 
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properties of scaffold designed for cartilage regeneration. Herein, scaffolds with different 

percentage by volume of snail slime (0, 10, 30 % v/v) and with different types of gelatins were 

produced. At present, the mechanical and solubility properties were evaluated, together with 

the swelling degree and the morphology of all formulations. Further analyses will be performed 

to assess the biological compatibility of these scaffolds and their effectiveness as potential 

platforms for cartilage tissue engineering.  

 
Results and discussion 

Preliminary attempts have been made to set up the experimental conditions for the preparation 

of chitosan and gelatin-based scaffolds with snail slime. The scaffolds were prepared with two 

different types of gelatins, from porcine skin and from cold water fish skin, following the same 

procedure. As for film preparation (see Paragraph 2.2.1), chitosan concentration was set to 2% 

w/v, while gelatin concentration was set to 10% w/v: a lower amount of gelatin provided an 

insufficient porosity while higher percentages did not improve the porosity but only the 

scaffold solubility.  

 
Crosslinking 

Scaffolds were crosslinked through immersion for 2 hours at 4 °C in an aqueous 

tripolyphosphate solution: tripolyphosphate (TPP) has indeed received increasing attention as 

an alternative crosslinking agent with respect to glutaraldehyde and genipin, due to its excellent 

biocompatibility 60. Moreover, the multiple phosphate groups interact with the protonated 

amino groups present in chitosan and in some amino acid residues, so it could be an effective 

crosslinker for both chitosan and gelatin. However, while scaffolds prepared with porcine 

gelatine were crosslinked, the same process was ineffective for scaffolds containing fish gelatin: 

this method was not able to crosslink the fish gelatin, while provided a strong ionic interaction 

with the porcine one. This result can be explained by a different amount of -NH2 moieties 

occurring in fish and porcine gelatin. The number of moles of ε-amino groups per 

gram of gelatin was evaluated through Equation 1, resulting in 7,14·10-5 and 2,16·10-4 for fish 

and porcine gelatine, respectively, thus confirming our hypothesis.  

In accordance with the obtained results, further characterizations were performed on non-

crosslinked fish gelatin scaffolds, and on crosslinked porcine gelatin scaffolds. 

 
Swelling degree 

In contact with body fluids, the scaffolds absorb physiological fluids, thus increasing volume 

and weight. In order to get information about scaffolds’ behaviour in physiological conditions, 
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swelling and solubility tests were performed in PB at pH 7.4.  The swelling profiles of all the 

obtained scaffolds are reported in Figure 62.  

 

 
Figure 62. Swelling curves obtained for scaffolds prepared using fish (A) and porcine 138elatin (B) in 

combination with chitosan and snail slime. 
 
The swelling curves of the fish gelatin-based scaffolds prepared with different amount of snail 

slime were very similar: scaffolds reached immediately the maximum water content and then 

decreased in weight (see Figure 62A). This trend is associated to the faster solubilization of fish 

gelatin-containing scaffolds compared to porcine gelatin-based scaffolds (Figure 62B). The 

addition of snail slime did not seem to affect the water absorption of the biomaterials.  

Porcine gelatin-based scaffolds without snail slime (GpC) and with 30% v/v of slime 

(GpC_S30) showed a similar swelling trend, while the samples containing 10% v/v of snail 

slime (GpC_S10) showed lower swelling values. A probable explanation could be the ability 

of some macromolecules present into snail slime to act as crosslinker for gelatin. 
 
Scaffold solubility 

In order to modulate the lifetime of the scaffold in physiological conditions a crosslinking step 

by immersing the scaffolds in TTP for 2 hours was performed. The scaffolds’ solubility values 

(%) after 24 h of immersion in PB at 37 °C and after the crosslinking step are listed in Table 

18. 

Table 18. Solubility values at 24 hours and after the crosslinking step. 

 
 

All the scaffolds were characterized by a very high solubility after 24 h, limiting their possible 

applications in the biological field. The comparison between the solubility before and after 

immersion in TPP solution (Table 18) is a further evidence of the crosslinking occurrence, even 

Sample Solubility % Solubility %  
after cosslinking 

GfC 74.1 ± 0.5  
GpC 71.1 ± 3.0 38.1 ± 8.5 
GfC_S10 85.9 ± 0.5  
GpC_S10 79.2 ± 0.1 71.7 ± 1.2 
GfC_S30 83.4 ± 0.5  
GpC_S30 74.6 ± 0.4 67.0 ± 2.8 
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if the extent of crosslinking is probably low. While the crosslinking of fish gelatin-based 

scaffolds was not efficient, that of porcine gelatin-based scaffolds is evident from the table: the 

solubility of GpC was 71.1% before the crosslinking step and reached 38% following 

immersion in TPP. Interestingly, the presence of snail slime in the formulations of the scaffolds 

led to a decrease of the effectiveness of the cross-linking step: indeed, the solubility values for 

samples containing 10% and 30% (GpC_S10 and GpC_S30, respectively) of slime differed 

only slightly from the original values. 

 
Compressive Tests 

Mechanical tests in compression were carried out on dry specimens and the stress-strain curves 

are reported in Figure 63.  

 

 
Figure 63. Stress-strain curves of the chitosan scaffolds in combination with A) fish gelatin and B) 

porcine gelatin.  
 
As usual, the compressive stress–strain curves of the porous scaffolds showed three distinct 

zones: a first linear elastic part, a collapse plateau since the area increases during compression, 

and a quick increase in slope due to a densification. 

The ideal Young’s modulus of a scaffold for cartilage replacement is in the range of 0,4 and 

0,8 Mpa 61,62. The moduli of dry scaffolds are graphed in Figure 64: reference scaffolds 

containing porcine gelatin exhibited a higher elastic modulus than those containing fish gelatin, 

and both these values are not far from the suggested working range. Addition of 10% v/v of 

snail slime greatly enhanced the elastic modulus of fish gelatin-based scaffolds: the value of 

GfC_S10 was about six times higher than that of GfC, while 30% v/v of slime produced only a 

minimum increase. The elastic modulus of GpC_S10 was not significantly different from that 

of GpC, while a higher amount of slime (GpC_S30) led to a decrease of about 40%, even if the 

modulus value fits to the required ones (Figure 64). Overall, the values for dry samples are 

adequate for cartilage replacement. 
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Figure 64. Elastic Young’s moduli of the obtained scaffolds. 

 

Scanning Electron Microscopy 

Scanning electron microscopy images, reported in Figure 65, were collected on dry samples to 

evaluate any morphological change on scaffolds before and after solubility tests. 

 

 
Figure 65. SEM images of the obtained scaffolds: A) GpC; B) GpC after 24 h of immersion in PB; C) 
GpC_S10 after 24 h of immersion in PB; D) ) GpC_S30; E) Surface of GpC; F) Surface of GpC after 

24 h of immersion in PB; G) GfP and H) GfP_S30 after 24 h of immersion in PB. 
 
All the scaffolds showed a porous structure with interconnected pores. Scaffold GpC was 

characterized by a compact structure with well-defined and separated pores (Figure 65A). After 

24 h in PB at 37°C the pore size increased (Figure 65B), probably as a consequence of the 

scaffold‘s partial solubilization. The addition of snail slime increased the porosity and provided 

jagged pore edges: a more open structure was indeed observed in GpC_S10 samples, which 

showed an ordered structure with more defined pore borders after the solubility tests (Figure 

65C). Increasing amount of snail slime (GpC_S30) led to a layered structure with small pores 

(Figure 65D). Higher magnifications of porcine gelatin-based scaffolds revealed surfaces 

characterized by well-defined bubbles (Figure 65E), probably due to the precipitated TTP salt 

after the crosslinking step. It is very likely that, thanks to its affinity to the scaffold, the 

phosphorus salt re-precipitates on its surface and is not eliminated after the solubility tests 

(Figure 65F). This could be the reason why an increase in weight of above 20% after 

crosslinking was found. 
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The scaffold GfC seemed more layered than the corresponding formulation with pig gelatin 

(Figure 65G) and no differences were observed before and after solubility. Scaffolds with 30 

% v/v of snail slime, made both with fish and porcine gelatin, were characterized by a different 

microstructure, as showed in Figure 9H, probably due to the high volume of slime added that 

contains macromolecular aggregates.  

 
Conclusions 

Herein, chitosan and gelatin-based scaffolds in combination with different percentages in 

volume of snail slime were produced. The biomaterials were fabricated employing both gelatin 

from cold water fish and that from porcine skin, to overcome some of the concerns related to 

the use of porcine derivatives. However, the fish gelatin-based scaffolds revealed lower 

performances when compared to those of porcine gelatin-based ones. All scaffolds were 

subjected to a crosslinking step in order to modulate their solubility and thus their stability in 

physiological conditions. The crosslinking step performed by dipping the scaffold into TPP for 

2 hours was not very effective for scaffolds containing snail slime and was only suitable for 

scaffolds based on porcine gelatin. It is therefore necessary to find an alternative method of 

crosslinking chitosan and gelatin in a natural way and avoiding toxic products. The 

morphologic analysis revealed highly porous structures, with an increased general porosity after 

24 hours of immersion in PB, probably due to the relative solubility of the scaffolds. The 

mechanical properties performed on dry scaffolds were suitable and the Young’s elastic moduli 

were in the range of those of native cartilage. Further analyses are necessary to verify the 

effective biocompatibility of these materials and their ability to produce type II collagen.  
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Chapter 4. 
BONE CEMENTS 

 

4.1 INTRODUCTION 

Bone is a dynamic tissue that undergoes continual adaptation during vertebrate life by bone 

remodeling, the process underlying the maintenance of the skeletal system. This is a lifelong 

process which responds to functional demands and controls the continuous reshaping of bone. 

Most of the bone-related pathologies lead to an imbalance in the rate of apposition of new bone 

tissue with respect to bone resorption (e.g. osteoporosis) 1, and hence to the formation of bone 

defects. Also, trauma, tumor resection and age-related loss of bone mass can cause bone defects, 

inducing a high demand for bone filling materials.  

Autologous bone grafts are still the ‘golden standard’ filling materials in bone surgery, but in 

certain settings, especially in extensive bone defects, this method of treatment could be 

insufficient and could only pose an additional trauma for the patient 2.  

Since natural bone is a complex material with well-designed architecture, to achieve successful 

bone integration and regeneration, the constituents and structure of bone-repairing materials 

need to be functionalized synergistically based on biomimetics: in the context of tissue 

engineering, many attempts to obtain biomimetic-inspired  bone-repairing scaffolds or cement 

have been made, using both organic and inorganic compounds 3. 

Since 1920, compounds of calcium phosphate (CaP) have been investigated as bone repair 

materials, but they had only limited use in clinical applications until the 1970s. Only in the early 

1980s the clinical potential of CaP materials further increased with the development of self-

setting calcium phosphate cement (CPC) by Brown and Chow 4,5. They found that a slurry 

containing appropriate amounts of tetracalciumphosphate (TTCP: Ca4(PO4)2O) and dicalcium 

phosphate (DCPD: CaHPO4 2H2O or DCPA: CaHPO4) led to the precipitation of 

hydroxyapatite (HA) and was capable to be moulded into bone defects and implant sites, self-

set and harden in situ to form a scaffold, providing stability 5. Being the inorganic phase of bone 

tissue a poorly crystalline hydroxyapatite, CPCs have the potential to mimic the mineral phase 

of native bone: hence, bone tissue is formed in direct contact with calcium phosphate cement 

and without the generation of undesirable fibrous capsules. In fact, the biomimetic CPC 

provides a preferred substrate for cell attachment and support the proliferation and expression 

of osteoblast phenotype 6. CPCs are supposed to be subject to biological degradation and 

concomitant replacement by bone tissue, but their degradation in vivo is very slow 7 due to the 

low solubility of hydroxyapatite and to the limited extent of porosity of these materials 8.  
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In addition to their excellent biological behavior, the main advantage of CPCs is that they can 

be injected into a defect area, providing intimate adaptation to the surrounding bone even for 

irregular shaped cavities 9. CPCs offer great opportunities to decrease the invasiveness and 

painfulness of surgical procedures, reducing recovery time and increasing the overall benefits 

for the patient 10: hence, they gained clinical acceptance for bone substitution and augmentation, 

especially in percutaneous surgery 6. Currently, there is no common understanding about the 

meaning of injectability: for many authors, it is related to the injection force that must be applied 

to a syringe in order to deliver the cement paste. This definition, however, seems to measure 

the ease of injection, which depends on the injection system, rather than the injectability of a 

paste and, in addition, it does not consider the quality of the extruded paste 9. Bohner and 

Baroud defined the injectability of a paste as the ability to stay homogeneous during injection, 

independently from the injection force 9. 

Poor injectability of CPCs primarily arises from the separation of the solid and liquid phases 

(also called filter-pressing) during cement delivery from a syringe/cannulated needle 

arrangement 5. Phase separation probably causes a deviation of the actual composition of the 

extruded paste from the initial one 9 and extravasation from the surgical site, being detrimental 

to the final properties of the set CPC 5. In the last few decades, many of the studies attempting 

to optimize CPCs for clinical applications have focused on improving their delivery to the 

surgical site through injection, with vary degrees of success. For this reason, in both studies 

reported in Paragraph 4.3 and 4.4, the compositions of cements were adjusted in order to obtain 

injectable formulations. 

