UNIVERSIT DI PARMA

UNIVERSITA’ DEGLI STUDI DI PARMA

DOTTORATO DI RICERCA IN

Scienza e Tecnologia dei Materiali

CICLO XXXVI

Design and Development of Eco-sustainable Biomaterials

for Healthcare Applications

Coordinatore:
Chiar.mo Prof. Enrico Dalcanale

Tutore:
Monica Sandri, PhD

Co-tutore:

Elisabetta Campodoni, PhD

Dottoranda: Chiara Artusi

Anni Accademici 2020/2021 - 2022/2023






Nothing is created,
nothing is destroyed,
everything is transformed.

Antoine-Laurent de Lavoisier






Design and Development of Eco-sustainable

Biomaterials for Healthcare Applications






Table of Contents

AIM

CHAPTER 1

INTRODUCTION
1.1. Biomaterial in the context of circular economy
1.2. Synthetic and natural biopolymers

1.3. Bioceramics materials

1.3.1. Hydroxyapatite

1.4. Biohybrid materials

1.4.1. Biomineralization process

1.5. Features and design of polymeric and hybrid biomaterials
1.5.1 Biocompatibility
1.5.2 Biodegradability
1.5.2.1 Cross-linking processes
1.5.3 Porosity
1.5.3.1 Prototyping methods
1.5.4 Wettability

1.6. Ecosustainable biomaterials in healthcare applications
1.6.1 Respiratory application

1.6.2 Cosmetic application

References

11

13

13

13

16

22
23

26
26

29
29
29
30
33
34
37

39
39
41

43



CHAPTER 2

53

DEVELOPMENT AND VALIDATION OF ECO-FRIENDLY DESIGNED HEAT AND MOISTURE

EXCHANGER (HME) FOR THE SAFEGUARD OF THE RESPIRATORY TRACT AND THE
ENVIRONMENT

2.1. Introduction

2.2. Materials&Methods

2.2.1 Biopolymers

2.2.2 Synthesis of HMEs filters

2.2.3 Morphological characterization

2.2.4 Chemico-physical characterization

2.2.5 Bacterial filtration and Bacteriostatic activity

2.2.6 Bacterial Filtration Efficiency (BFE)

2.2.7 Validation in hospital environment

2.2.8 Stability test

2.2.9 Diagnostic component (HMEDs filter)
2.2.9.1 Synthesis of liposome
2.2.9.2 HME:s filters impregnation with liposome/Rhodamine-B solution
2.2.9.3 Bacterial detection

2.3. Results&Discussion
2.3.1 Chemico-physical characterization
2.3.1.1 Freeze-drying process evaluation
2.3.1.2  Cross-linking process evaluation
2.3.2 HME filter optimization for reducing cost and environmental impact
2.3.3 Bacterial filtration and Bacteriostatic activity
2.3.4 Bacterial Filtration Efficiency (BFE)
2.3.5 Validation in hospital environment
2.3.6 Stability test
2.3.7 Diagnostic component (HMEDs filter)

2.4 Conclusions

References

53

53

58
58
58
60
60
62
62
63
65
65
66
66
67

68
68
68
70
75
78
79
80
81
83

85

86



CHAPTER 3 91

SAFE-BY-DESIGN APPROACH TO SUNSCREENS: SYNTHESIS AND VALIDATION OF

BIOMIMETIC HYBRID PARTICLES FOR AN ECO-SUSTAINABLE UV PROTECTION 91
3.1 Introduction 91
3.2 Materials&Methods 97
3.2.1 Chemicals and reagents 97
3.2.2 Synthesis of alginate titanium-doped hydroxyapatite (AlgTiHA) 97
3.2.3 Sunscreen formulations 98
3.2.4 Characterization of AlgTiHA powder 101
3.24.1 Morphological characterization 101
3.2.4.2 Chemico-physical characterization 102
3.2.4.3 Degradation test in marine and lake-like environment 103
3.2.4.4 Invitro evaluation of antimicrobial activity 104
3.2.5 Sunscreen formulations efficacy and safety assessment 105
3.2.5.1 Invitro SPF and UVA test 105
3.2.5.2 Invivo SPF test 106
3.2.5.3  Safety test (patch test) 107
3.2.5.4 Stability test 107
3.2.5.5 Exvivo release test 107
3.2.5.6  Histological analysis 110

3.3 Results&Discussion 113
3.3.1 Synthesis and characterization of AlgTiHA powder 113
3.3.2 Degradation test in marine and lake-like environment 116
3.3.3 Invitro evaluation of antimicrobial activity 122
3.3.4 Sunscreen formulations efficacy and safety assessment 123
3.3.5 Exvivo release and histological analysis 127
3.4 Conclusions 130
References 131



CHAPTER 4 137

CONCLUSIONS 137

Acknowledgments 139

10



Aim

This work has been focused on the design and development of polymeric and hybrid
biomaterials applicable in the healthcare sector following the principles of eco-sustainability
and circular economy. Nowadays there is a growing need to develop healthcare devices
composed of renewable resources that are inexpensive, but above all easy to dispose of and
which do not harm the environment, as well as being safe and effective for humans. In this
context, the aim of this work was to exploit biocompatible and biodegradable materials from
natural sources and green biomimetic processes to develop new multifunctional biomaterials
capable of responding to specific healthcare needs. Specifically, two eco-sustainable
biomaterials have been developed, one fully polymeric and the other of hybrid composition,
which have highlighted considerable potential in the fields of mechanical ventilation and of
cosmetics with low environmental impact.

The first material is a polymeric aerogel made of gelatin and chitosan, developed through a
green-chemistry process optimized to obtain an eco-sustainable medical device capable of
guaranteeing, during intensive care or anesthesia, the normal levels of humidity, heat and
filtration of the trachea, when the patient's upper airways are by-passed. In detail, raw
materials derived from food waste were selected to create a biodegradable disposable filter
with reduced environmental impact and low cost. Furthermore, the freeze-drying and cross-
linking processes were optimized to develop a stable 3D material with high filtration efficiency
that is scalable for industrialization.

The second material is a hybrid compound consisting of a mineral phase, a hydroxyapatite
doped with titanium ions, nucleated on a biopolymeric matrix of alginate through a nature-
inspired biomineralization process, demonstrating reflecting properties adapt for the
formulation of eco-sustainable sunscreens. In particular, in addition to adequately protecting
the skin from UV radiation and eliminating the undesirable effects caused by the typical
components of commercial sunscreens (photocatalytic effect, irritation, penetration of
nanoparticles, etc.), we focused on the development of a biocompatible UV filter which once
formulated into a cream and applied to the skin, does not release substances harmful for marine
ecosystems or humans.

Finally, an all-round characterization of the key aspects of each material was carried out,
highlighting the main achievements and obstacles, as well as the main overall aspects that could

be improved.
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CHAPTER 1

Introduction

Part of the content of this chapter has been published as Phd Thesis of Savini E. “Design and Development of
Biomineralized Nanostructured Devices from natural sources for Biomedical Application” 2016, Phd Thesis of
Campodoni E. “Design and development of bio-hybrid multifunctional material for regenerative medicine” 2018,
PhD Thesis of Montanari M. “Design and Development of Printable and Injectable Bio-Hybrid Inks for Tissue
Engineering and Regeneration” 2022, PhD Thesis of Carella F. “Synthesis and Characterization of Nanostructured
Calcium Phosphate Matrices for Biomedical and Environmental Applications” 2022.

1.1. Biomaterial in the context of circular economy

In the twenty-first century, where technological progress coordinates our lives, the main
economic and social challenge is to counteract the negative effects of the progressive
industrialization on natural ecosystems. The economic development that accompanies this
trend is linked to the increased production not only of consumer goods, but also of specialized
equipment that are difficult to remanufacture, such as medical equipment. The necessary
actions to reduce the production of industrial materials whose waste is difficult to recycle are
increasingly evident, especially in the face of the serious environmental and financial crisis that
the whole world is going through. Studying and researching innovative eco-sustainable
materials, especially for biomedical applications, is now a priority goal of our age to
increasingly orient industry and society towards a circular economy context.!