 
The properties of bone vary more than in any other organs as one move from its edge to the 

center: shifting from the dense cortical surface to the lighter trabecular interior and then to the 

soft bone marrow, porosity, vascularization, and remodeling rate increase and, hence, there is 

the need for a material with tailored and tunable properties 11. Depending on age, gender, 

location within the body and stress imposed on it, the compressive strength of bone varies 

widely. As a consequence, the required compressive strength depends on the clinical 

application 5. 

To improve mechanical properties of CPCs, the incorporation of high-strength biomaterials 

such as chitosan lactate, collagen and other polymers 12 into cements composition has been 

widely explored. Among them, gelatin would be the preferred material because of its excellent 

biocompatibility and because it does not express antigenity in physiological conditions 13: 

moreover, it is completely resorbable in vivo 14. Due to these properties, gelatin has been chosen 

to be incorporated in the composition of the cements I prepared. α-TCP was indeed mixed with 
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gelatin to form a suspension, that was dried, crushed and sieved (<40 μm). Then, it was 

combined with the weighed amount of DCPD, constituting the starting powder phase of the 

cements. 

After an orthopedic surgery, one of the most adverse complications is the development of 

infections (e.g., osteomyelitis), which can lead to pain, prolonged recovery, and re-operation 
15. For this reason, in the research project reported in Paragraph 4.3 and published in a scientific 

international journal 16, I investigated the possibility to employ solid lipid microparticles (MPs) 

loaded with an antibiotic to confer the cement with antibacterial properties. The use of MPs is 

a strategy for overcoming the adverse effects on the mechanical and hardening properties of 

cements produced by the addition of a drug (or of any other substance) directly to the starting 

powders. Moreover, in addition to their ability to represent drug delivery platforms inside the 

cement, microparticles, as a result of their in vivo degradation, are also exploited to enhance 

cements’ macroporosity, which is one of the main critical issues of CPCs. The ability of drug-

loaded cements to inhibit bacterial growth has been evaluated in vitro by means of Kirby-Bauer 

tests against a panel of clinical isolates thanks to the collaboration with the research team of 

Prof. Bonvicini at Microbiology Unit of the St. Orsola-Malpighi University Hospital, with 

satisfying results. Moreover, the cytotoxicity assessment performed by the IRCCS Rizzoli 

Orthopedic Institute revealed a good colonization of the cement’s surface, confirming the 

suitability of these platforms. 

In Paragraph 4.4 the main limitation of the CPCs is further targeted: their poor mechanical 

properties are still the major issue limiting their applications. A very effective reinforcement 

strategy, also used in cements for buildings, is the insertion of fibres in the cement’s 

composition.  

In this study I demonstrated the feasibility of obtaining a self-assembly of fibers within the 

cement paste: a gelator capable of forming supramolecular structures has been used, and the 

formation of fibres has taken place even in the presence of such a large quantity of powders. 

Self-assembly occurred thanks to the presence of Ca2+ ions (introduced as CaCl2) as gelator 

trigger for the self-assembling mechanism. This method has allowed to obtain cements with 

larger pore diameters and fibres with a good adhesion with the surrounding apatite matrix, 

ensuring a mechanical reinforcement of the material. Further studies could be addressed to the 

structural modification and functionalization of the peptidic gelator by means of bioactive 

molecules or drugs, which would enrich the therapeutic capacity of the CPC platform. 
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4.2 EXPERIMENTAL PART 
 

4.2.1 Development of antibacterial calcium phosphate bone cements 
 
Materials  

Cutin® HR (hydrogenated castor oil) was purchased from Farmalabor S.R.L., Italy. Porcine 

gelatin (type A, 300 Bloom) was purchased from Sigma Aldrich (St. Louis, MO, USA). 

Gentamicin sulphate (GS) was purchased by Carlo Erba, Italy. α-TCP was obtained by solid 

state reaction of a mixture of CaCO3 and CaHPO4·2H2O in the molar ratio of 1:2 at 1300 °C for 

5 h, crushed in a ball mill and sieved (<80μm). 

 
Production of microparticles 

Microparticles made of Cutin® HR (MPs) were produced by the spray-congealing process. In 

order to prepare microparticles containing 20% w/w of Gentamicin sulphate (MPsGS), the 

proper amount of GS was slowly added under stirring to the melted Cutin to obtain a 

homogeneous suspension, which was then subjected to atomization. Obtained MPs were 

collected, sieved (range 75-250 μm) and stored in polyethylene closed bottles at 4 ± 2 °C. 

 
Cement preparation  

Starting cement powders were made of 475 mg of the gelatin/α-TCP (15% wt of gelatin with 

respect to the total amount) and 25 mg of DCPD (CaHPO4·2H2O). Powders were packed in a 

Teflon mold (6 × 12 mm) and mixed in an electric mortar (3 M ESPE RotoMix) two times for 

20 s. A liquid to powder ratio of 0.24 mL/g was used with distilled water as liquid phase. After 

addition of the liquid phase, cement powders were mixed in the electric mortar two times for 

20 s to obtain a paste of workable consistency and compacted for 1 min inside the Teflon mold 

by using a 4465 Instron dynamometer set at 70 N. After 10 min from the compaction, cement 

samples were demolded and immersed in PB at 37 °C and pH 7.4 up to 21 days. These cements 

were used as control and labeled C. For the preparation of cements enriched with different 

additives (GS and/or BaSO4 and/or MPs and/or MPsGS) the same procedure was followed, 

maintaining the same amounts of starting cement powders. The amount of each additive was 

calculated with respect to the weight of the starting powders and was added before mixing with 

the liquid phase. The cement compositions and the corresponding labels are reported in Table 

19. 

To obtain cement pastes of flowable consistency, the injectable cements were prepared as 

described above, adjusting the liquid to powder ratio for each composition and labelling the 

samples by adding ‘in _’, as reported in Table 19. 
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Table 19. Compositions, labels, and liquid/powder ratio of the obtained cements.  
Each additive is expressed as % w/w with respect to the starting powders (α-TCP/gelatin mix 

+DCPC). 

 
 
Cement preparation for biological assays 

For biological assays, the cylindrical cements samples obtained after compaction inside teflon 

molds were demolded, cut into slices (d= 6mm, h= 1,5 mm) and stored at 37°C for 7 days to 

allow cement’s hardening. After this time, samples were sterilized by gamma irradiation 

(cobalt-60 at 25 kGy).  

 
Microparticles Characterization 

Morphological evaluation by means of scanning electron microscopy (SEM) of the obtained 

MPs was performed as described in the ‘Scanning Electron Microscopy’ section of Paragraph 

4.2.3.  

 
Evaluation of drug content  

The drug content was measured by a spectrophotometric method that requires the use of 

Ninhydrin as derivatizing agent. Ninhydrin, freshly prepared before each determination, was 

prepared by dissolving 125 mg of powder in 25 mL of phosphate buffer (PB) pH 7.4 at RT.  

For the calibration curve, proper aliquots of GS standard solution (1 mg/mL in PB) were mixed 

with 2 mL of Ninhydrin solution and the volume was filled up to 10 mL with PB to obtain a 

Gentamicin concentration ranging from 70 to 150 µg/mL. The solutions were heated at 95°C 

for 15 min and then cooled in ice for 10 min. Spectra were registered from 200 to 800 nm and 

the absorbance was read at 400 nm (R2 =0,997). For the determination of drug content, 30 mg 

of MPsGS were accurately weighted and added to 10 mL of PB pH 7,4. The suspension was 

Label BaSO4 
%  

GS  
%  

MPs 
% 

MPsGS 
% 

L/P 
(mL/g) 

 10 2 4 8 10 10  
C       0.24 
C_GS2  x     0.24  
C_GS4   x    0.24  
C_GS8    x   0.24  
C_Ba x       0.24  
C_Ba_GS2 x x     0.24  
C_Ba_GS4 x  x    0.24  
C_Ba_GS8 x   x   0.24  
C_MPs     x  0.24  
C_MPsGS      x 0.24  
C_Ba_MPs x    x  0.24  
C_Ba_MPsGS x     x 0.24  
C_Ba_GS2_MPsGS x x    x 0.24 
in_C_Ba x      0.55 
in_C_Ba_GS2 x x     0.60 
in_C_Ba_MPs x    x  0.65 
in_C_Ba_MPsGS x      x 0.65 
in_C_Ba_GS2_MPsGS x x    x 0.75 
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heated at 95°C (~10°C above Cutin melting point), gently shaken for 1 hour and filtered.  2 mL 

of the filtered solution were poured into a flask with 2 mL of derivatizing agent and properly 

diluted with PB. The samples were analyzed in duplicate, and the encapsulation efficiency (EE) 

calculated as follows: 

EE (%) = 
23
24	

⋅100                                                                                                     11) 

where Wa was the actual drug content and Wt the theoretic one.  

 
Drug release from MPsGS  

For the GS release kinetic from MPsGS measurement, 15 mg of MPsGS were accurately 

weighted and added to test tubes with 5 mL of 0.1 M phosphate buffer (PB) pH 7,4. Tubes were 

kept at 37 °C and the solution was completely filtered after set time intervals (15, 30, 60, 120, 

180, 240 and 300 min) using a syringe with a straw equipped with 8 μm filter. The same amount 

of fresh buffer solution was replaced every time in each tube. The analysis was carried out in 

duplicate. GS content in filtered solution was evaluated by means of Ninhydrin derivatization, 

as reported above. GS powder (5 mg/5 mL of PB pH 7,4) was used as reference.  

 
Hot Stage Microscopy (HSM) 

The measure was carried out on hot stage apparatus (Mettler-Toledo S.p.A) mounted on Nikon 

Digital Net Camera DN100 for the images acquisition. MPs and MPsGS were heated from 

35°C to 110°C (~20°C above the excipient melting point) with a scanning rate of 10°C/min. 

 
X-ray diffraction analysis 

X-ray diffraction analyses were carried out by means of a Philips X’Celerator powder 

diffractometer, using CuKa radiation (l= 1,5418 Å; 40 mA, 40 kV). MPs were packed into 

recessed slide and the diffraction patterns were obtained in the 3- 50°/ 2q range using a 0,03° 

step and a 3°/min speed. 

 
Cement Characterization 

The mechanical properties were tested as described in the ‘Compressive Tests’ section of 

Paragraph 4.2.3; then, a two ways analysis of variance (ANOVA) followed by Bonferroni's 

Multiple comparison test was employed to assess statistical significance of the experimental 

conditions (p < 0.05). Cements were characterized as reported in ‘X-ray diffraction’, ‘Scanning 

Electron Microscopy’, ‘Evaluation of injectability’ and ‘Evaluation of cohesion’ sections of 

Paragraph 4.2.3. 
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Setting times determination  

Initial and final setting times were determined by the Gillmore method (ASTM, American 

Society for Testing and Materials: C 266- 89). Measurements were performed at 37 °C for the 

injectable composition and at room temperature for the pastes. 

Micro-CT characterization  

To obtain a quantitative and tridimensional analysis of cement's porosity, selected samples 

(C_Ba, C_GS2, C_MPsGS and C_Ba_GS2_MPsGS after 21 days of soaking in PB solution) 

were scanned using a high-resolution micro-CT SkyScan 1172 (Bruker Micro-CT, Kontich, 

Belgium) using CTAn software (version 1.17.7.2, Bruker). The voltage source and the current 

were set at 100 kV and 100 μA respectively, using a Cu/Al filter and with a nominal resolution 

of 6,5 μm (pixel dimension). A cylindrical volume of interest (VOI) of 5 mm in diameter and 

7 mm in height was defined in each sample. Then, the following 3D parameters related to the 

material porosity were calculated: 

–  the closed porosity P.cl (%), defined as the ratio between the volume of the closed and not 

3D interconnected pores detected in the scaffolds and the total volume (VOI); 

– the open porosity P.op (%), defined as the ratio between the volume of the open and 3D 

interconnected pores with the scaffold surface detected in the scaffolds and the total volume 

(VOI); 

– the total porosity P.tot (%), defined as the ratio between the volume of the pores detected in 

the scaffolds and the total volume (VOI). 

Moreover, in the same VOI, a 2D analysis of porosity size distribution was carried out 

calculating the diameter (in mm) of the circle having the same area as the single measured pore 

detected in each tomographic section and given as percentage in relation to the occupied area.  

 
Antibacterial activity  

The antibacterial activity of disk-shaped samples C_Ba, C_Ba_GS2, C_Ba_MPs, 

C_Ba_MPsGS and C_Ba_GS2_MPsGS was evaluated in vitro against a panel of defined 

control strains from the American Type Culture Collection (ATCC), including three Gram-

positive (Staphylococcus aureus ATCC 25923, Staphylococcus epidermidis ATCC 12228, 

Enterococcus faecalis ATCC 29212) and three Gram-negative bacterial strains (Escherichia 

coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Klebsiella pneumoniae ATCC 

9591). In addition, 20 clinical isolates recovered from patients with chronic bone or prosthetic 

joint infections at the Microbiology Unit, St Orsola Malpighi University Hospital (Bologna, 

Italy) were used. Clinical strains were isolated on BD Columbia Agar with 5% sheep blood 

(Becton Dickinson, GmbH, Germany) and confirmed by MALDI-TOF MS (BrukerDaltonik, 
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GmbH, Germany) (Croxatto, A 2012). Their antibiotic susceptibility was determined by using 

the Vitek2 semi-automated system (bioMerieux, France) and interpreted following EUCAST 

guidelines (EUCAST). For the Kirby-Bauer (KB) disk diffusion assay, the surface of Mueller-

Hinton (MH) agar plate (Sigma-Aldrich) was inoculated with the bacterial suspension at 0.5 

McFarland, and sterilized disks (Ø = 6.0 mm) were placed on the agar plates. As control, 

gentamicin disk (GMN 10 μg) was included in each assay. After 24 h of incubation at 37 °C 

the agar plate was observed and the inhibition zone diameters (corresponding to the bacterial-

free zone around the disk-shaped sample) was measured to the nearest whole millimeter with a 

ruler. All experiments were performed on duplicate in different days. One-way analysis of 

variance (ANOVA) followed by Turkey's multiple comparison test was used to compare the 

antibacterial properties among samples. Differences were considered statistically significant 

with p < 0.05. 

 
Antibacterial activity over the time on S. aureus 

Selected disk-shaped samples, C_Ba_GS2, C_Ba_MPsGS and C_Ba_GS2_MPsGS, were 

assayed for their antibacterial activity towards S. aureus ATCC 25923 over a long period of 

incubation in PB solution, at pH 7.3 and at 37 °C to mimic physiological environment. Each 

biomaterial was prepared in a vial and incubated with 1 mL of PB solution. At set time intervals 

(1h, 4h, 24h, 3 days, 7 days, 14 and 21 days) the solution was withdrawn and replaced with 

fresh PB (1 mL). The antibacterial activity of the liquid samples, containing released GS from 

the different biomaterials, was evaluated in vitro against S. aureus control strain. In particular, 

each sample, previously diluted 1:500, was incubated for 24 h at 37°C with the inoculum 

suspension, prepared at 0.5 McFarland and diluted 1:200 in MH broth, in a final volume of 200 

µL. Bacterial growth was determined by measuring the optical density at 630 nm (OD) and the 

effectiveness of the GS released from the different biomaterials in inhibiting S. aureus growth 

was expressed as percentage value relative to the positive growth control (bacterial suspension 

in regular medium). Experiments were performed in duplicate, and samples were analyzed upon 

completion of the study. One-way analysis of variance (ANOVA) followed by Bonferroni's 

Multiple comparison test was used to compare data among the different experimental 

conditions; statistically significant differences were determined at p<0.05. In addition, cements 

C_Ba_GS, C_Ba_MPsGS and C_Ba_GS2_MPsGS recovered at the end of the above-described 

experiments, thus soaked in PB solution for 21 days, were assayed for their residual 

antibacterial activity towards S. aureus strain following the KB procedure. 
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Cytotoxicity tests  

Human osteoblast-like cells MG63 (OB, Istituto Zooprofilattico Sperimentale IZSBS, Brescia, 

Italy) were cultured in DMEM medium (Dulbecco's Modified Eagle's Medium, Sigma, UK) 

supplemented with 10% FCS and antibiotics (100 U/ml penicillin, 100 μg/ml streptomycin). 

Cells were detached from culture flasks by trypsinization, and cell number and viability were 

checked by erythrosine B dye. OB cells were plated at a density of 3 × 104 cells/mL in 24-well 

plates containing six sterile samples of the biomaterials C_Ba, C_Ba_MPsGS, C_Ba_GS2, 

C_Ba_GS2_MPsGS. Cells were also plated in wells for negative (CTR–, DMEM only) and 

positive (CTR+, DMEM + 0.05% phenol solution) controls. Plates were cultured in standard 

conditions, at 37 ± 0.5 °C with 95% humidity and 5% ± 0.2 CO2 up to 72 h. The quantitative 

evaluation of cytotoxicity was performed by measuring cell viability and lactate dehydrogenase 

enzyme (LDH) release, whereas cell morphology was performed by Live/Dead® assay 

(Molecular Probes, Eugene, OR, USA). Cell viability at 72 hours was assessed by WST1 

(WST1, Roche Diagnostics GmbH, Manheim, Germany) colorimetric reagent test. The assay 

is based on the reduction of tetrazolium salt into a soluble formazan salt by a reductase of the 

mitochondrial respiratory chain, active only in viable cells. 100 µL of WST1 solution and 900 

µL of medium (final dilution: 1:10) were added to the cell monolayer, and the multi-well plates 

were incubated at 37°C for further 4 h. Supernatants were quantified spectrophotometrically at 

450 nm with a reference wavelength of 625 nm. Results of WST1 are reported as optical density 

(OD) and directly correlate with the cell number. Proliferation percent relative to CTR− at 24h 

are also reported. At the end of experimental times the supernatant was collected from all wells 

and centrifuged to remove particulates, if any, for LDH measure (LDH enzyme-kinetic test, 

Roche, D) according to manufacture instruction. A qualitative analysis for cell morphology was 

performed by Live/Dead® assay (Molecular Probes, Eugene, OR, USA), according to the 

manufacturer’s instructions. Samples were visualized using an inverted microscope equipped 

with an epifluorescence setup (Eclipse TiU, NIKON Europe BV, NITAL SpA, Milan, Italy): 

excitation/emission setting of 488/530 nm to detect green fluorescence (live cells) and 530/580 

nm to detect red fluorescence (dead cells). 

 

4.2.2 Calcium phosphate bone cement enriched with self-assembling fibres 

 
Synthesis of Boc-L-Dopa(OBn)2-OH  

The gelator was synthesized from unprotected and commercially available L-Dopa, which was 

transformed into Boc-L-Dopa(Bn)2-OH following a multistep procedure in solution, as 

reported in literature 17,18.  
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Preparation of the gelator solutions  

The gelator solutions were prepared by dissolving the proper amount (20 and 50 mg, 

respectively) of Boc-L-Dopa(Bn)2-OH in 1 mL of an aqueous NaOH solution (1.3 

equivalents), under stirring and sonicating for about 15 min 19.  

 
Optimization of preparation steps – preliminary samples 

During the development of the cement preparation method, a first attempt was made by mixing 

the CaCl2 trigger with the cement powders and subsequently incorporating the liquid phase. 

The obtained cements were characterized to evaluate the actual presence of the fibres.  

In addition, different amounts of CaCl2 as triggers were used to assess whether this affected the 

formation and quantity of the fibres. The minimum quantity of trigger required for 

fibre formation is 1 equivalent compared to the quantity of gelator used. Larger quantities of 

trigger have been tested to assess the correlation between fibre formation and the amount of 

trigger used. The weighted amounts of CaCl2, corresponding to 1, 1.3 and 1.6 equivalent with 

respect to the gelator, were added to the vial containing the gelator solution, shaken in an 

electric mortar (Rotomix, 20 s) and then mixed with cement powders. The cements thus 

obtained have been labelled as summarized in Table 20.   

 
Table 20. Compositions and labels of preliminary cements. 

 
 

Cement preparation  

The cement powders are composed of a gelatin/α-TCP mix (15% w of gelatin with respect to 

the total amount) and CaHPO4·2H2O (DCPD).  To obtain the reference cement (C), gelatin/α-

TCP powders and DCPD (5% w/w) were mixed in an electric mortar (3M ESPE RotoMix) two 

times for 20 s. After addition of an aqueous NaOH solution (1.3 equivalents), the 

powders were mixed again for 20 s with a liquid to powder (L/P) ratio of 0.52 mL/g. The 

Label Gelator (% w/w) BaSO4 CaCl2 
 1% 2.6% (10% w/w) equivalents 

G1_1eq x   1 
G1_1eq_Ba x  x 1 
G1_1.3 x   1.3 
G1_1.3_Ba x  x 1.3 
G1_1.6 x   1.6 
G1_1.6_Ba x  x 1.6 
G2.6_1eq  x  1 
G2.6_1eq_Ba  x x 1 
G2.6_1.3  x  1.3 
G2.6_1.3_Ba  x x 1.3 
G2.6_1.6  x  1.6 
G2.6_1.6_Ba  x x 1.6 
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obtained pastes were compacted in a Teflon mold for 1 min with a 4465 Instron dynamometer 

set at 70 N. Then, cements were demolded and put in phosphate buffer (PB) at 37°C and pH 

7.4 for 7 days.   

For the preparation of fibres-containing cements, to ensure a homogeneous dispersion of 

the fibres inside the paste, the preparation method shown in Scheme 2 was used.  

 
Scheme 2. Preparation method of the FRCPCs. 

 
In particular, 1.3 equivalents (with respect to the weighted amount of the gelator) of CaCl2 as 

trigger were added to the gelator solution and mixed for 20 s in the electric mortar. Then, the 

mixed cement powders were added to the obtained hydrogel (liquid to powder ratio of 0.52 

mL/g) and treated as described above. Two different amounts of gelator, 1% and 2.6% (w/w) 

with respect to the cement powders, were tested. The obtained cements were labeled 

G1 and G2.6, respectively. For the Ba-containing formulations, 10% (w/total weight of the 

cement powders) of BaSO4 was added to the cement powders before mixing with the liquid 

phase. The Ba-containing samples were labeled adding “_Ba” to the above stated tags. The 

compositions and labels of the obtained cements are summarized in Table 21.  

 
Table 21. Compositions and labels of the obtained CPC samples. 

 
* w/w with respect to the weight of the powders mix. 

 
Cement Characterization 

Cements were characterized as reported in ‘X-Ray diffraction’, ‘Scanning Electron 

Microscopy’, ‘Evaluation of injectability’ and ‘Evaluation of cohesion’ sections of Paragraph 

4.2.3. 

 
 

Label CaCl2 
(1.3eq) 

BaSO4 
10%* 

Gelator 
%* 

C_Ba  x x  / 
G1  x  1%  
G1_Ba  x x 1%  
G2.6  x  2.6%  
G2.6_Ba  x x 2.6%  
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Measurement of fibres diameters  

The mean values of the fibre’s diameters were calculated from the SEM images using 

the Digimizer Image Analysis Software. At least 50 fibres were measured for each 

composition.  

 
FT-IR spectroscopy  

Fourier-transform infrared spectroscopy (FTIR, Nicolet IS10 spectrophotometer) was 

performed with a spectral resolution of 4 cm-1 and 70 scans from 4000 to 500 cm-1 on samples 

prepared as KBr disks. Omnic software (Thermo Electron Corp., Woburn, MA) was used for 

data processing and baseline correction.  
 
Mechanical characterization  

Mechanical characterization of the cements was performed both in compression and in 

bending mode on samples right after the extraction from PB. The compressive 

strength tests were performed as reported in the ‘Compressive Tests’ section of Paragraph 

4.2.3. 

The specimens employed in the flexural tests were flat rectangular bars (20 x 10 x 3.5 mm) 

tested in three-point bending using a 4465 Instron testing machine, equipped with a 1 kN load 

cell at a crosshead speed of 1 mm/min. The flexural strength, Young’s flexural modulus and 

work-of-fracture (WOF) were measured from the load−displacement curves using the 

following equations:   

Flexural Strength (MPa)= 
5∙$∙7
'∙,∙8!

                                                                             12) 

where F is the failure load, L is the distance between outer loading points (20 mm), b and d are 

the width and the thickness of the specimen, respectively 20.  

Flexural Modulus (MPa)= 
$∙7"

9∙:∙,∙8"
                                                               13) 

where d is the deflection at mid-span 21.  

Work of Fracture (WOF) = 
)
,∙8

                                                                    14) 

where A indicates the total area under the load-displacement curve.   

 
Rheological tests  

The rheological analyses were carried out to evaluate the viscoelastic behavior of the hydrogels 

in terms of G' (storage modulus, elastic contribution) and G'' (loss modulus, viscous 

contribution) moduli. The Anton Paar modular compact rheometer MCR102 was used for these 

tests. Time sweep tests were carried out on the gel keeping the shear strain (shear strain, γ = 
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0.5%) and the oscillation frequency (10 rad/s) constant, recording a point every 60 seconds for 

several hours.  
 
Micro-CT characterization  

C, C_Ba, G1, G1_Ba, G2.6 and G2.6_Ba cements were scanned in the SkyScan 1172 micro-

CT system (Bruker- MicroCT, Belgium) at a nominal resolution of 5 microns (2096x4000 

pixels) employing a 0.5 mm thick aluminum filter and an applied x-ray tube voltage of 70 kV. 