Although it is a concept recently applied by our society, already in 1960, the term circular
economy began to appear with Kenneth Boulding, a famous English economist who wrote: “Man
must find his place in a cyclical ecological system which is capable of continuous reproduction
of material form even though it cannot escape having inputs of energy”.2

The term circular economy is used to describe an economy that has no impact on the
environment; rather, it restores the damage done in the extraction of resources, while ensuring
that there is little waste throughout the production process and the life of the product. It can be
described as a closed energy system in which economy and environment are in close contact,
where the principles of reducing, reusing, and recycling materials are emphasized to minimize
waste generation, environmental impact and maximize the value of resources.3# The aim of the
circular economy is to treat waste as a valuable raw material and incorporate it into the life
cycle of subsequent products to minimize the consumption of materials and energy during

production processes and avoid the use of potentially dangerous substances for the consumer
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and the environment. Giving "another life" to products thanks to their reintroduction into the

production cycle is the founding principle of the circular economy (Figure 1.1).5
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Figure 1.1. Schematic process of circular economy.

The current energy system is collapsing due to the inequality in the distribution of resources,
the increase in global population and the depletion of petroleum-based resources on earth, all
prompted by the alarming increase in greenhouse gas emissions that are destroying the
environment. Fossil fuels still remain the main source of energy supply for the whole world, but
it is estimated that world energy demand will increase by up to 48% by 2040, making it
increasingly difficult to satisfy the demand with non-renewable sources. Furthermore, the
environmental concern associated with their use has prompted research towards eco-friendly
and sustainable alternative energy sources, in order to get out of the only dependence on fossil
resources and satisfy global energy demand without damaging the ecosystem.é

Among the various sources of renewable energy that we all know such as the sun, wind, water,
etc., which are offered to us directly by nature, the attention was focused on the exploitation of
the biodegradable fraction of biological industrial and urban waste (animal and vegetable
origin) to generate new materials with zero impact. In fact, in line with the principles of the
circular economy, bio-based products are made from recycled natural materials and are
disposed of by decomposition without emitting COz, since CO2 produced during their use and
disposal is offset by the CO2 absorbed by the plants during photosynthesis. This phenomenon

is identified with the term "carbon neutrality" to describe an almost zero impact on the
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environment, not applicable to materials derived from fossil fuels.3 In recent decades in fact,
one of the sectors that has most accepted the challenge of recycling and eco-sustainability is
that of biomaterials.

A biomaterial is defined as a compound that meets the standards of biocompatibility,
biodegradability and non-toxicity and it is capable to interact with a living system for a medical
purpose, either therapeutic or diagnostic. The properties of biomaterials have evolved over
time with the progress that scientific research has made on the subject. In the early 1960s, the
term biomaterial identified inert materials that could be used to replace damaged tissues to
provide structural support with minimal impact on the patient. Subsequently between 1980
and 1990 we moved on to talking about bioactive materials, capable of promoting a biological
reaction in the contact area between the material and the host, increasing the effectiveness of
the final medical device. These biomaterials, however, still highlighted significant drawbacks,
especially in terms of infections and immunological reactions, so to overcome these obstacles,
biodegradable materials capable of degrading and being absorbed by the host were created at
the beginning of the 2000s, avoiding the disadvantages of not resorbable medical devices.

This new generation paved the way for the creation, in the second decade of the 2000s, of the
so-called "smart biomaterials”, characterized by the ability to emulate natural structures and
mechanisms, repairing, and regenerating damaged tissues through specific interaction with
cells. These biomaterials are the ones now called biomimetic materials.”8

Biomaterials include different types of compounds?, but in the context of the circular economy,
greater attention has been paid to biopolymers, bioceramics, and biohybrid materials, because
they meet the requirement of the green-economy concepts, they are easier to dispose, less
expensive and ecosustainable.# In this regard, the study and development of devices for
healthcare sectors, from implantable to disposable accessories, composed of bio-based
materials is and will increasingly be the primary strategy of the green economy to limit wasted
materials, pollution, and by following the concepts of recycling and recovery with the

ingeneration of green-chemistry productive processes.
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1.2. Synthetic and natural biopolymers

Directive 2019/904° of the European Parliament has imposed the complete replacement of
traditional non-degradable materials with biodegradable polymers by 2030 to reduce
environmental impact to zero. In fact, more and more often, companies are introducing the use
of biopolymeric materials into the industrial supply chain to adapt their production strategies
to the needs of more sustainable development. If we think about the tons of non-recyclable
waste that are produced and disposed of in landfills or through incineration every year, it is
increasingly clear that biomaterials, in particular polymeric ones, will become the basic element
for the production of innovative green materials, mostly in biomedical field where attention to
biocompatibility and degradability are essential. For example, during the Covid-19 pandemic,
it was estimated that 3 million disposable masks were used per minute, which resulted in a
significant increase in greenhouse gas emissions and non-degradable waste. Therefore, the
exploitation of biodegradable polymers can reduce the damage and costs associated with waste
disposal and at the same time, constitute a response to global trends in the production of mainly
disposable products.10

With this evidence, biopolymers are the materials that for excellence cover all the fundamental
characteristics for producing eco-sustainable devices. An exhaustive definition of biopolymer
was provided in 2002 by the United States Congress in the Farm Security and Rural Investment
Act which defines them as compounds easily degraded, obtained totally or in significant part,
from biological products or from renewable sources such as agricultural materials (plant,
animal and marine) or forest materials.11.12 They can be obtained directly from plant or animal
sources present in nature, but can also be chemically synthesized from fats, amino acids,
proteins or vegetable oils, for this reason they show some crucial differences and are

distinguished in synthetic and natural polymers (Figure 1.2).

Synthetic biopolymers Natural biopolymers
PROS CONS PROS CONS
. B?ocompatible » Expensive Biocompatible » Batch difformity
Biodegradable * High temperature process Biodegradable * Immunological responce

No immunological response ¢ No cells embedding
Batch uniformity
Easy to process

Pre-process functionalization + Complex process condition
Low temperature process

Low cost

Cells embedding

Figure 1.2. Main features of synthetic and natural biopolymers.

16



Synthetic biopolymers can be obtained through fermentation of microorganisms or chemical
synthesis starting from monomers derived from fossil or renewable sources. They have the
advantage of being easily workable and showing uniformity between produced batches, but at
the same time they are very expensive. They are mainly used in the packaging sector to reduce
the use and production of non-degradable plastic waste, but the biomedical and healthcare
sectors also make extensive use of them.13 In particular, synthetic biopolymers show a minimal
risk of inducing an immunological response when they come into contact with a tissue, even if
their processing at high temperatures limits their functionalization and therefore the
incorporation of cells.14

The main synthetic biopolymers include polycaprolactone (PCL), an aliphatic and semi-
crystalline polymer which has high toughness and mechanical resistance with adequate
biocompatibility, very useful in the medical field, polyglycolic acid (PGA) and polylactic acid
(PLA), both biodegradable aliphatic polyesters and biocompatible materials used for surgical
and packaging devices, as well as polyhydroxyalkanoates (PHA, PHB), thermoplastic polymers
widely exploited to generate bioplastics.15-17

On the other hand, natural biopolymers are obtained from animal or plant resources present in
nature or from industrial waste, therefore they are already born as completely biodegradable
and above all low-cost and eco-friendly compounds. However, the problem linked to the
extraction of these biopolymers from industrial waste or natural matrices is the difficulty to
have homogeneity between different batches of the same product and therefore it is necessary
to study different processing methods.!8 Unlike synthetic ones, they require very low
processing temperatures but more complex processes, furthermore they can cause an immune
response if put into contact with the organism. Even natural biopolymers such as synthetic ones
find wide sectors of application from packaging to environmental devices for the purification
of water and air, but above all recently they are finding space in the biomedical field, since
biocompatibility, biodegradability and low cost are the main characteristics requests for
medical devices.17.19.20

Natural biopolymers, compared to synthetic ones, constitute an important resource for
overcoming the limits linked to the eco-sustainability of biomaterials for healthcare. There are
several types of natural polymer, some of animal origin (collagen, gelatin, chitosan) and others

of plant origin (alginate, cellulose) largely investigated and applied in this field.
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Collagen is the most important and used natural polymer and is the main structural fibrous
protein of the extracellular matrix (ECM), the characteristic element of animal connective
tissue.21 It consists of three polypeptide chains arranged in a helix in which the amino acid units
glycine, proline and hydroxyproline (Gly-Pro-Hyp) are repeated. The set of these triple helix
chains creates a collagen microfibril, which leads to the formation of elongated fibrils, which in
turn aggregate to form the final collagen fibers.22 Collagen is the most widely used material in
tissue engineering given its excellent biocompatibility, however being of animal origin, it can
lead to some limitations in terms of quality and purity that could affect the final application, and
also it is quite expensive given the difficulty in extracting it and of the management of the
related documentation for the traceability of the raw material and the product quality

assurance (Figure 1.3).19.23

Collagen fibrils Collagen molecules

A a-chain

Collagen fibers // |
/|

Aminoacids chain
horse tendon

Figure 1.3. Schematic representation of collagen fiber hierarchical structure.