Camera pixel binning was not applied. The scan orbit was 180 degrees with a rotation step of 

0.4 degrees. Reconstruction was carried out using the SkyScanTMNRecon software (version 

1.7.4.6, Bruker). Gaussian smoothing, ring artifact reduction and beam hardening correction 

were applied during the reconstruction process, and specific alignment relative to each single 

scan when needed. Volume of interest (VOI) selection, segmentation to binary and 

morphometric analysis were performed using SkyScan CT-Analyser (“CTAn” 1.20.3.0 

version, Bruker) software. VOIs were defined considering the most structurally homogeneous 

region of the samples, starting from the center and measuring a volume of at least 75% ± 5 of 

the total volume of each sample (Figure 1).   

Then, the following 3D parameters related to the material porosity were calculated:  

- the total porosity (%), defined as the ratio between the volume of the pores detected in 

the scaffolds and the total volume (VOI);  

- the normalized frequency of the pore’s distribution in the VOI. 

 

 
Figure 66. a) Definition of the VOI for the analyses. On the sagittal view, VOI top and bottom 

excluding incomplete sections (green regions); b) 3D visualization of samples G1 (left) and G1_Ba 
(right). 

 
In vitro biocompatibility   

Osteoblast-like cells MG63 (Istituto Zooprofilattico Sperimentale IZSLER, Brescia, 

Italy) were chosen to assess in vitro biocompatibility of G1 and G2.6 cements, added or not 

with barium (G1_Ba, G2.6_Ba), and using the sample without the gelator as reference (C_Ba). 

MG63 were expanded in DMEM medium (Dulbecco’s Modified Eagle’s Medium, Sigma, UK) 
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supplemented with 10% FCS and antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin), 

then plated at a concentration of 2x104 cells/well in 24-well plates containing sterile samples 

of experimental biomaterial and reference, and DMEM only without materials as internal 

control (CTR). Plates were cultured in standard conditions, at 37 ± 0.5°C with 95% humidity 

and 5% ± 0.2 CO2 up to 7 days. Cell viability was measured after 3 and 7 days of culture 

by Alamar blue dye (Cell Viability Reagent, Life Technologies Corp., Oregon, USA): the 

reagent was added (1:10 v/v) to each well and incubated for 4 h at 37°C. A redox indicator, 

incorporated in the reagent, changes its color in response to the chemical reduction of the 

medium resulting from living cells. The result is expressed as relative fluorescence units (RFU). 

The osteoblast viability was also calculated as percentage according to the following formula: 

Cell viability % = 9:	(;<=>&?)
9:	(0_1<)

∙ 100                                                                         15) 

so, referring the value of each sample to the reference material.  

Furthermore, both 3- and 7-days supernatants from each well were collected and centrifuged to 

remove particulates and to measure Lactate Dehydrogenase (LDH detection kit, Roche 

diagnostics, IN, USA): enzyme released in medium when cell membrane is damaged. The test 

was performed following manufacturer’s instruction and LDH concentration was 

spectrophotometrically read and reported in function of cell viability.   

 
Gene expression analysis  

Gene expression of the most common markers of osteoblastic differentiation and activity was 

evaluated on all materials, as well as proinflammatory cytokines. Total RNA was extracted 

from all samples at each experimental time using PureLinkTM RNeasy Mini Kit (AMBION, 

Life Technologies, Carlsbad, CA, USA), quantified by NANODROP spectrophotometer 

(NANODROP 2720, Thermal Cycler, Applied Biosystem) and reverse transcribed 

with SuperScriptVILO cDNA Synthesis Kit (Life Technologies), following the manufacturer’s 

instructions. The obtained cDNA of each sample was diluted to the final concentration of 5 

ng/μL and semi-quantitative polymerase chain reaction (PCR) analysis was performed for each 

sample in duplicate in a LightCycler 2.0 Instrument (Roche Diagnostics GmbH, Manheim, 

Germany) using QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany) and gene-

specific primers (Table 22). The protocol included a denaturation cycle at 95°C for 15’, 25 to 

40 cycles of amplification (95°C for 15’’, appropriate annealing temperature for each target for 

20’’, and 72°C for 20’’). After melting curve analysis to check for amplicon specificity the 

threshold cycle was determined for each sample and relative gene expression was calculated 

using the 2-DDCt method (Schmittgen and Livak, 2008). For each gene, expression levels were 

normalized to GAPDH (glyceraldehyde 3-phosphate dehydrogenase) using C_Ba as calibrator. 
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Table 22. Specifications of primer used for qPCR analysis. 

 
 
Immunoenzymatic analysis  

Supernatants collected at 3 and 7 days were used for immunoenzymatic detection of Alkaline 

Phosphatase (ALP), Osteocalcin (OSTC), Interleukin 1β (IL1β), Interleukin 6 (IL6) (ELISA 

kit, Finetest, Wuhan, China) and Type I Collagen (COL1, ELISA kit Biomatik Corp, 

Wilmington, USA). Dosages were performed in duplicates for each sample, following customer 

instructions.  

 
Statistical analysis  

Statistical evaluation of data was performed using the software package 

SPSS/PC+ StatisticsTM 25.0 (SPSS Inc., Chicago, IL USA). The results presented are the mean 

of six independent values. Data are reported as mean ± standard deviations (SD) at a 

significance level of p<0.05. After having verified not normal distribution and homogeneity of 

variance, not parametric analysis was performed to assess differences among groups.  

 

4.2.3 Methods of Characterization 

 
X-Ray diffraction  

Cements were extracted from PB and immediately immersed in liquid nitrogen for few minutes 

in order to stop the hardening reaction. Samples were ground in a mortar, packed into recessed 

silicon slides and subjected to X-ray diffraction analysis by means of a 

Philips X'Celerator powder diffractometer equipped with a graphite monochromator in the 

diffracted beam. CuKα radiation (λ= 1,54 Å; 40 mA, 40 kV) was used. The diffraction patterns 

were obtained in the 3- 50°/2θ range using a 0,03 step and a 3°/min speed. For some Ba-

containing samples, a Rietveld refinement was applied in order to evaluate the relative content 

of α-TCP and HA, because of the superimposition of BaSO4 reflections to those of phosphates.  

 
 
 
 
 

GENE  Primer forward  Primer reverse  
Amplicon  

Lenght  
Annealing  

Temperature  

GAPDH  
5’-

TGGTATCGTGGAAGGACTC
A-3’  

5’-
GCAGGGATGATGTTCTG

GA -3’  
123 bp  56°C  

ALPL  QuantiTect Primer Assay (Qiagen) Hs_ALPL_1_SG  110 bp  55°C  
COL1A1  QuantiTect Primer Assay (Qiagen) Hs_COL1A1_1_SG  118 bp  55°C  
BGLAP  QuantiTect Primer Assay (Qiagen) Hs_BGLAP_1_SG  90 bp  55°C  
SPARC  QuantiTect Primer Assay (Qiagen) Hs_SPARC_1_SG  60 bp  55°C  

IL1b  QuantiTect Primer Assay (Qiagen) Hs_IL1B_1_SG  117 bp  55°C  
Il6  QuantiTect Primer Assay (Qiagen) Hs_IL6_1_SG  107 bp  55°C  
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Compressive Tests 

Mechanical properties in compression were evaluated on cylindrical specimens (6 mm in 

diameter, 12 mm in length) using a 4465 Instron dynamometer equipped with a 1 kN load cell. 

Stress-strain curves were recorded at a crosshead speed of 1 mm/min by the software SERIE 

IX for Windows. At least 6 specimens for each incubation time were tested.  

 
Scanning Electron Microscopy 

Morphological investigations of MPs were performed by using a Philips XL-20 Scanning 

Electron Microscope. The samples were placed on metal stubs and sputter-coated with gold 

prior to examination (30 mA for 2,5 min). 

Morphological investigation of the fractured surfaces of the cement samples was performed 

after stopping the hardening reaction with liquid nitrogen, using a Cambridge Stereoscan 360 

Scanning Electron Microscope (SEM) with an electron acceleration voltage of 15kV. Samples 

were sputter-coated with gold prior to examination.  

 
Evaluation of injectability  

The injectability of the CPC pastes was assessed using a 10 mL syringe fitted with an orifice of 

1,2 mm inner diameter and a 14-gauge needle. CPC powders and the liquid phase were 

manually mixed and packed into the syringe. After that, the syringe plunger was manually 

shifted to eliminate the trapped air, applying a pre-load onto the paste. Four minutes after the 

initial mixing of the CPC powders and liquid, the syringe was placed between the compression 

plates and the CPC paste was extruded from the syringe by a 4465 Instron dynamometer (1kN 

load cell) at a speed of 15 mm/min until a maximum force was reached. Tests were performed 

at RT and each measurement was carried out in triplicate. Injectability curves (load applied vs 

displacement) were recorded. The mass (m) of the paste extruded from the syringe was 

weighted and divided by the original mass of the paste in order to calculate the percentage of 

extruded cement: 

% Extruded cement = !%$!?%
!%$!?"

∙ 100                                                                        16) 

where Wf is the weight of full syringe, Wef is the weight of empty syringe after the extrusion 

and Wei is the weight of empty syringe before the extrusion. 

 
Evaluation of cohesion 

To assess the cement cohesion, the newly prepared CPC pastes were immediately injected into 

a saline solution at 37°C, and their behavior (whether disintegration happened or not) was 

observed during hardening. Pictures were taken immediately and after 24 hours. 
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4.3 DEVELOPMENT OF ANTIBACTERIAL CALCIUM PHOSPHATE BONE 

CEMENTS 

 
Introduction 

Calcium Phosphate Cements (CPCs) applications in bone replacement imply risks of infections 

due to bacterial colonization 22. It follows that the addition of antibiotics to CPCs composition 

is of outmost interest, as testified by the high number of studies reported in the literature 11,23,24. 

The loading of the antibiotic drug is generally performed by adding it directly to the solid or to 

the liquid phase of the cement, even if this method has adverse effects on its mechanical and 

setting properties, thus limiting the amount of drug that could be added 23,25. The addition to the 

cement powders of poly(lactic co-glycolic-acid) microspheres as antibiotics carriers has been 

proposed as a strategy to better control drug release and increase its bioavailability without 

affecting the cement properties 26,27. Spray-congealed solid lipid microparticles have previously 

been demonstrated to be an effective platform for the controlled delivery of sodium alendronate, 

an osteoporosis contrasting drug able to stimulate bone formation and suppress bone resorption 
28. Moreover, the introduction of loaded microparticles can also prevent the lengthening of 

setting times and the worsening of mechanical properties caused by the direct loading of the 

drug into cement composition, thus allowing a higher amount of drug to be incorporated 29,30. 

Lipids display a favorable biocompatibility and lower toxicity compared with many polymers: 

the higher degradability of Cutin with respect to PLGA could favor the development of a 

microporosity inside the set cements 28.  

In this project, I explored the possibility to employ solid lipid microparticles obtained from 

Cutin to load an antibiotic into a biomimetic calcium phosphate cement, in order to obtain a 

material able to sustain a potent antibacterial activity over a long period and avoid the adverse 

effects of drug direct addition to the starting powders 25. Gentamicin sulphate (GS) was chosen 

as model drug, since it is the utmost used agent for the treatment of severe infections caused by 

Gram positive and Gram-negative bacteria. The effect of the drug on the cement properties was 

investigated in cements where gentamicin sulphate was (i) loaded directly into the cement 

powder, (ii) loaded into the solid lipid microparticles, which were added to the cement, and (iii) 

loaded both directly into the cement powder and into the solid lipid microparticles. Moreover, 

barium sulphate was added as radiopacifying agent to the composition of cements, in order to 

allow the material to be monitored during the surgery. The mechanical and structural properties 

of the cements were investigated, and the formulations were optimized to obtain injectable 

pastes. The antibacterial activity was tested in vitro against a panel of Gram-positive and Gram-

negative reference bacterial strains and against a panel of clinical isolates recovered from 
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patients with chronic bone or prosthetic joint infections at the S. Orsola-Malpighi University 

Hospital of Bologna.  

 

Results and discussion 

The results of this work demonstrate that Cutin solid lipid microparticles produced by a solvent-

free technique can be used as carriers of the antibiotic Gentamicin sulphate, in order to provide 

cement formulations with antibacterial properties, without worsening their mechanical 

behavior. MPs, loaded with 20% w/w of GS, were successfully obtained by spray congealing 

technology. To evaluate the influence of different additives on cement properties, BaSO4, GS 

as powder, MPs and MPsGS were added separately, as well as in mixed compositions, to a 

weighted amount of cement powder as summarized in Table 1. 

 
Production and characterization of MPs and MPsGS  

Cutin microparticles obtained by spray congealing technique, containing or not 20% w/w of 

GS (MPs and MPsGS), presented a Gaussian dimensional distribution with a maximum 

centered at the size fraction 100-150 μm, which was therefore been chosen for cements 

formulations. Evaluation of encapsulation efficiency of GS confirmed the theoretical value of 

20% and did not reveal any significant difference as a function of particles size. MPsGS 

appeared round shaped and exhibited almost smooth surfaces, although small pores were 

appreciable on the particles surface (Figure 67b).  