Gelatin is a mixture of proteins consisting mainly of glycine, proline and lysine, obtained
through the hydrolysis of collagen and therefore maintains part of its characteristics such as
biocompatibility.24 There are two types of gelatin: type A, which comes from pig skin collagen
by acid treatment, and type B, which comes from cow skin or bone collagen by alkali process.
Although mainly of animal origin, there are also vegetable gelatins obtained from algae such as
Agar Agar or from fruits (pectin) which are gaining ground in the food and cosmetics markets,
mainly for ethical reasons related to the reduction of the use of animal sources.2>

In addition to its exceptional biodegradability, gelatin has various functional groups which
therefore allow it to interact easily with other polymers. It is soluble under physiological
conditions of pH, temperature and osmolarity, but can form a hydrogel with triple helix
structure when the temperature approaches the gel transition temperature of 30°C and can be
made irreversible with a crosslinking agent that creates bridges between functional groups of

gelatin molecules (Figure 1.4).26.27
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From an economic/environmental point of view, gelatin is a biopolymer that can be purchased
at very low cost from waste from the food industry, easy to handle and work with and which

therefore allows the creation of more eco-sustainable biomaterials.28
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Figure 1.4. Structure of gelatin obtained through denaturation treatment of collagen.

Chitosan is a natural polymer coming from the polysaccharide family, obtained by the partial
deacetylation of chitin, a structural element of the crustacean exoskeleton (Figure 1.5). Itis a
biodegradable and biocompatible cationic polymer, composed of randomly distributed (3-(1-4)-
D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit).2?

It has great versatility of use, in fact it can be used in agricultural, pharmaceutical as well as
biomedical applications, the latter above all thanks to its antimicrobial properties and pH
sensitivity.3? In particular, above the pH range 6.2-7, the amino groups undergo deprotonation,
while in solutions with a pH lower than 6.2 the chitosan manages to dissolve making the amino
and hydroxyl groups available for possible cross-linking.31 It can also be considered an eco-
sustainable polymer, as it is obtained starting from the reuse of crustacean shells and above all
easy to dispose of.32 Chitosan, like gelatin, can be obtained from waste material from food
industry, in particular from the fishing sector, significantly reducing the costs of the raw
material and exploiting, from a sustainable perspective, industrial waste to create easily

disposable devices.
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Figure 1.5. Structure of chitosan through the deacetylation of chitin.

Alginate is a natural polysaccharide extracted mainly from marine brown algae and consists of
two polymers, D-mannuronate (M) and L-guluronate (G). Its final copolymeric structure
consists of consecutive or alternating M and G homopolymeric blocks, covalently linked
through -f3 1,4 and -a 1,4 glycosidic bond. The different ratio between the G and M polymers
characterizes the type of alginate.33

Sodium salt alginate is soluble in water, but being an anionic polymer, it has the ability to bind
divalent cations (typically Ca?* ions) and form ionically crosslinked hydrogels. In detail, two
pairs of two consecutive G units, each belonging to different polymer chains, pack together with
the calcium ions located between them, causing the polymer chain to assume a zig-zag shape
defined as the egg-box model (Figure 1.6).3435 It is biodegradable under normal physiological
conditions, moreover, coming from algae it is easily available at low cost and more appreciated
for cosmetic and biomedical uses.

In fact, its vegetal origin allows it not only to reduce costs in the choice of raw materials, but to
avoid the use of animal sources which on an ethical and industrial level are increasingly less

taken into consideration for the production of new materials, especially in healthcare sector.
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Figure 1.6. Structure of alginate and egg-box model after cross-linking with calcium ions.

Cellulose is the most widespread polymeric material in nature, obtained from numerous
sources, such as cotton, paper, wood, sugar cane and for this reason it is also characterized by
its high cost-effectiveness.3¢ From cellulose it is possible to extract its nanometric component,
i.e. nanocellulose, through physical/chemical/enzymatic treatments to isolate the individual
fibrils from the general structure, obtaining cellulose nanofibrils (CNF) or cellulose
nanocrystals (CNC) (Figure 1.7).37

It is a water-insoluble biodegradable polysaccharide with excellent mechanical properties,
which can be functionalized with different chemical compounds, which allow it to be exploited
for different applications.3839 Cellulose, like alginate, is widely exploited for its plant origin, but
above all because it is obtained from industrial waste materials, thus facilitating its disposal

and recycling.
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Figure 1.7. Structure of cellulose and methods for obtaining nanocellulose.
1.3. Bioceramics materials

In the context of ecosustainable biomaterials for healthcare applications, polymeric materials,
discussed previously, play a fundamental role due to their easy degradation, disposal and reuse,
however among the various known biomaterials, the use of bioceramic compounds appears to
be a valid ecosustainable option.

The term “bioceramics” refers to biocompatible ceramic materials, applicable for biomedical or
clinical uses. These biomaterials are usually classified in terms of behavior in the body
environment, morphology or according to fields of application as bioinert, bioactive and
bioresorbable. Bioinert ceramics are defined as stable bioceramics that do not show any
harmful effects or responses in the body and are usually identified as Alumina, Zirconia and
Carbon. However, if we talk about bioactive ceramic, we are referring to a material that creates
an interaction or stimulates a reaction with the organism, without undergoing structural
changes over time, as bioglass does for example. Finally, moving on to bioabsorbable ceramics,
in addition to being bioactive, they have the added value of being able to be gradually
reabsorbed by the body or easily degraded in the environment, as happens with the calcium
phosphate (CaP) family.40-43

Thinking back to the circular economy concepts defined in the initial chapter with application
in the healthcare sector, a biocompatible ceramic material, which generates an interaction with
the body and at the same time can be easily degraded and disposed, reflects all the necessary

characteristics required. In this regard, calcium phosphates appear to be the most suitable
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bioceramic phase to develop innovative eco-sustainable biomaterials for healthcare
applications.

CaPs are minerals that predominantly form the inorganic component of hard tissues in
vertebrates (e.g., bones and teeth) and are often used as biomaterials in biomedical field, in
detail for regenerative medicine to recreate or replace bone tissue or as drug delivery
systems.** By modifying the synthesis parameters to develop CaPs, different crystalline phases
can be obtained, with different morphology, crystallinity, Ca/P ratio etc., which influence the
characteristics and functions of the ceramic phase (Figures 1.6). The most relevant CaPs phases
are four and appear as amorphous calcium phosphate (ACP), octacalcium phosphate (OCP),
tricalcium phosphate (TCP), and hydroxyapatite (HA).#> Each of them shows different
properties, which are exploited for specific applications in the healthcare field, but among all
the CaP phases, HA is the bioceramic phase mostly used for its high biomimetics and excellent

thermodynamic stability in physiological conditions.46:47
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Figure 1.6. Principal synthesis parameters that influence the formation of different CaP phases.

1.3.1. Hydroxyapatite

Hydroxyapatite is the mineral phase of vertebrate bones, mammalian teeth and fish scales and
is the most common of the apatite family with chemical formula Ca10(P0O4)s(OH)2. Its hexagonal
crystalline structure visible in Figure 1.7, beyond to containing PO43-and OH- ions, presents
calcium ions in two crystallographically different sites of symmetry. Ca(I) ions are identified in
columns along the three axes and each is nine coordinated with O atoms, while Ca(II) ions are

seven coordinated, with six O atoms and one OH- ion.46
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Figure 1.7. HA hexagonal crystal structure with the position of Ca2* divided in the two different symmetry sites.

When talking about hydroxyapatite, however, it is necessary to make a clear distinction
between the two existing types: stoichiometric or biological. Stoichiometric hydroxyapatite is
composed of CaZ*, PO43- and OH-, corresponding to the chemical formula described previously,
with a Ca/P ratio of 1.67. It has a high crystallinity, low reactivity and a very ordered structure
with difficulty in being functionalized. On the contrary, the biological one, i.e. the one present
in our bones, is not stoichiometric as in addition to Ca2+, PO43- and OH- ions, it has a very flexible
crystalline lattice capable of exchanging and incorporating in its crystal structure numerous
ions (e.g. CO3%2*, Mg?*, Sr?*), which modify the Ca/P ratio and their chemical-physical
characteristics according to the needs of the constituent bone tissue. Furthermore, the
biological hydroxyapatite, allowing the entry of different ions, has poor crystallinity, modifiable
if subjected to external stimuli and the ability to interact and transfer important biological
signals with cells.48

In the field of biomaterials for healthcare, the need to have the availability of apatite as similar
as possible to the natural one has always been a crucial point for the development of bioactive
particles and devices. In this regard, over the last twenty years a synthetic method has been
developed to mimic in laboratory what normally happens in hard human tissue and produce a
biomimetic hydroxyapatite. Precisely, by synthesising a non-stoichiometric apatite, a very
elastic crystalline lattice is generated, capable of exchanging a high number of ions (Na*, K*,
Mg?2+, Sr2+, Fe2+/3+, Zn2*, CO32+, Cl, Ti**) with the external environment, managing to mimic the
continuous chemical remodelling that occurs in bones with ion substitution. The entry of new

ions can significantly change the properties of HA, such as Ca/P ratio, solubility, bioactivity,
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stability and confer unique features such as superparamagnetic behavior or modification of its

reflectance, with an expansion of its possible fields of application (Figure 1.8).49-51

Stoichiometric Hydroxyapatite Biomimetic Hydroxyapatite

ﬂ Srzo' Mg20

Figure 1.8. Cristal structure of stoichiometric and biomimetic hydroxyapatite.

Biomimetic HA is characterized by unique peculiarities, such as excellent bioactivity, non-
toxicity, non-immunogenicity, and biocompatibility compared to other bioceramics materials.>2
Furthermore, another important characteristic is its pH-dependent solubility. This material, in
fact, is poorly soluble at neutrality and soluble at acid and alkaline pH.>3 In addition, being
composed of ions already present in our body, when it degrades it does not release harmful
substances in the surrounding environment and the decomposition products are easily
disposed of, thus proving to be a biocompatible as well as eco-sustainable material.>*

Finally, the HA, as previously reported, is also widely present in nature in the bones of
vertebrates, in the teeth of mammals and in the scales of fish. Therefore, at this time when for
social, economic and environmental reasons, the principles of the circular economy are
fundamental, the use of HA from biogenic sources is an opportunity that must be exploited.>>56
In particular, biowaste from the food industry, such as animal bones, fish scales and shells can
be thermally treated to obtain HA, recycling organic waste and converting it into green products
with high added value.>” Due to its great versatility, HA can be used as a biomaterial for
numerous applications, primarily in the biomedical and healthcare field, but recently also in the

environmental one.5859
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1.4. Biohybrid materials

Until now, the characteristics and advantages of polymeric and ceramic biomaterials have been
highlighted, underlining their use from an eco-sustainable perspective. Being materials with
completely different chemical-physical properties, their role within the final device also differs
considerably, but this is not always a negative aspect. In fact, a biomaterial can be increasingly
engineered by combining different functional elements to create a biocomposite material with
different potentialities.

The term biocomposite refers to a biocompatible and environmental friendly material
composed of two or more components, with significantly different chemical and physical
properties, which merged create a new composite material with features unlike the individual
elements, influencing the behavior and the final application of the product itself.60.61 In
particular, when the two components are neither distinguishable nor dissociable it is possible
to identify the biocomposite as biohybrid material, where usually an organic and an inorganic
phase interact with each other stably.62

When it comes to biomaterials for healthcare, the organic phase can be made up of a
biomimetic, biodegradable, and biocompatible polymeric matrix, which turns out to be a
fundamental resource for creating more ecological and low-cost materials. On the other hand,
the inorganic phase can include the exploitation of biocompatible ceramic compounds, also
biomimetic in case of bioceramics phases, capable of best mimicking the characteristics already
present in nature of a specific element and exploiting them to develop innovative materials.
Since our body is primarily a hybrid compound, where different components with specific
characteristics and functions coexist, biohybrid materials are increasingly proving to be an
effective solution for developing healthcare devices. In fact, by observing the nature of the
organism, it is possible to create a single multifunctional material, which allows the limits posed
by the single polymeric or ceramic component to be overcome, reducing production costs and

waste of raw materials.63

1.4.1. Biomineralization process

The development of hybrid biomaterials in the biomedical field can take place in different
ways®4, but if you want to use an eco-sustainable and at the same time biocompatible process
with biomimetic ceramics compound, limiting costs and energy expenditure, the

biomineralization process turns out to be a fair compromise.
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The term biomineralization refers to the process by which organisms in nature form the
minerals that are the basis of load-bearing structures such as bones, teeth, shells and
exoskeletons.®> Through a complex cascade of phenomena, organic and inorganic components
interact with each other to give life to nanostructured hybrid materials organized hierarchically
from the nanometric to the macroscopic scale and which are difficult to replicate in the
laboratory. In detail, taking bones as example, the polymer matrix of collagen acts as a template
on which the bioceramic phase, i.e hydroxyapatite, is able to grow and nucleate. Through
multiple mechanisms, the organic phase exerts a rigid control on the formation of the mineral
crystal: it coordinates the ionic transport, the spatial arrangement and size of the inorganic
phase, promotes the nucleation of specific crystalline faces along the collagen matrix and the
assembly into higher order. The result is a mineralized collagen fiber which represents the

building block of hard tissue (Figure 1.9).6¢
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Figure 1.9. Comparison between the biomineralization process that naturally occurs in bones and the
biomineralization process mimicked in the laboratory allowing to obtain biomimetic hybrid powders o 3D

constructs.

Biomineralization is therefore capable of generating, depending on the different context, a
hybrid material with chemical, physical and structural complexity and exceptional properties,
that confer to the final product the ability to interact and respond intelligently to environmental
stimuli and the capacity for self-renewal/self-regeneration. In the early 2000s, scientific
research exploited this process to generate several forms of hybrid biomaterials, from porous
3D constructs to nanostructured powder, for applications in the biomedical and environmental
fields.67.68

As shown in Figure 1.9, to reproduce in lab-scale what happens in nature, a neutralization
process was optimized in which an acidic solution containing PO43- ions and the organic phase,
was slowly added to a basic solution containing Ca2* ions. During the process the pH of the

solution is neutralized, triggering two mechanisms: the assembly of the organic phase in a
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complex matrix and the simultaneous nucleation of nanostructured mineral particles above
and within it. This nature-inspired process offers the possibility of developing biohybrid
materials, in which hydroxyapatite nanoparticles, present small dimensions and low
crystallinity, therefore capable of easily degrading releasing ions that are harmless to humans
and the environment. Furthermore, thanks to the ability of the apatite lattice to host external
ions, it is possible to synthetize compounds with unique properties and therefore multiple
applications and functions depending on the nature of ions inserted.%70

Regarding the organic phase, natural polymers, such as chitosan, gelatin, alginate etc., thanks
to their active functional groups, allow the nucleation of the hydroxyapatite, producing
composites with different structures, in form of particles or 3D structures depending from their
polymerization ability. Those materials highlighted very important features and behaviour and
their applications can range from regenerative medicine to healthcare products.>47172 In
addition, being a process taken inspiration from nature, it is able to develop eco-sustainable
products made up of easily disposable and biodegradable natural substances with high added

value for the industrial sector.”3
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1.5. Features and design of polymeric and hybrid biomaterials

A biomaterial shows diverse physical, chemical and structural characteristics, which can be
modulated by the type of polymeric/hybrid compound selected or by prototyping techniques.
The multiple applications of these materials are obviously influenced by the different features
that distinguish them.