 

 
Figure 67. a) X-ray diffraction patterns of: Cutina powder (purple), MPs (red), MPsGS (blue) and GS 

as received (green); b) SEM image of MPsGS, bar=100 μm. 
 
X-ray diffraction pattern of GS powder showed a very broad halo centered at about 20°/2θ, 

whereas the patterns of MPsGS displayed several diffraction reflections, the most intense 

centered at 5.2, 19.5 and 21.95°/2θ, characteristic of Cutin (Figure 67a). The position and 

relative intensity of these reflections are not affected by the presence of GS.  
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Hot Stage microscopy (HSM) showed clear evidence of the presence of GS after fusion of the 

low-melting excipient (see Figure 68).  

 
Figure 68. HSM of (a) spray congealed Cutin microparticles loaded with GS and (b) GS powder. 

 
As expected, encapsulation of GS into lipid microparticles led to a prolonged release over time. 

In fact, due to the high solubility of GS, when the powder is put in aqueous medium, its 

dissolution is nearly instantaneous and after 15 min the GS was completely recovered, while 

the release from MPs was completed only after 5 h (data not shown). 

 
Cement pastes loaded with GS and/or BaSO4  

The effect of GS and/or barium sulphate on the mechanical, setting and hardening behavior of 

the cement pastes was evaluated. Mechanical properties in compression were tested after 7 and 

21 days of soaking in PB and the values of maximum stress, obtained from the stress-strain 

curves, as well as the initial and final setting times, are reported in Table 23, while the effect of 

both the additives on the hardening reaction was evaluated through X-ray diffraction analysis 

and subsequent Rietveld refinement. 

 
Table 23. Maximum stress values, initial and final setting times, and relative content (%) of 

Hydroxyapatite in cements with GS and/or BaSO4 after different soaking times. 

 
The statistical differences were obtained by comparing different samples to C for 

each time point (***p<0.001, **p<0.01, *p<0.05). 
 
The value of maximum stress of the control cement (C) increased as a function of time due to 

the hardening reaction. Direct addition of GS powder had a strong effect on both mechanical 

and setting properties of the cements (Table 23), as expected from the literature 25. In fact, just 

the introduction of a 2% of GS provoked a reduction of the values of maximum stress in 

Sample smax (MPa) ti (min) tf (min) HA content (%) 
7 days 21 days 7 days 21 days 

C 10.1 ± 0.6 15 ± 1 6 ± 1 13 ± 3 100 100 
C_GS 2 6.8 ± 0.8*** 7.0 ± 2.0*** 10 ± 1 22 ± 2 90 95 
C_GS 4 5.8 ± 0.8*** 5.4 ± 0.9*** 10 ± 1 20 ± 3 82 90 
C_GS 8 3.4 ± 0.6*** 3.3 ± 0.9*** 9 ± 2 19 ± 3 70 90 
C_Ba 15 ± 2*** 13 ± 1*** 5 ± 2 8 ± 3 81 98 
C_Ba_GS2 10 ± 3 9 ± 2*** 11± 2 21 ± 2 60 94 
C_Ba_GS4 9 ± 2 6 ± 1*** 8 ± 3 20 ± 2 50 90 
C_Ba_GS8 4.3 ± 0.9***  4 ± 1*** 8 ± 3 17 ± 3 40      80 
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comparison to those obtained for C cements, at every experimental time. Moreover, the 

compressive strength of the materials decreased as the amount of GS increased, along with a 

lengthening of both initial and final setting times. On the other hand, the addition of barium 

sulphate seemed to reduce the negative influence of GS on the mechanical properties without 

influencing the setting times. 

Figure 69 reports as an example the XRD patterns recorded on C_Ba cements after different 

soaking times, compared to BaSO4 pattern. The presence of BaSO4, added in order to obtain a 

radiopaque material 31,32, seems to elicit a negligible delay in the conversion reaction: after 21 

days the most intense reflection of α-TCP is barely appreciable. A quantitative evaluation of 

the extent of conversion of α-TCP into hydroxyapatite, shown in Table 23, indicates that the 

cements loaded with 2% w/w of GS were almost totally converted after 7 days, suggesting that 

this amount of antibiotic does not greatly interfere with the hardening reaction. However, 

greater GS contents delayed the hardening reaction, thus justifying the worsening of the 

mechanical properties observed on increasing GS content 25 and led to a lengthening of both 

initial and final setting times. Concurrent addition of BaSO4 limited this negative trend: 

however, it is evident that direct addition of GS to the powders must be limited to a value of 

2% w/w, in order to maintain cement properties. On this basis, further investigations were 

carried out using only one percentage of GS (2% w/w), both when loaded into MPs and when 

directly added to the cement powders. 

 

 
Figure 69. XRD patterns of C_Ba cements after different periods of soaking, compared to that of BaSO4. 

 
Cement pastes containing MPs and MPsGS  

Inclusion of MPs is an effective method to incorporate drugs or bioactive molecules into cement 

pastes without affecting cement properties 8,28. Values of maximum stress under compression 

and initial and final setting times of MPs-containing cements are reported in Table 24, together 

with those of C samples for comparison. As desirable, the compressive strength of C_MPs and 

of C_MPsGS was not significantly different (p>0.05), confirming that loading GS into the 
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microspheres did not modify the mechanical properties of the resulting cements (2way-

ANOVA with Bonferroni post-tests). Only the cements containing both free GS and drug-

loaded MPs displayed a significant worsening of the compressive strength at 7 days compared 

with C_MPs, even though initial and final setting times were not significantly influenced by 

the presence of the additives.  

Table 24 also reports the extent of hydroxyapatite obtained from α-TCP conversion after 

different soaking times: the complete conversion of C cements took place after 7 days of 

soaking in PB, while in presence of both MPs and MPsGS, the hardening reaction slowed down, 

and the conversion was obtained after 21 days. Furthermore, with the aim to enhance the total 

amount of GS without worsening the cement properties, 2% w/w of GS powder was added to 

the formulation containing MPsGS and barium sulphate (sample C_Ba_GS2_MPsGS). This 

addition did not affect the setting times and provoked just a slight reduction of the mechanical 

properties at 7 days, probably due to the lengthening of the hardening reaction (**p < 0.01 

C_MPs vs C_Ba_GS2_MPsGS), but no significant differences were observed at 21 days (Table 

24). 

 
Table 24. Maximum stress values, initial and final setting times, and relative content (%) of 

Hydroxyapatite in cements containing different additives after different soaking times. Values are the 
mean ± SD of at least 6 samples. 

 
**p<0.01 C_MPs vs C_Ba_GS2_MPsGS; §p > 0.05. 

 
Micro-CT characterization  

To get some insights on the cement's texture influenced by the additives, micro-CT analysis 

was carried out on the samples C_Ba, C_GS2, C_MPsGS and C_Ba_GS2_MPsGS. 3D models 

of representative samples analyzed by micro-CT are reported in Figure 70.  

Sample 
smax (MPa) 

ti (min) tf (min) 
HA content (%) 

7 d 21 d 7 d 21 d 
C 10.1 ± 0.6 15 ± 1 6 ± 1 13 ± 3 100 100 
C_MPs 12 ± 2**§ 10.2 ± 0.1 5 ± 1 11 ± 3    90 100 
C_MPsGS 10 ± 1 10 ± 1 4 ± 1 7 ± 2 89 97 
C_Ba_MPs 15 ± 5 13 ± 1 4 ± 2 6 ± 3 65 80 
C_Ba_MPsGS 10 ± 1§ 10 ± 2 4 ± 2 6 ± 3 60 80 
C_Ba_GS2_MPsGS 5.0 ± 0.5** 8 ± 2 4 ± 2 6 ± 3 40 70 
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Figure 70. 3D models of representative samples analyzed by micro-CT. In every box the whole sample 

inside the VOI is shown on the left, the agglomerates of BaSO4 are, when present, in the center 
colored in red, and the sample 3D model cut virtually along. 

 
Due to the voltage set of micro-CT used for data acquisition of the composite cements, MPs 

and MPsGS resulted radiotransparent: this implies that part of the porosity detected in the 

samples may be constituted also by microparticles. In fact, together with a microporosity due 

to the cement structure, 2D distribution of pores size highlights a higher percentage of 

“porosity” of size between 0.1 and 0.2 mm in MPs- and MPsGS- containing cements (the main 

size of added microparticles). The values of total porosity (%) of C_MPsGS (10.6%) and 

C_Ba_GS2_MPsGS (22.6%) are indeed higher than those found for C_Ba (3.4%) and C_GS2 

(3.9%), thus confirming this hypothesis. 

 
Cytotoxicity assessment  

The influence of each additive on the biological and antibacterial properties of the cements was 

evaluated on samples C_Ba, C_Ba_GS2, C_Ba_MPsGS and C_Ba_GS2_MPsGS. A 

demonstration of the absence of any cytotoxic effect (a reduction of viability by more than 30% 

is considered a cytotoxic effect) relies in the values of proliferation (expressed as percentage 

relative to CTR-). LDH dosage is an indirect parameter of cytotoxicity because its release in 

culture medium is due to a damage of cell membranes. All values were significantly lower when 

compared to CTR+ (p<0.0005).  
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Figure 71. Viability test (top) by WST1 test and Live & Dead staining (10x, bottom). 

 
Cell viability was performed after 72 h of culture (Figure 71): no signs of cytotoxicity were 

shown, as demonstrated by values of WST1 test, which did not differ (C_Ba_GS2_MPsGS) or 

were even significantly higher (C_Ba, C_Ba_MPsGS, C_Ba_GS2, p < 0.005) than CTR−. 

Moreover, cells were stained with Live&Dead fluorescent staining for qualitative evaluation of 

cell morphology: all the samples showed good colonization of surface with cells displaying a 

normal morphology (green staining). As expected, CTR+ showed a significant reduction in 

viability and images confirmed the presence of numerous dead cells (red staining).  

 
 
Antibacterial activity  

The antibacterial properties of the cements C_Ba, C_Ba_GS2, C_Ba_MPsGS and 

C_Ba_GS2_MPsGS were evaluated by a Kirby Bauer diffusion assay towards a set of control 

strains and a panel of clinical isolates characterized for their susceptibility profile by standard 

procedures (EUCAST testing guidelines). C_Ba_MPs was added as a further control. 

 
Table 25. Antibacterial activity of the cements. Median values and range of inhibition zone diameters 

(mm) against ATCC control strain are reported. 

 
*NA= Not appearing; § GMN disk containing 10 ug of gentamicin and used as positive control. 

 
As reported in Table 25, all disk-shaped biomaterials containing GS inhibited bacterial growth 

as a clear bacterial free zone was measured around disks following incubation. On the contrary, 

Sample   S. aureus   
(ATCC 25923)   

S. epidermidis   
(ATCC 12228)   

E. faecalis   
(ATCC 29212)   

E. coli   
(ATCC 25922)   

K.pneumoniae   
(ATCC 9591)   

P. aeruginosa   
(ATCC 27853)   

C_Ba   NA*  NA   NA   NA   NA   NA   

C_Ba_GS2   21 (20-22)   26.5 (26-27)   14 (13-15)   19.5 (19-20)   22 (21-23)   23.5 (23-24)   

C_Ba_MPs   NA   NA   NA   NA   NA   NA   

C_Ba_MPsGS   22.5 (22-23)   28.5 (27-30)   15   
   

19.5 (19-20)   21.5 (21-22)   23.5 (23-24)   

C_Ba_GS2_MPsGS   25.5 (25-26)   29 (28-30)   17 (16-18)   21 (20-22)   24 (23-24)   25 (24-26)   

GMN§ 18.5 (18-19)   24 (23-25)   9   18   18 (17-19)   17   
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C_Ba and C_Ba_MPs did not determine inhibition, confirming the reliability of the sample 

preparation and testing procedure. Although no significant differences were appreciated in 

Gram-negative bacteria, the median values of the inhibition zone diameters obtained for Gram-

positive strains on cements containing MPsGS were higher than those measured for samples 

containing GS loaded directly into cement composition. Considering that C_Ba_GS and 

C_Ba_MPsGS contain the same drug amount, it is possible to speculate that lipid microparticles 

enhanced GS uptake through the bacterial membrane. 

For a fully characterization of the antibacterial potential, C_Ba_GS2, C_Ba_MPsGS and 

C_Ba_GS2_MPsGS were assayed against 20 clinical isolates of S. aureus and S. epidermidis, 

including multidrug-resistant Staphylococci, and the results are reported in Table 26.  

 
Table 26. Antibacterial activity of the cements against clinical strain. Median values and ranges of 

inhibition zone diameters (mm) are reported. 

 
amethicillin-sensitive S. aureus strains; bmethicillin-resistant S. aureus strains; cmethicillin-sensitive S. 

epidermidis strains; dmethicillin-resistant S. epidermidis strains; e GMN, disk containing 10µg of 
gentamicin and used as positive control.  