In particular, biomaterials for healthcare, encountering tissues and body fluids, must have
specific properties in order to fully carry out their functions without being a risk to our body.
From 3D constructs to powders, each biomaterial is designed and developed to measure based
on the needs of the chosen sector, trying to give it the properties necessary to guarantee its

functionality.

1.5.1 Biocompatibility

The term biocompatible has been in use for many years now, but a continuous reevaluation of
its definition is necessary given the rapid evolution of the sector and above all the different
application contexts which can range from tissue engineering to cosmetics up to personal care
devices. Biocompatibility is the characteristic of any biomaterial that is well tolerated by the
biological system with which it comes into contact. It is important to note that biocompatibility
is specific to the chosen application and linked to other characteristics: a material deemed
biocompatible in one specific use case may not be so in another. A biocompatible material in
turn can present itself as bioinert or bioactive. Bioinert is a material that does not produce a
physiological reaction on the part of the organism. If it is bioactive, however, a physical or
chemical reaction is triggered in the body to produce a local physiological response.

For example, biohybrid materials used for bone regeneration are bioactive compounds capable
of nucleating the ceramic phase on the organic bone tissue matrix, generating a chemical bond
between the tissue and the material without the presence of fibrous tissue. In the healthcare
sector therefore, a biomaterial, being a substance designed to interact with biological systems
must have high biocompatibility and even better bioactivity to make possible an adequate

response from the body.374

1.5.2 Biodegradability

Among the various characteristics of a biomaterial to take into consideration, in addition to

biocompatibility, it is essential that the final device is biodegradable. The term "biodegradable”
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can refer to various aspects: when talking about regenerative medicine, biodegradability means
that the material used must be partially or completely resorbable in a time functional to the
regeneration of the tissue; when we refer instead to biomedical devices that are not inserted
into the body, biodegradability concerns the environmental concept of eco-sustainability, in
which a material must be easily disposable or recyclable at the end of its use. In both cases,
however, being biodegradable is closely connected with being stable of a material, as in order
to allow its function to be carried out, the compound must fully maintain its properties in the
humidity and temperature conditions of usage, at the end of which it may deteriorate. In this
regard, once the appropriate components have been selected, during the prototyping phase of
a biomaterial, it is essential to carefully choose the cross-linking method necessary to give it

stability and greater resistance in the conditions of use, while remaining biodegradable.1475

1.5.2.1 Cross-linking processes

The structure of a polymeric or hybrid biomaterial requires strong stability to maintain its
morphology and function during different applications, especially in the healthcare sector,
where the materials are often in contact with fluids and cells. Natural polymers have a high
biodegradability, which if from an environmental point of view represents an advantage, in the
case of structural stability it can constitutes a problem. To overcome this drawback, among the
biomaterial design techniques it is necessary to resort to cross-linking processes.
Cross-linking can occur in different ways, i.e. by exploiting chemical or natural molecules or
through physical treatments capable of creating strong intermolecular bonds between
polymeric fibres, improving the packing of the molecules and reducing the collapse of the
polymer structure. Therefore, depending on the type and composition of the biomaterial, these
cross-linking techniques have been refined to modulate its resistance, i.e. its stability in
conditions of high humidity and physiological environment.”6

There are several cross-linking methods, normally divided into chemical and physical cross-
linking. The most significant and used are: i) 1,4-Butanediol diglycidyl ether (BDDGE) ii)
Genipin iii) tannic acid (TA) like chemical cross-linker; i) Ultraviolet radiation (UV) ii)
Dehydrothermal Treatment (DHT) as physical cross-linker.

Starting from chemical cross-linking methods, this occurs thanks to the interaction of different
lateral functional groups of the molecule which can easily form chemical bonds, making the

structure more stable and resistant to adverse conditions.
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1,4-butenediol diglycidyl ether (BDDGE) is a cross-linking agent widely used to cross-link
polymers that contain amine or carboxyl groups in their structure as they immediately react
with epoxy groups present at both ends of the cross-linking molecule. Depending on the pH of
the solution, BDDGE prefers to react with different functional groups: alcohols or carboxylic
acids in the basic state and primary amino groups in acidic conditions.

It is exploited in the biomedical field due to its lower toxicity compared to other cross-links
through ethereal bonding and being biodegradable, it falls within an environmental

sustainability perspective (Figure 1.10).77
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Figure 1.10. Reaction mechanism involving BDDGE and amino functional groups of Collagen.

Genipin derives from the Gardenia fruit (Gardenia Jasminoides Ellis) and is a natural, water-
soluble cross-linking agent. It reacts spontaneously with biopolymers such as collagen, gelatin,
chitosan where amino groups are present within the structure. In this way, a new amide bond
is formed between amino acids and proteins, which is also visible by the color change from light
to blue. Cross-linking of genipin is promoted at pH greater than or equal to 5.5. Its cytotoxicity,
as reported in various studies, is much lower than other cross-linkers used, but from an
economic point of view it is rather expensive and can have quite long reaction times (Figure

1.11).78
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Figure 1.11. Different reaction mechanism involving genipin and amino functional groups of polymers.
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Tannic acid (TA) is a natural compound of the polyphenol’s family found in wood and in the
leaves of various plants. Its structure is characterized by a glucose molecule condensed with
five molecules of digallic acid, this generates a molecule rich of numerous hydroxyl and
phenolic groups which are able to cross-link the structure of different polymers such as gelatin,
chitosan, cellulose via hydrogen bonding or exploiting the phenolic groups for covalent bonds.
Furthermore, this cross-linker, coming from natural sources, falls within the principles of eco-
sustainability and biocompatibility, fundamental for biomaterials with healthcare applications

(Figure 1.12).7°
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Figure 1.12. Chemical structure of tannic acid and its reaction mechanism with hydrogen bond of polymers.

Regarding physical cross-linking methods, they include treatments, which allow, without the
use of external molecules, to make the material more stable and resistant without the risk of

toxicity, as sometimes happens with chemical cross-linking.

UV radiation it can be used as a physical catalyst to activate cross-linking, leading to the

formation of a covalent bond between adjacent molecules of one or more polymers. The
reaction can be mediated via a photon initiator which activates the deprotonation of the
polymer functional groups and an auxiliary crosslinker which acts as a bridge, like a free radical,
attacking the deprotonated filaments by interposing itself between them. Otherwise, the
functional groups of the polymer chains themselves, stressed by UV radiation, can generate the

bond between them (Figure 1.12).80
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Dehydrothermal treatment (DHT) is a specific treatment in which, by exploiting temperature
and vacuum, intermolecular bonds are generated between the polymeric functional groups
(amino and carboxyl groups) of the material itself which allow its structure to be strengthened.
[tis a method without risk of toxicity and by opportunely selecting the temperature to use (120-
160 °C), at low vacuum, it is possible to control the partial elimination of water from the

structure e therefore the stability and wettability of the material of interest (Figure 1.13).8182
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Figure 1.13. Schematic representation of DHT treatment.

Physical cross-linking methods like this, when are applicable, are preferred, because allow,
without the use of external molecules, to modulate the stability and the resistance of the

material without the risk of toxicity, sometimes associated with chemical cross-linkers.

1.5.3 Porosity

When talking about materials for healthcare applications, it is essential to consider their
biocompatibility, biodegradability and wettability, which we have seen previously, but equally
important is the morphology of the device in terms of size, geometry, density and porosity,

which must be closely connected to the type of task that the biomaterial will have to perform.
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Porosity can be defined as the presence of voids and interconnected cavities within the material
which allow the infiltration of cells, the passage of fluids or gases, the encapsulation of drugs,
in other words they allow the body's response to take place in the presence of the biomaterial.
Precisely for this reason the presence of pores is a determining factor in having a compound
that is as bioactive, biocompatible and wettable as possible. The porosities, in fact, allow a
better adaptation of the material in contact with the tissue and more retention/exchange of
biological fluids, therefore to have a material with a high wettability cannot fail to be porous.

Porosity is not an intrinsic property of the material, but is achieved by prototyping techniques,
which allow the formation and control of pores with different sizes, geometry, and distribution
depending on the type of application required. Modulating the porosity of the 3D structure of a
biomaterial not only means making it more attractive for the organism, but also improving

other peculiarities necessary for its use.83

1.5.3.1 Prototyping methods

Currently the need to have a porous 3D architecture is a key point in the design of a biomaterial
to have a better interaction with tissues or body fluids. Nowadays there are numerous
techniques for prototyping polymeric or hybrid biomaterials with high porosity, many though
do not allow adequate control over the final microstructure, require too much time or expense
and are not very sustainable. Among the most cited are solvent casting, gas foaming,

electrospinning, three-dimensional printing (3D printing), and freeze-drying reported below.84

Solvent casting-particulate leaching is a technique composed of two phases, in which extra-
solid particles are incorporated directly into the material solution/suspension, to form pores
in the final product. First of all, the polymer is dissolved in a special solvent (solvent casting)
and the solution is then poured into a mould containing porogen particles (e.g NacCl, gelatin,
soluble fibres). When the solvent evaporates, extra-particles are still inside the bulk of material
solidified but are subsequently removed by dissolution with distilled water or organic solvents,
or through their thermal degradation (particulate leaching). In this way it is possible to obtain

materials with interconnected porosities and a high surface/volume ratio (Figure 1.14).8>
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Figure 1.14. Schematic illustration of solvent casting technique.

Gas foaming makes it possible the development of 3D scaffolds, using carbon dioxide of air
bubble as a foaming agent. In this technology, viscosity increases by trapping gas bubbles in the

structure that grow directly within the material matrix (Figure 1.15).86
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Figure 1.15. Schematic illustration of gas foaming technique.

Electrospinning is a versatile technique, capable of developing highly porous micrometric
fiber mats. The instrumentation is composed of a metal capillary from which the solution of the
final material is expelled and a collector on which this solution is deposited. When a high
voltage is applied between the capillary and the collector and the electrostatic force exceeds
the cohesive force of the solution, the fibrous mat with a certain porosity is formed. Fiber size
and sheet morphology can be monitored by varying solution characteristics and spinning

variables (Figure 1.16).87
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Figure 1.16. Schematic illustration of the electrospinning technique.

Three-dimensional printing (3D printing) is a widely used prototyping method for designing
complex 3D porous matrices. Thanks to a computerized control of specifications such as
temperature, pressure, speed etc., the layer-by-layer deposition of the material takes place to

obtain a final device with specific geometry (Figure 1.17).88:89
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Figure 1.17. Schematic illustration of 3D printing.

Freeze-drying process is the manufacturing technique that best allows the design of
biomaterials with high and controlled porosity morphology. This is made possible by two
different consecutive phases: the freezing of the material, in form of solutions, hydrogels or
dispersions and the slow drying of the material by sublimation of the solvent through low

vacuum. Starting from the freezing process, the hybrid or polymeric wet material is subjected
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to vertical cooling from bottom to top, also influenced by the sample holder whether conductive
or insulating. Subsequently, the frozen solvent (typically water) is removed from the rigid
structure of the material through its sublimation, applying a low vacuum and a very slow
heating rate. During this last step, cavities are formed which will characterize the porous
morphology of the final material (Figure 1.18).
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Figure 1.18. Schematic illustration of the freeze-drying process.

Both phases of the freeze-drying process are fundamental to obtain specific porosities, but the
most important to control the final structure is the freezing step. In fact, the growth and the
orientation of ice crystals within the material, formed during the freezing phase, define the
structural characteristics of the final pores. Modifying the final temperature and the freezing
speed, the characteristics of the pores can be modulated. For example, a rapid freezing until low
temperatures produces the fast formation of a large number of small crystals, which leads to a
material with many small pores, on the contrary, a slow freezing lead to a material with fewer

larger pores.?0-92

1.5.4 Wettability

Biomaterials, as previously mentioned, being biocompatible and biodegradable, come into

contact with biological systems, making their surface properties a critical factor for the final
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performance of the material. One of the most important surface properties that can influence
the functionality of a biomaterial is its wettability. Wettability generally refers to the ability of
a liquid to spread on the surface of a solid material and this phenomenon is governed by the
balance between the adhesive forces between the liquid and solid and cohesive forces within
the liquid itself. Depending on the type of wettability that a biomaterial presents, it can be
classified as hydrophilic or hydrophobic: the first has a high affinity to water, causing liquids to
spread easily on surfaces, while the second repels water, accumulating droplets on the surface
and causing them to slide off.

Being more or less able to retain liquids plays a crucial role in the performance of a biomaterial,
especially in the medical field. In fact, biomaterials must interact effectively with biological
systems and for this reason they must have high wettability to have better cellular adhesion
and avoid adverse reactions. It is possible to manipulate the wettability of a compound through
chemical and structural modifications, improving interaction with the organism and long-term
performance, in particular through techniques such as freeze-drying and cross-linking

processes.?3
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1.6. Ecosustainable biomaterials in healthcare applications

By varying the materials, and the synthesis and forming parameters, it is possible to obtain
biomaterials with different chemical and physical properties, and different behaviour and
function, therefore usable for different types of applications. It is well noted that biomaterials
play a fundamental role in the biomedical field7.23, from tissue regeneration to nanomedicine,
but their versatile capabilities have made these materials also exploitable in other healthcare
fields. In particular, among the many known applications, it is attracting a growing interest the
development of biomaterials for cosmetics and for breathing through mechanical ventilation
following the concepts of eco-sustainability and circular economy, to respond not only to the
needs of human health and well-being, but also to the economic and environmental ones

(Figure 1.15).
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Figure 1.15. Schematic illustration of ecosustainable biomaterial applications: A) respiratory and B) cosmetic.

1.6.1 Respiratory application

The increase in life expectancy and advances in the medical field have led over the last 50 years
to an exponential increase in patients requiring respiratory support, i.e. mechanical ventilation.
According to a study reported by the America Association for Surgery of Trauma, there are an
estimated 2.7 hospitalizations requiring mechanical ventilation per 1000 inhabitants per year,
including 0.86% who present acute respiratory tract damage with an estimated national cost

equal to 12% of total hospital costs.?*
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Mechanical ventilation, in fact, represents one of the most common interventions in intensive
care units, when the patient cannot be able to maintain the airways adequately oxygenated, for
example due to respiratory insufficiency or compromised lung function and during anesthetic
treatments. Therefore, during the mechanical ventilation process, the steps that are naturally
carried out by our body to allow us to breathe are replaced by hospital devices.?>

However, although it is the classic method used to help patients with breathing difficulties,
mechanical ventilation presents a series of disadvantages which can in turn have repercussions
on the patient. If it is "non-invasive" ventilation, i.e. through the supply of air through a face
mask, the problem is marginal, but when there is a need to use invasive instruments such as the
endotracheal tube or tracheostomy to allow breathing, various complications can arise,
primarily the risk of pneumonia. In particular, tracheal intubation bypasses the natural filter of
the respiratory tract, which physiologically heats and humidifies the inspired gases and blocks
the entry of bacteria, directly subjecting the tracheal/bronchial mucosa to air that is too dry
and cold. This can cause hyperactivity of the mucous membranes up to lung infections and other
disorders such as cough and dyspnea, moreover the equipment is often contaminated by
infections from the patients themselves who, breathing through the tube, create an infectious
nucleus that can be spread.?6.97

Given the need to remedy these problems, in the 1950s, filtering devices, known as Heat and
Moisture Exchangers (HME), were studied and developed, to be placed between the patient and
the tube connecting the technical gases, capable of capturing part of the heat and humidity
exhaled by the patient, and then returned to the cold technical gases during ventilation, as if
they were "artificial noses". In this way, the air that reaches the trachea is no longer cold and
dry but heated and humidified by the heat released by the HME filter during the passage of
gases. The characteristics that these devices must respect to be effective in their operation are
a high exchange of heat and humidity and low pressure drops during the air flow according to
specific regulations.8