 
The biomaterials displayed strong antibacterial properties against all tested clinical isolates and, 

comparing the diameters of the inhibition zones, a significantly greater activity of 

C_Ba_GS2_MPsGS respect to C_Ba_GS2 and C_Ba_MPsGS was observed for methicillin-

sensitive S. aureus strains (C_Ba_GS2 vs C_Ba_GS2_MPsGS **p<0.001; C_Ba_MPsGS vs 

C_Ba_GS2_MPsGS *p<0.05). These bacterial strains were chosen to represent a spectrum of 

pathogens associated with joint and bone infections, as resistance to antibiotics is one of the 

mayor concerns in antimicrobial therapy. The antibiotic-resistance profile of each clinical strain 

is reported in Appendix II. 

 
Antibacterial activity over time  

In order to correlate the antibacterial activity over time to the cement's composition, GS 

containing cements (C_Ba_GS2, C_Ba_MPsGS and C_Ba_GS2_MPsGS) were put in PB 

solution and withdrawals assessed towards S. aureus control strain. Up to the fourth recovery 

of PB solution, the GS released from the materials inhibited S. aureus growth at the same extent, 

while at later sampling the antibacterial activity of GS from C_Ba_MPsGS and 

C_Ba_GS2_MPsGS was significantly higher compared to C_Ba_GS2. The effectiveness of GS 

Sample   MSSAa 
(n = 5)   

MRSAb   
(n = 5)   

MSSEc   
(n = 5)   

MRSEd   
(n = 5)   

C_Ba_GS 2   29.5 (28-32)   26 (26)   34 (33-35)   31 (26-31)   

C_Ba_MPsGS   29.5 (29-32)   26.5 (26-28)   34 (33-35)   31.5 (28-34)   

C_Ba_GS2_MPsGS   32 (31-34)   28 (27-29)   36.5 (36-37)   34 (30-36)   

GMNe   22.5 (22-23)   21 (19-22)   29 (28-30)   26.5 (22-28)   
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loaded as powder from C_Ba_GS2 samples gradually decreased with time, down to negligible 

levels (6.5%) at 21 days. On the contrary, GS from MPs displayed a strong and long-term 

inhibitory activity in both formulations (78.0% and 68.6% for C_Ba_MPsGS and 

C_Ba_GS2_MPsGS, respectively). The excellent and prolonged activity of the biomaterials 

containing MPs was confirmed by KB diffusion assay performed with the cement disk 

recovered after 21 days of soaking. While the median value of the inhibition zone diameter 

obtained for C_Ba_GS2 was only 14 mm, for C_Ba_MPsGS and C_Ba_GS2_MPsGS it was 

18 mm, suggesting that these biomaterials maintained high inhibitory properties over a long 

period. These results suggest that both the composite biomaterials, C_Ba_MPsGS and 

C_Ba_GS2_MPsGS could be really effective in the treatment of bacterial infections, combining 

a potent initial antibacterial action with a sustained release over time, which is an important 

feature to avoid the administration of insufficient doses of drug, which can lead to the arising 

of antibacterial resistances. 

 
Injectable CPC formulation  

All the formulations could be employed to realize injectable cements by a proper adaptation of 

the liquid to powder ratio. Injectability of CPC is an important feature for minimally invasive 

surgical techniques, in applications involving defects with limited accessibility and narrow 

cavities and when there is the need to conform to a defect area of complex shape 33. Injectable 

formulation of the previously described cements was easily obtained through a simple 

modification of the L/P ratio: the compositions and the added volumes of water are summarized 

in Table 27, which also reports the values of setting times measured at 37 °C.  

 
Table 27. Liquid to powder ratio and setting times of the injectable cements. 

 
 
The injectable cements presented good injectability 34, as shown in Figure 72a, and an excellent 

cohesion: when injected into saline solution immediately after extrusion, the CPC paste 

maintained its wire-like shape until hardening, with no sign of disintegration during the process. 

The cement maintained a good cohesion even after 24 h and exhibited a highly homogeneous 

dispersion of MPs inside the extruded wire. In particular, there was no evidence of phase 

separation, which is a major issue inhibiting successful delivery of injectable CPC. 

Sample 
Liquid/Powder  

(mL/g) 
Setting times (min) 

ti tf 
in_C_Ba  0,55 24± 3  38± 2  
in_C_Ba_GS 2  0,60 22± 3  37± 2  
in_C_Ba_MPsGS  0,65 18± 3  34± 2  
in_C_Ba_GS 2_MPsGS  0,65 18± 3  33± 2  
in_C_Ba_GS 2_MPsGS  0,75 19± 3  35± 2  
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Furthermore, we collected the material at different times during the extrusion and performed 

an accurate morphological observation along the wire length by means of scanning electron 

microscopy (Figure 72b).  

 

 
Figure 72. a) Injectability curves of in_C_Ba and in_C_Ba_MPsGS; b) SEM images of the cement 
wire in_C_Ba_MPsGS collected immediately after extrusion. Bar: 100 μm (top), 50 μm (bottom). 

 
From the images recorded for sample in_C_Ba_MPs and reported in Figure 72b, it can be 

inferred that the MPs are regularly distributed along the whole length of the wire, thus 

confirming their good dispersion and the absence of phase separation during injection. In the 

same Figure, injectability curves are reported, plotting the injection force as a function of the 

plunger displacement to assess the ease of injection. A very rapid increase of the load in the 

first millimeters of displacement is due to the critical force that must be applied to start the flow 

of the paste, while the subsequent plateau (in the absence of phase separation) is related to the 

load needed to maintain the flow. In the last portion of the curves, the load increases abruptly 

because of the mechanical contact between the plunger and the syringe's bottom when all the 

paste has been extruded: hence, the system was stopped 35. The introduction of MPs into 

cement's formulation decreases the injectability, as expected: more pressure was needed to 

extrude the paste from the syringe (compare the blue curve with the black one in Figure 72a). 

Sample in_C_Ba_GS2_MPsGS was tested using two different liquid-to- powder ratios: the 

formulation at higher L/P ratio (0,75 mL/g) provided a good injectability of the cement since 

the required load during the extrusion is about 300 N. Radiopacity of C_Ba_MPsGS was 

demonstrated by the radiograph reported in Figure 73: the presence of barium sulphate allows 

easy detection of the cement. 
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Figure 73. Radiographs of cement C_Ba_MPsGS. 

 
Conclusions  

The results of this study allowed to develop antibacterial and radiopaque calcium phosphate 

cements, which can be turned from non-injectable to fully injectable formulation by simple 

variation of liquid to powder ratio. Thanks to the use of spray congealed microparticles, 

gentamicin sulphate could be added to the cement composition without the lengthening of the 

setting times and the worsening of the compressive strength observed when the drug is loaded 

directly into the cement powder without the protection of the MPs. Human osteoblast-like cells 

displayed a good viability on all the examined cement formulations. Moreover, all the 

compositions exhibited a strong inhibitory activity towards Gram-positive and Gram-negative 

reference bacterial strains and clinical isolates. In particular, cements with gentamicin-loaded 

MPs showed an enhanced inhibition towards Gram-positive bacteria and a sustained release of 

the drug over time, which provides a long-term antibacterial activity, fundamental in the 

treatment of chronicle infections. Injectable formulations displayed good injectability, high 

cohesion and good dispersion of MPs into the extruded cements without any phase separation. 
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4.4 CALCIUM PHOSPHATE BONE CEMENT ENRICHED WITH SELF-
ASSEMBLING FIBRES 

 
Introduction 

An improvement in mechanical properties of calcium phosphate bone cements would 

considerably broaden their field of potential applications. In the last few decades, the 

incorporation of preformed fibres into a brittle cement matrix has been proven to increase 

the mechanical properties: in fact, it has been extensively explored even in the field of 

hydraulic cements and concretes for civil engineering and building 

applications 36. Natural fibres (such as cellulose, sisal, jute, bamboo, rock-wool, etc.) 37 and 

man-made fibres (such as steel, titanium, glass, carbon, polymers, etc.) have been proposed as 

reinforcement for CPCs 38, but, as far as found in literature, they have always been introduced 

inside the pasty material already in form of fibres. A prerequisite for an effective 

reinforcement relies on the mechanical properties of all the components and on the fiber-matrix 

adhesion, which is crucial for a successful load transfer. Unreinforced cements 

are characterized by a brittle behavior and an immediate fracture in two or more pieces, while 

in the case of fibre-reinforced CPCs (FRCPCs) a large amount of energy is absorbed during the 

fracture and the stress at break is higher 39. The possibility to achieve a composite material 

reinforced with fibres grown directly inside the cement would represent a unique opportunity 

to obtain a better cohesion between fibres and cement paste, but it is not reported yet in 

literature. In this work, the self-assembling of fibres was achieved using a low-molecular-

weight gelator (LMWG) derived from commercial L-Dopa. LMWGs are molecules with a 

molecular weight lower than 1000 Da and a specific stereochemistry, that can self-assemble 

into supramolecular structures, such as gels and fibres, by means of weak interactions, 

including hydrogen bonds, π-π stacking and Van der Waals forces 40. The process usually starts 

when a trigger is added to the gelator solution: the gelator molecules self-assemble in long 

structures which entangle together, forming a network able to trap the solvent. The ability to 

self-assemble into fibres in presence of calcium ions makes this gelator the perfect candidate to 

introduce inside CPCs. The main hurdle for the fibres growth in a cement matrix is the amount 

of liquid required for the formation of the networks. In fact, while hydrogels are mainly 

composed of a liquid phase (up to 99%), CPCs are made up of an inorganic powder mix that 

is necessary for the formation of the cement. The aim of this work was to demonstrate the 

feasibility to obtain self-assembling of fibres made of LMWG in CPCs thus improving 

mechanical properties and biocompatibility. Addition of barium sulphate as radiopacifying 

agent was also evaluated. Cements were fully characterized and their ability to ensure good cell 
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viability and to express the main gene markers that are necessary for bone formation was 

evaluated.  

 
Results and discussion 

This study represents the first attempt to produce fibres-reinforced cements by self-assembling 

of fibres during cement hardening. The L-Dopa derivative gelator chosen as LMWG is 

biocompatible and presents the ability to form fibres in the presence of calcium. 

 
Optimization of preparation steps  

Mixing the trigger first with the powder phase and then adding the liquid phase proved to be an 

inadequate method of preparation: the SEM analyses (Figure 74) highlighted the lack 

of fibers in all the prepared cements and the presence of small fragments of gel.  Moreover, a 

poor porosity was found all over the samples.   

 
Figure 74. SEM image of the cement obtained combining first the trigger with the powder phase. 

Therefore, it was hypothesized that the gelator, even in such conditions, is unable to come into 

contact with the trigger dispersed in the starting powders, thus making the formation of 

the fibers difficult. For this reason, a further test was performed carefully mixing the trigger 

with the gelator and then adding the obtained hydrogel to the cement powders, in order 

to favour a better dispersion of CaCl2 and hence a better interaction between calcium and 

the gelator.  
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Figure 75. SEM images of the cement obtained combining the trigger, the phosphate powders and the 

gelator in a mortar. 
 

From the SEM images shown in Figure 75a-d, the presence of fibres agglomerated in bundles 

can be clearly detected in different areas of the cement, proving that fibre formation is strongly 

dependent on the way the components are mixed. Based on these preliminary attempts, in the 

following tests the trigger will always be added to the gelator solution before mixing with 

powders. 
 
Fibre- reinforced cements with different amount of trigger  

Mixing first the gelator solution with the trigger and then adding the cement powders, 

guaranteed the formation of fibres. Quantities of CaCl2 corresponding to 1, 1.3 and 

1.6 gelator equivalents were used for the formation of cements. Both for cements formulation 

containing 1% and 2.6% w/w of fibres, the minimum trigger quantity corresponding to 1 

equivalent proved to be insufficient to obtain an appropriate fibre formation. In fact, it is 

possible to note from Figure 76a,b that the fibres are not evenly distributed, and they are mainly 

located into the pores.  
 

 
Figure 76. SEM images of samples obtained by using 1 (a,b), 1.3 (c) and 1.6 (d) equivalents of trigger. 
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Since significant differences were not found in the morphology and number of fibres formed 

by adding 1.3 or 1.6 trigger equivalents, the lowest amount was kept fixed in the subsequent 

preparations.  

 
Fibers mean diameters  

The formation of fibres in aqueous solutions usually starts soon after the addition of the trigger 

(CaCl2) and up to 16 hours are required to obtain the final morphology: the obtained fibres are 

about 300 nm wide (Figure 77) and up to 1000 micron long and they form a well interconnected 

network.  

 
Figure 77. Mean diameters values of the fibres obtained by drying the gelator solution in air (black) 

and inside the different cement formulations. 
 
No significant difference was found among the mean values of the fibre's diameters.  
 
Rheological tests  

A time sweep analysis was carried out to evaluate the ability of the pure hydrogel to recover its 

shape and strength after fast spinning that transform the gel into sol.  

 

 
Figure 78. Time sweep analysis of the hydrogel before (blue) and after (red) shaking the vial. 

 
In Figure 78 the blue line corresponding to G’ (obtained by the hydrogel analysis before 

shaking) is superimposable to the red one (obtained after shaking), thus confirming the good 
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thixotropic properties of the hydrogel, a mandatory requirement for 

the fibres assembling inside the cement matrix.  

The analysis was performed only on the hydrogel at 2% w/v, as this property is independent 

from the concentration.   

 
Fibre formation assessment  

The LMWG used for cement’s formulation can produce very long, thin and 

regular fibres (about 300 nm in diameter) forming a network in which they are strongly 

entangled (see Figure 79a), even when mixed with a huge amount of powders.  

 

 
Figure 79. SEM images of the fibers obtained a) from the aqueous solution of the gelator used for the 
cement reinforcement at 1% w/w after air drying, and inside cement matrix of different compositions 

and after different hardening times: b) G1_Ba after 20h of soaking in PB at 37°C; c,d) G1 after 7 
days; e,f) G2.6 after 7 days; g,h) G1_Ba and G2.6_Ba, after 7 days, respectively. 

 
Since a self-assembling of fibres in such a dense matrix had not been previously obtained, a 

morphological characterization was carried out to demonstrate their actual formation. The 

formation of fibres was monitored over time by immersing the cement sample in liquid nitrogen 

after set periods of soaking and collecting SEM images of the fractured surfaces. Like to what 

happens in water, where the formation of fibres takes about 16 hours to complete, inside the 

cement the hydrogel takes about the same time to acquire the final morphology. In fact, 
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the SEM analysis revealed that the fibres formation inside the dense matrix is quite completed 

after 20 hours, as shown in Figure 79b. For all the compositions enriched with the LMWG, the 

SEM images obtained from fractured surfaces after 7 days of soaking in PB at 37°C revealed a 

high number of fibres well distributed throughout the matrix, especially within 

the pores (Figure 79g). Moreover, fibres appear strongly entangled with each other and, most 

importantly, they show an excellent interaction with the apatite phase (Figure 79f,h), a crucial 

feature for the success of FRCPCs, as reported in literature 41. However, on increasing hydrogel 

concentration a lower reproducibility was found: the presence of bushes of fibres, mainly 

located into pores, has been observed in cement G2.6 (Figure 79e) together with thin sheets 

of hydrogel.  

 

Structural Characterization  

XRD patterns of the gelator and of selected cement samples after 7 days 

of soaking are reported in Figure 80.  

 

 
Figure 80. XRD diffraction pattern of the gelator and of some selected cements. Main BaSO4 reflections 

are evidenced in the pattern of G2.6_Ba. 
 
The presence of poorly crystalline hydroxyapatite as a result of cement’s hardening is well 

evidenced, while the reflections belonging to α-TCP and DCPD are no longer present, 

confirming that after 7 days the phase conversion was complete and not affected by the 

presence of the gelator. Due to the low concentration of the gelator compared to the cement 

powders (both 1% and 2.6%), its main reflections are not visible in the XRD of the composite 

materials. The presence of BaSO4, added to obtain a radiopaque material 42,43, did not interfere 

with the hardening reaction, as previously demonstrated by antibacterial CPC (Paragraph 4.3).  

The FT-IR spectra of the hardened pastes are reported in Figure 81: according to the X-rays 

patterns, infrared spectra are typical of a poorly crystalline hydroxyapatite.  
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Figure 81. FT-IR spectra of the obtained samples and gelator. 

In fact, the absorption band due to OH− stretching mode at 3572 cm−1 is no longer 

appreciable. The main reflections found in the spectra are related to the phosphate's groups in 

the apatite matrix 44 with bands observed at 550, 600, and 1070 cm−1. Furthermore, the 

characteristic bands of carbonate ions associated with the symmetric stretching mode at 1450 

cm-1 and the out of plane bending mode at 870 cm-1 are clearly detectable in all the 

formulations, thus evidencing the formation of a carbonated hydroxyapatite. Two more bands, 

belonging to Amide I and Amide II of gelatin are recognizable, while the presence 

of the hydrogel is not detectable, due to its low concentration.  

 
Mechanical properties  

Figure 82 illustrates the effect of fibres addition on the mechanical properties of the reinforced 

CPCs, more pronounced when cements were tested in bending than in compression mode 45. 

 
Figure 82. Mechanical properties of the obtained cements: a) Compressive Strength, b) Flexural 
Strength, c) Flexural Modulus and d) Work-Of-Fracture. Statistical analysis is reported in the figure (* 
p<0.05): 
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a. Compressive strength: *G2.6 vs C, C_Ba, G1, G1_Ba; 
b. Flexural strength: *C vs G1, G1_Ba; 
c: Flexural modulus: *G1 vs C, C_Ba, G2.6; 
d. Work Of Fracture: *C vs G1, G1_Ba; *G2.6 vs G1, G1_Ba. 

 
No significant difference in compressive strength between reinforced cements containing the 

lowest amount of gelator and their reference samples was found. In contrast, G2.6 

cements showed higher stress values, significantly different when compared to all the 

formulations.   

For the three-point bending tests the FRCPC sample bars were loaded to failure and the 

maximum flexural strength and modulus were calculated. The presence of fibres entangled with 

the inorganic phase strongly enhanced the flexural strength of G1 and G1_Ba cements: recorded 

values are nearly doubled with respect to unreinforced cements C and C_Ba. A similar trend is 

observed for flexural modulus, where the cements containing the lower amount of gel exhibited 

the greatest improvement of about three-fold compared to the corresponding fibres-free 

CPCs. Even if the reinforcement effect of the gelator fibres on the work-of-fracture is evident 

in all the formulations, a greater reinforcement was obtained from samples G1 and G1_Ba 

compared to those containing 2.6% w/w of fibres. The toughness was improved of about three-

fold, even if values are lower than those reported in literature, mostly due to the high 

L/P (liquid/powder) ratio used here to obtain an injectable cement and to the fibre’s dimensions 

and composition. These results demonstrate the effective reinforcement of the fibres entangled 

within the cement matrix: in particular, it is important to emphasize that the three-fold increase 

of mechanical properties is obtained by a quite low amount (1% w/w) of short and 

thin fibres (about 1000 micron x 300 nm), with respect to the values reported in literature. For 

example, addition of PVA fibres of different length (ranging from 3 to 6 mm) and in different 

amount (2.5 and 5% w/w) to an α-TCP-based cement, improved more than 2-fold the flexural 

strength, and highlighted the prominent effect of concentration with 

respect to the fibre length 45. The observed reinforcement in our cements is due to the nature 

of self-assembled fibres, which demonstrated a high affinity for the apatite phase and a very 

high aspect/ratio, important features for a successful fibre-reinforcement 46.  

 
Injectability tests  

Injectability of CPCs is a key feature for minimally invasive surgical techniques, especially 

when defects have limited accessibility and when there is the need to conform to a defect area 

of complex shape. Since all the cements formulations showed a flowable consistency, 

injectability tests were carried out without any adjustment of the L/P ratio. Both Ba-containing 

formulations with 1% w/w and 2.6% w/w of fibres were tested and compared with their 
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reference cement C_Ba. All cements presented a good injectability 34, with load values required 

for the injection around 0,2- 0,3 kN.  

Excellent cohesion has been demonstrated by all formulations: the paste extruded in 

PB solution immediately after the preparation remained intact after 24 h of immersion without 

any particle released to the surrounding medium. No evidence of phase separation, which 

is a major issue inhibiting successful delivery of injectable CPC, was found in the extruded 

samples.   

 
Micro-CT characterization  

Generally, the presence and size of pores decrease strength and elastic modulus 47–49. Micro-

CT analysis showed that the presence of the fibres did not affect the overall porosity in G1 and 

G2.6 samples, with average values comparable to control sample (8.6% vs 8.1% porosity). The 

addition of barium appeared to reduce the porosity regardless of the presence of 

the fibres (4.3% averaging on C_Ba, G1_Ba and G2.6_Ba).  

Interestingly, differences between the pore’s diameter distribution were found (Figure 83): in 

fact, while the most diffuse pore size in sample C is between 0-50 µm, it increased up to 200 

µm in the other samples, highlighting that the presence of fibres and/or barium sulfate 

shifted the pore diameters towards higher values. In particular, a higher number of pores with 

diameters between 0-100 µm was found in G1 sample.  

 

 
Figure 83. Distribution of average diameters in the different cement samples. 
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Despite the increasing of pores size around and beyond 100 µm, fibres were able 

to enhance mechanical performances of composite cements. Pore size of at least 100 µm is also 

beneficial for cell growth 50–52.  

 
In vitro biocompatibility  

To assess the biological safety of the materials, in accordance with their nature and duration of 

contact with human tissues, different biocompatibility tests must be performed (UNI EN ISO 

10993-5:2009). First, the cell viability has been quantitatively assessed considering a reduction 

by more than 30% in comparison to CTR as a consequence of a cytotoxic 

effect, then the lactate dehydrogenase (LDH) in supernatant has been measured, since it is 

known that the release of this enzyme is a sign of cell membranes damage. The viability of 

MG63 was measured after 3 and 7 days of culture (Figure 84a).  

 

 
Figure 84. a) MG63 osteoblast viability (Alamar Blue test) and b) LDH release in supernatant 
(biochemical test) after 3 and 7 days of culture in standard conditions with experimental and reference 
samples.Percentages of viability are indicated under each column in graph a). Statistical analysis is 
reported in the figure (*p<0.05, **p<0.005, ***p<0.0005): 

a. Alamar Blue 3 days: *G2.6_Ba vsG1, G1_Ba, G2.6; 7days: **G2.6, G2.6_Ba vs C_Ba, G1, 
G1_Ba; *G2.6_Ba vs G2.6. 

b. LDH 3 days: **G1_Ba vs G1; *G2.6_Ba vs C_Ba; ***G2.6_Ba vs G1, G1_Ba, G2.6; 7 
days: ***G2.6, G2.6_Ba vs C_Ba, G1, G1_Ba. 

 
At 3 days no differences were found among experimental samples and reference, apart from 

G2.6_Ba, whose values were significantly lower than other materials. At 7 days viability 
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of C_Ba, G1, and G1_Ba was significantly improved when compared to 3 days values 

(p<0.0005, p<0.005, p<0.0005, respectively). On the contrary, viability of both G2.6 and 

G2.6_Ba was significantly lower when compared to C_Ba, G1, G1_Ba with values lower than 

70% (69% and 63% for G2.6 and G2.6_Ba, respectively), revealing cytotoxicity.  

LDH results are shown in Figure 84b. The release of LDH in medium is due to damage of cell 

membrane and it reached significant higher values in G1_Ba and G2.6_Ba in comparison to 

other groups at 3 days. At 7 days C_Ba, G1, and G1_Ba values decreased; on the contrary, both 

G2.6 and G2.6_Ba showed a significant higher release of LDH. The mechanical properties 

and pores size distribution matched very well to what observed by preliminary biological test 

and led to identify as most promising materials G1 and G1_Ba. These results were strictly 

inversely correlated with viability data (Pearson -0,873, p<0,0005).  

 

Gene expression  

The analyses of representative markers of osteoblast activity and differentiation and of 

microenvironment inflammation were performed on MG63 after 7 days of culture on C_Ba, 

G1, and G1_Ba materials. G2.6 and G2.6_Ba were excluded as the samples had previously 

showed typical signs of cytotoxicity. Furthermore, the poor amount of extracted RNA from 

G2.6 and G2.6_Ba, not suitable to correctly carry out the subsequent analyses of gene 

expression, confirmed the scarcity of cells on these samples. Gene expression is reported 

in Figure 85a-f.  

 

 
Figure 85. Gene expression of osteoblast after 7 days of culture by RT-PCR. Some representative 
markers of osteoblast differentiation and activity (a-d) and proinflammatory reaction (e-f) are shown. 
Results were normalized to GAPDH expression and data are given as fold change relative to the 
reference group (C_Ba), considered as 1. Results are the main (± SD) of six replicates. Statistical 
analysis is reported in figure (*p<0.05, **p<0.005, ***p<0.0005):  

b. COL1A1: *G1 vs G1_Ba; 
d. SPARC: ***G1 vs C_Ba, G1_Ba; 
f. IL6: **G1 vs C_Ba, G1_Ba. 
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ALPL, COL1A1, SPARC and BGLAP, genes that encode for alkaline phosphatase, collagen 

type I, osteonectin and osteocalcin, respectively, are known to be expressed in different phases 

of the osteoblast's activity. No differences among groups were found for ALPL and BGALP 

(Figure 85a,c). Referring to these genes, G1_Ba was similar to G1 and C_Ba, demonstrating 

that these materials did not affect osteoblast differentiation and mineralization. COL1A1 and 

SPARC expression (Figure 85b,d) was significantly upregulated in G1_Ba when compared to 

G1 sample gene expression and reached level similar to C_Ba. By a further analysis (not 

shown) emerged a more abundant expression of SPARC and COL1A1 at this culture endpoint, 

thus revealing an intermediate stage of osteogenesis, already involving the mineralization 

phase. In fact, type I collagen represents the major component of the bone extracellular matrix, 

whose deposition is regulated also by osteonectin, which has high calcium affinity and 

contribute with collagen to form the matrix and to mineralize it 53. IL1β and IL6 are pro-

inflammatory cytokines involved in the process of bone formation, and they have a relevant 

role in osteoblast and osteoclast differentiation. Regarding IL1β expression, no differences 

were found among groups. IL6 was significantly over-expressed in G1, when compared to 

both C_Ba and G1_Ba. G1_Ba was not different from C_Ba (Figure 85e,f).  