The current HME filters used for mechanical ventilation satisfy these requests, but the main
disadvantage is linked to their composition, as they are made of expensive and non-degradable
materials, which do not reflect the circular economy principles that the industrial sector is
looking for to reach. In particular, these devices have a mainly "disposable” use, which involves
a high economic expense as well as a considerable accumulation of waste.?°

In this regard, given the need to develop more ecological and high-performance HME filters, in
line with environmental recycling policies, the mechanical ventilation sector has exploited the

potential of biomaterials.
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In fact, thanks to their biocompatibility, biodegradability and origin from natural sources,
biomaterials can be used for respiratory applications, in particular for mechanical ventilation
devices, since they represent an excellent solution to their economic and environmental
problems while maintaining high efficiency. More specifically, the research has led to the
development of biopolymeric compounds such as eco-sustainable HME filters, made from
industrial waste raw materials, completely biodegradable and economical. Biopolymers such
as gelatin and chitosan have chemical characteristics that can easily adapt to the needs of the
respiratory system, mimicking the nasal mucosa and ensuring a high exchange of heat and
humidity.100 A new generation of HME filters was created, effective for protecting the
respiratory tract during mechanical ventilation, but above all ecological, as they are made of

completely recyclable and degradable materials with zero impact and limited production costs.

1.6.2 Cosmetic application

The US Food and Drug Administration (FDA) has defined cosmetics as substances to be applied
to the human body to clean, beautify or protect the skin without altering its physiology or
functions.191 Unfortunately, however, in a world where we still rely heavily on petroleum-based
resources, current cosmetic products are full of synthetic substances that are applied to the skin
every day, causing damage not only to our health but also to the environment.192 For example,
during the 20th century, toxic heavy metal contamination such as cadmium, arsenic and lead
was found in cosmetics and was linked to health problems such as skin sensitivity, respiratory
and cardiovascular disorders, fertility problems, cancer and even death. The safety of cosmetics
therefore, even before their effectiveness and application, is of fundamental importance.103.104
Among the many cosmetic products that we find in our homes every day, research is having
particular interest in the solar products sector. Everyone knows that exposure to solar
radiation can bring benefits to our body. In details, the solar rays stimulate the production of
vitamin D, necessary for bone growth, and serotonin, which allows correct regulation of the
metabolism, as well as strengthening the immune system.105106 However, if we do not protect
ourselves adequately, avoiding excessive exposure, the effect obtained is the opposite, not to
mention harmful. In fact, when the skin is hit by UV radiation, sunburn, dermatitis, erythema
up to melanoma can occur, but can be drastically reduced with sun protection.107.108

Commercial sunscreens are composed of UV filtering components: organic type

(Benzophenones, Octinoxate etc.), capable of adsorbing the UV radiation and/or inorganic type
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(ZnO, Ti0z2), able to reflect the solar radiation, shielding it before it come into contact with the
skin.109

Despite the excellent protective efficacy of current solar filters, several studies have shown how
these substances can be harmful to human health and the environment. For example, the
photocatalytic activity, generated by an inorganic filter often used, as TiOz, in contact with the
sun, can lead to the generation of free radicals and other reactive species (ROS) responsible for
damaging collagen. Furthermore, inorganic filters, when used in nanometric dimensions,
increase the risk of skin deeper layers penetration, causing phototoxic reaction and skin
irritations.11® On the other hand, powerful organic filters such as Benzophenones and
Octocrylene, can penetrate the subcutaneous layers and interfere with the endocrine system as
well as causing photosensitivity reactions.11! In addition, from an environmental point of view,
both types of UV filters, dispersed in water, cause countless problems for the marine
environment, damaging fragile and precious ecosystems such as coral reefs, eliminating
biodiversity and bioaccumulating in the fish species caught and consumed by man.112113

In this regard, given the need to develop safer sunscreens and the increasingly strong incentives
in the use of environmentally friendly and biocompatible materials, the cosmetics sector has
exploited the potential of biomaterials.

In fact, thanks to their biocompatibility, biodegradability and origin from natural sources,
biomaterials can be used for cosmetic applications, particularly in sunscreen products, as they
are an excellent solution to the health and environmental safety problems of commercial
sunscreens. More specifically, the research led to the development of hybrid compounds as eco-
sustainable solar filters with SPF booster capacity, formed by nanostructured hydroxyapatite
(HA) mineral particles nucleated on biopolymeric matrix. The apatite component, which easily
incorporates foreign ions into its lattice, can be doped with ions as Fe3*, Fe2*, Zn2* and Ti**,
which give the material reflective properties in the UV region, eliminating the risk of
photocatalytic activity and environmental pollution linked to the use of TiOz and others similar
filters.114115 Furthermore, it is possible to functionalize apatite with active molecules, such as
antioxidants, antiaging etc., to increase its functions in the cosmetic field.116.117

A new generation of sunscreens was created, effective for sun protection, but above all safe and
eco-friendly, since containing a reduced quantity of commercial filters thanks to booster effect
and is composed of natural materials which contact with the skin and dissolved in the

environment do not cause phototoxicity or damage to the marine ecosystem.
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CHAPTER 2

Development and Validation of Eco-friendly Designed Heat and
Moisture Exchanger (HME) for the Safeguard of the Respiratory
Tract and the Environment

Part of the content of this chapter has been published as Campodoni E., Artusi C., et al. “Nature-Inspired Heat and
Moisture Exchanger Filters Composed of Gelatin and Chitosan for the Design of Eco-Sustainable “Artificial Noses””
ACS Applied Polymer Materials 2023.

2.1. Introduction

For more than 50 years, HMEs (Heat and Moisture Exchanger) filters have been used in hospital
to ensure that the air arriving in the trachea of patients, under anaesthesia or in intensive care,
maintain normal levels of humidity, heat and filtration when the upper airways are by-passed.!
In particular, during mechanical ventilation, it is fundamental to maintain a suitable level of
heat and moisture to avoid damages to the respiratory epithelium and increased secretions.
Taking a closer look, the respiratory system is made up of hollow organs in which gaseous
substances are transported to or from the lungs and can be divided into upper and lower
airways. The upper tract includes the nose and nasal passages, the paranasal sinuses, the
pharynx and the part of the larynx above the vocal cords. This has various functions such as
humidification and heating of the air, as well as the capture of dust and microorganisms derived
from the outside. The lower section, on the other hand, includes the lower part of the larynx,
the trachea, the bronchi, the bronchioles and the alveoli, the latter enclosed within the lungs,
and is essential for carrying out the exchange of carbon dioxide and oxygen and therefore
completing the own respiratory act.?

Focusing on the upper airways (Figure 2.1 respectively a and b), the nasal cavity is the main
component extending approximately 12-14 cm in length with a total volume of 15-20 mL. It
consists of three small bone folds, defined as turbinates (upper, middle and lower), which have
the fundamental task of humidifying, filtering and heating the air inspired through the nostrils.
Furthermore, inside it, it is possible to identify three areas, namely the respiratory section, the
olfactory section and the nasal vestibule, all covered by the respiratory mucosa which covers

90% of the nasal cavity.?

53



The respiratory mucosa is made up of various types of cells and glands that are essential for
protecting the upper, but particularly the lower, airways from infections and bacteria. In fact,
they secrete mucus, a sticky substance composed of mucin (high molecular weight
glycoproteins), water, salts, proteins and lipids, which acts as a first line of defense by trapping
and expelling harmful or irritating substances, which can be inhaled from the outside. during

breathing.*>
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Figure 2.1. a) Anatomy of the nasal cavity; b) Anatomy of the respiratory mucosa;2 c) Schematic representation of

the use of the HME filter within the mechanical ventilation system.

Patients under anesthesia or in intensive care do not have the ability to breathe independently,
therefore it is necessary to mechanically ventilate them through the mouth bypassing the upper
airways, responsible for maintaining a constant level of heating and humidification necessary
to avoid drying out of the mucous membranes and filtering the incoming air from possible
pathogens.