 
Immunoenzymatic analysis  

The protein quantification confirmed what observed by molecular biology: at 7 days of 

culture, similar amount of ALP, type I COLL and OSTC were detected in supernatants 

of all materials (Figure 86a-c).  

 

 
Figure 86. Protein release detected by ELISA assay after 3 (light green) and 7 (green) days of culture. 
Some representative markers of osteoblast differentiation and activity and proinflammatory reaction 
are shown. Results are the mean (± SD) of six replicates. Statistical analysis is reported in figure 
(*p<0.05, **p<0.005, ***p<0.0005):  

c. Osteocalcin 3 days: *C_Ba vs G1, G1_Ba; **G1 vs G1_Ba;  
e. IL6 3 days: ***G1_Ba vs C_Ba; 7 days: **G1 vs C_Ba. 



 185 

Osteocalcin (OSTC) values were significantly higher in C_Ba in comparison with G1 and 

G1_Ba (p<0.05) and G1 was higher than G1_Ba (p<0.005) at 3 days of culture, but at 7 days 

the differences were no longer significant. All markers showed much higher values at 7 days 

than at 3 days in all groups, demonstrating the growing activity of osteoblasts during the culture 

time and the maintenance of cell differentiation.  Finally, IL1β and IL6 were quantified to 

exclude possible inflammatory effects elicited by the materials 54. The measure of inflammatory 

cytokine IL1β revealed no differences of production among groups at both 

experimental times (Figure 86d). Conversely, the measurement of IL6 (Figure 86e) 

demonstrated a significant difference between G1_Ba and C_Ba at 3 days (p<0.0005) and 

between G1 and C_Ba at 7 days (p<0.005), although the dosage of this interleukin in all groups 

was low at 3 days (below 3 pg/mL) and the values decreased again, being barely detected at 7 

days (below 0.1 pg/mL).   

 
Conclusions   

After several attempts, an efficient method for the preparation of an injectable FRCPC for bone 

regeneration was developed. Supramolecular fibres formed by LMWG self-assembling were 

grown for the first time inside a calcium phosphate bone cement using calcium ions as 

trigger and provided structural and mechanical support to the material. A 1% w/w ratio 

between the gelator and the cement powders and a L/P ratio of 0.52 mL/g ensured the 

formation of a great number of fibres, which were clearly visible from SEM images. 

The fibres were homogeneously dispersed all over the matrix, guaranteeing a reinforcement 

effect even if they promoted the formation of a higher number of pores larger than 100 

µm when compared with the reference cements.   

The formulations containing 1% w/w of fibres were biocompatible and able to support a correct 

osteoblast activity in terms of main bone markers, without inducing inflammation. The increase 

of the anabolic markers and the decrease of ILs over time suggest osteoblasts growth in 

presence of bioactive molecules and drugs. 
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Chapter 5. 
CONCLUSIONS 

I carried out my PhD with the research group of Prof. Panzavolta at the laboratory of Materials 

Chemistry and Biomimetics of the ‘G. Ciamician’ Chemistry Department of the University of 

Bologna.  

For years, the team has focused on the study of biomaterials, materials able to safely interface 

with biological systems for a medical purpose. Biomaterials intended for tissue regeneration 

are able to support and/or replace the damaged functions, allowing the growth of new tissue. 

Biopolymers, known for many decades but ignored mainly because of the low cost of synthetic 

polymers, have the potential to replace them in many applications, thus reducing the problems 

of traditional plastics disposability and the dependence on petroleum. Natural biopolymers are 

in fact characterized by a high biocompatibility and biodegradability and have already 

prompted research in the field of regenerative medicine, which to date is one of the most popular 

scientific fields and represents the future of life sciences, where today’s new technologies and 

public health challenges converge. 

 
During these three years of my PhD, the purpose of my research was to use sustainable and 

largely available biopolymers or biodegradable polymers to produce biomaterials of different 

types. From a circular economy point of view, I have employed several sustainable materials, 

giving priority to those deriving from waste sources: I selected chitosan, cellulose derivatives, 

sodium hyaluronate, keratin and gelatin (both of mammal and fish). With these raw materials I 

have developed different biomaterials, in the form of films, scaffolds or bone cements, aimed 

at the regeneration of hard and soft tissues, such as bone, cartilage and skin. 

In the previous Chapters, a separate treatment for each type of biomaterials has been reported.  

In particular, Chapter 2 deals with the production of flexible and versatile films: the materials 

I obtained have a wide range of applications, from cosmetics and food packaging to the 

biomedical field, where can be proposed as drug delivery platforms or for the treatment of 

wounds or burns. The peculiarity of these materials, inherently biodegradable and 

biocompatible, relies in the content of snail slime from Helix Aspersa snails in their 

formulation, which modulated their final properties. Varying the amount of slime contained in 

the film has indeed proven to be an effective method of modulating specific properties, 

according to the need. 

Snail slime obtained from different suppliers and extracted by different methods have been 

introduced into the formulations of these materials, highlighting a certain variability of its 

properties, mainly due to the feeding and breeding of snails, as well as the extraction methods. 
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Therefore, in future it would be very important to perform a complete characterization of the 

composition of different snail slimes: a better understanding of the slime composition could be 

useful to obtain information on the interactions that occur between the components of the 

mixture. In addition, correlating the properties of the material to the presence of certain 

substances in specific concentrations, could significantly broaden the understanding of the 

composition of this natural extract and therefore its use. 

 
As reported in Chapter 3, snail slime has also been used in the formulation of scaffolds based 

on chitosan and gelatin for the regeneration of cartilage, but its role in the scaffold’s 

composition and its contribution to the scaffolds’ properties must be studied deeper.  

In the context of biomimetics, the science of imitating nature, in Chapter 3 I also report the 

development of a cylindrical scaffold obtained by rolling on itself one or more gelatin foamed 

strips to simulate the arrangement of the osteons in bone. Thanks to this method, the obtained 

scaffolds showed anisotropic properties, proving to be good candidates for bone tissue 

engineering. Moreover, by overlapping layers with different crosslinking degree, I was able to 

tune the stability of the biomaterial in physiological conditions. 

 
Finally, I dedicated Chapter 4 to the development of bone cements based on calcium 

phosphates, biocompatible ceramic scaffolds that have the potential to mimic the mineral phase 

of bone. 

My commitment has focused primarily on the possibility of obtaining drug delivery systems 

that can locally release an antibacterial drug, avoiding the risk of bacterial contamination after 

surgery. To do so, I encapsulated a broad-spectrum antibiotic inside degradable microparticles, 

which dissolve over time releasing the drug and promoting the formation of pores. The 

composition of the cement was further improved to obtain a radiopaque and injectable material. 

The last project concerned a feasibility study: in order to reinforce the CPC, a peptidic gelator 

capable of forming supramolecular networks was inserted into the liquid phase of the cement’s 

composition. The effective and surprising ability of gelator molecules to self-assemble even in 

the presence of a large amount of powders, has allowed to obtain a huge amount of fibers, 

located mainly inside cement’s pores, and a consequent effective mechanical reinforcement. 

 
In all projects, I have dealt with both the synthesis of biomaterials and their characterization, as 

well as the interpretation of data and the drafting of scientific journal articles. I carried on my 

work using the equipment of the University and by employing procedures found through a 

careful bibliographical research, along with those developed by the research group over the 

years. 
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Biological tests with bacteria, fungi and cells, as well as porosity tests with the micro-CT 

technique were carried out thanks to external collaborations with other Departments and 

Structures, such as the group of Prof. Passerini and Albertini of the Department of Pharmacy 

and Biotechnology, Unibo, the group of Prof. Gentilomi at Microbiology Unit of S. Orsola-

Malpighi University Hospital of Bologna, the IRCCS Rizzoli Orthopedic Institute of Bologna 

and the group of Dott. Aluigi at Isof-CNR of Bologna.  

Overall, I am satisfied with the work I have done, full of collaborations with other research 

groups and distinguished by the multidisciplinary nature of this sector.  
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APPENDIX I 
Table AI. Characterization of snail mucus obtained from Helix Aspersa Muller by means of 

MullerOne technology. Analyses were obtained by the supplier. The chemical and microbiological 
parameters evaluated are among those suggested for snail mucus characterization, as reported in 

http://www.mullerone.com/it/en/our-slime-helix. 

 
 
 
 
 
 

 Specification Values Measure Units Method 

Aspect  Clear   

smell Odorless   

Color  Pale 
yellow 

  

pH 2.9   

Density 1.0-1.04 g/ml  

Dry residual 5 % M/V M.I.M 180305/L Rev. 0:2005 

Minerals (K, Ca, Na) 538  mg/L M.I.M 110315/C Rev. 0:2005 

Heavy metals  absent   

Proteins 80 - 120 mg/L Bradford proteins assay method 

Glycolic acid 60-80  mg/L J. Chrom. A. 1322, pp 49-53, 2013 

Allantoin 100-130 mg/L J. Chrom. A. 1322, pp 49-53, 2013 

Iron 3 mg/L M.I.M 111010/C Rev. 0:2010 

Citric acid <0.1 mg/L M.I.M 150212/A Rev. 0:2012 

Ascorbic acid <0.1 mg/L M.I.M 150212/A Rev. 0:2012 

Antiprotease 1.3 mg/L M.I.M 0112016/A Rev. 0:2016 

D-lactic Acid  <10 mg/L M.I.M 0112016/A Rev. 0 

L-lactic Acid  <10 mg/L M.I.M 0112016/A Rev. 0 

Sodium benzoate <0.002% m/m M.I.M 150212/A Rev 0:2012 

Collagen 2-60 mg/L M.I.M 0112016/H Rev. 0:2016 

Gram + <10 UFC/g UNI-EN ISO6888-1:2004 

Gram - <10 UFC/g ISO 16649-2:2001 

Fungi <10 UFC/g NFV08-059:2002 
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APPENDIX II 
Table AII. Antibiotic resistance profile of the 20 clinical isolates assayed with C_Ba_GS 2, 

C_Ba_MPsGS and C_Ba_GS 2_MPsGS 

CM=Clindamicyn; E=Erythromycin; GMN=Gentamicin; LVX=Levofloxacin; OX=Oxacillin; 
P=Penicillin; TE=Tetracycline; TEC=Teicoplanin; SXT=Trimethoprim/Sulfamethoxazole;  

VA =Vancomycin. 
R=Resistant; S=Susceptible; I=Intermediate, as defined following the EUCAST guidelines 

§Staphylococcus species resistant to oxacillin were declared, by convention, methicillin resistant. 
 

 
 
 

 

S. aureus Antibiotic-resistance profile 

MSSA 1 CMS, ES, GMNS, LVXS, OXS, PR, TES, SXTS 

MSSA 2 CMR, ER, GMNS, LVXS, OXS, PS, TES, SXTS 

MSSA 3 CMS, ES, GMNS, LVXS, OXS, PR, TES, SXTS 

MSSA 4 CMR, ER, GMNS, LVXS, OXS, PS, TES, SXTS 

MSSA 5 CMS, ES, GMNS, LVXS, OXS, PR, TES, SXTS 

MRSA 1§ GMNS, LVXR, OXR, PR, TES, TECS, SXTS, VAS 

MRSA 2§ GMNS, LVXR, OXR, PR, TES, TECS, SXTS, VAS 

MRSA 3§ CMR, ER, GMNS, LVXR, OXR, PR, TECS, TES, SXTS, VAS 

MRSA 4§ CMS, ES, GMNS, LVXR, OXR, PR, TES, TECS, SXTS, VAS 

MRSA 5§ CMS, ES, GMNS, LVXR, OXR, PR, TES, TECS, SXTS, VAS 

S. epidermidis Antibiotic-resistance profile 

MSSE 1 CMS, ER, GMNS, LVXS, OXS, TES, SXTS 

MSSE 2 CMS, ES, GMNS, LVXS, OXS, PR, TES, SXTS 

MSSE 3 CMS, ES, GMNS, LVXS, OXS, PR, TES, SXTS 

MSSE 4 CMR, ER, GMNS, LVXS, OXS, PS, TES, SXTS 

MSSE 5 CMS, ES, GMNS, LVXS, OXS, PR, TES, SXTS 

MRSE 1§ CMS, ER, GMNS, LVXS, OXR, PR, TES, TECS, SXTR 

MRSE 2§ CMS, ES, GMNS, LVXS, OXR, TES, SXTR, VAS, TECS 

MRSE 3§ CMS, DAS, EI, GMNS, LVXR, OXR, TES, SXTS, VAS, TECS 

MRSE 4§ CMR, ER, GMNS, LVXR, OXR, TER, SXTS, VAS, TECS 

MRSE 5§ CMR, DAS, ER, GMNS, LVXS, OXR, PR, TER, SXTS, VAS, TECS 