In this regard, the use of HMEs aim to maintain normal physiological conditions in the lower
respiratory tract, holding back part of the heat and moisture of the exhaled air by the patient
during breathing and releasing them to warm and humidify the inhaled gas such as an “artificial
nose”. In fact, observing and taking inspiration from the superior respiratory system, HME

filters have the ability to replace the functions of the nasal cavity to allow normal breathing of
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the patients, heating the dry and cold medical gases with the heat and humidity recycled from
the breath of the patient and filtering the air from possible bacteria (Figure 2.1c).

Currently, the HMEs commercially adopted have to ensure adequate filtration efficiency and
moisture exchange for the patient, as well as show hydrophilicity and antibacterial capacity.
They have also excellent mechanical properties in both dry and wet conditions and an adequate
porous structure to allow easy passage of air through the device and therefore comfortable
breathing.® However, the current HME devices have considerable limitations regarding
production costs and sustainability and, in times of global warming and diminishing petroleum
oil reserves, it is essential to tend towards the concept of circular economy where a reduced
use of synthetic raw materials and therefore lower CO:2 production is the priority.”-°
Furthermore, HME filters, are applied as disposable devices, generating about 100 tons of
difficult-to-dispose waste every year. In this regard, making filter disposal more sustainable
and limiting the productive process costs are essential points for the economy of the industries
and for the environment.10

With this evidence, recently has been invested in replacing the employing of synthetic materials
with biodegradable raw materials to develop a new generation of eco-sustainable HME devices
that are more efficient and less expensive, to assist patients with tracheostomy or difficulty
breathing, than those currently on the market.

[tis known that natural polymers are able to mimic the biochemical composition of human body
structures!], in this case nasal mucus, a slippery secretion constituting a large part of our
respiratory tract. As already mentioned, it is composed of immunoglobulins, inorganic salts,
protein, glycoprotein and antiseptic enzymes and it is responsible to protect the respiratory
system by trapping allergens, pollutants, bacteria and to moisturize and warm the inhaled air.12
Among various natural polymers13-1> (collagen, nanocellulose, alginate, fibroin, etc.), gelatin¢
(Gel) and chitosan1é (Chit) have highlighted good chemico-physical characteristics suitable to
mimic the chemistry and the moisturizing function of our natural mucus and to develop 3D
porous structure able of functioning an effective HME filter.

In particular, Gel is a protein polymer derived from the denaturation of collagen, completely
biocompatible, biodegradable, capable of mimicking the main protein chain of glycoproteins
and thanks to its plentiful alimentary use it is available at low cost and in high quantity. It is
able to create stable and porous 3D structures showing good mechanical properties and high
permeability to water vapour, ideal for exchanging heat and humidity.1? Chit instead, is a
natural cationic polysaccharide, coming from the deacetylation of chitin, present in the

exoskeleton of crustaceans. It can mimic polysaccharide side chains of glycoprotein and, like
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gelatin, besides being biocompatible and biodegradable, it is inexpensive and easily available,
being a waste material from the food industry. This natural polymer has a higher
hydrophobicity respect gelatine, but above all it is capable of easily giving a resistant porous
structure, which is essential for ensuring the passage of air inside the filter for the entire
duration of use. Moreover, it has an intrinsic antimicrobial activity, able to counteract the
proliferation of pathogens.18

Using an optimized and specific freeze-drying and cross-linking process, the Gel/Chit polymeric
blend allow to create a resistant and effective porous 3D structure with low pressure drops and
efficient heat and moisture exchange, necessary to meet commercial specifications required by
an HME filter through a green-chemistry process based on raw materials from food industry
waste.1?

Following these evidences, the next strategic step is to make this new generation of medical
filters marketable, making the synthesis process easily scalable, limiting production costs and
reducing the percentage of polluting emissions without losing the high efficiency of the device.
For this reason, this research is focused on the development and validation of an eco-
sustainable, bioinspired and biodegradable HME filter composed of a Gel/Chit aerogel, with
excellent filtration and bacterial inhibition properties, able to increase the exchange
performance of moisture, limiting the production costs through a green-circular process based
on low-cost raw materials deriving from food waste. By optimizing the production process, it
was possible to reduce the environmental and economic impact of the filter and test the final
prototype on a hospital equipment to promote its marketing.20

Analysing the process steps, the freeze-drying process is crucial for the obtaining of an aligned
porous structure through the vertical freezing and subsequent the sublimation of the water
contained into the material. By optimizing the freezing temperature and cooling rate2l,
responsible for the size and orientation of the pores, it was possible to obtain high heat and
moisture exchange, with imperceptible pressure drops, reducing the freeze-drying time.
Furthermore, the cross-linking process is essential to guarantee the structural resistance of the
aerogel, which tends to collapse on itself when in contact with the warm and humid aerosol
during breathing.22 In this regard, with a view to an ecological and low-cost process, two
different cross-linking processes were evaluated, the dehydrothermal treatment (DHT)23 and
the treatment with tannic acid?4 (TA). Both interact with the amino groups of both polymers
creating irreversible covalent bonds which increase the mechanical and chemical properties of
the material, especially the preservation of the aerogel structure in water. The DHT treatment

acts thermally through a vacuum oven applied after freeze-drying, while tannic acid is a natural
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compound that chemically reacts with the polymeric blend during the synthesis, modifying its
chemical structure. Compared to other crosslinkers?>2¢, they have the advantage of being, in
addition to their safety and eco-sustainability, very cheap and more immediate to use within
the process, important requirements for a low cost and low time-consuming production. In
addition, TA exhibits antibacterial properties, increasing the inhibitory capacity of the device
against bacteria.2’

By optimizing the freeze-drying and cross-linking process, it was possible to overcome the
drawbacks of commercial HME filters, developing an innovative HME filter with increased heat
and moisture exchange efficiency through a highly scalable and less expensive process.

The filtration efficiency and the antibacterial inhibition tests with the main nosocomial
pathogens?2® were carried out demonstrating the ability of the filtering device to be able to
counteract the presence of bacteria both by blocking them to the air passage and inhibiting their
growth inside the filter. More specifically, it was tested in a hospital respiratory equipment to
evaluate the HME filter in a relevant environment and to promote its possible
commercialisation increasing the TRL (Technology Readiness Level) of the device.
Furthermore, the improved and easily scalable process steps, together with the excellent
bacterial filtration and inhibition, especially in hospital environment, highlighted the promising
industrial production of a new HME device for the prevention of respiratory tract infections.
Finally, the insertion of a diagnostic component has been investigated (HMEDs filter). It is
composed of liposomal vesicles functionalized with chromatic molecules to allow fast microbial
detection?? against the main bacterial strains and therefore obtaining a proof of concept to
assist and facilitate the de-hospitalization of patients reducing the costs of hospital medical
assistance. In this way, patients could continue their healthcare in a familiar and comfortable

place, easily monitoring the presence of infections even outside the healthcare facility.
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2.2. Materials&Methods

2.2.1 Biopolymers

Gelatin (Gel) was purchased from Italgelatine (Cuneo, Italy). It was extracted from pig skin and
produced with mesh 4 and bloom 280. Chitosan (Chit) of medium molecular weight) was
purchased by CD Bioparticles (Shirley, New York, USA) and by Sigma Aldrich (Saint Louis,
Missouri, USA). Tannic acid (TA) and Acetic acid were purchased by Sigma Aldrich (Saint Louis,
Missouri, USA). Rhodamin-B and sorbitol was received from Merck-Sigma (Germany), Soybean

lecithin given by Lipoid (Ludwigshafen am Rhein, Germany).

2.2.2 Synthesis of HME:s filters

A biopolymer blend, with a concentration of 2 wt% was obtained by mixing an aqueous solution
of Gel and an acidified aqueous solution of Chit in order to obtain Gel:Chit weight ratios of 70:30.
In detail, Gel solution was prepared by dissolving gelatin in water at 45 °C under magnetic
stirring, while Chit solution was prepared by dissolving Chit in acetic solution 0.1 wt% respect
polymer (pH=5.5) at room temperature and stirring till its complete dissolution. In the
meantime, TA water solution was prepared by dissolution under stirring at room temperature.
Afterwards, Gel and Chit solutions were mixed and after homogenization TA solution (8 wt%
respect biopolymer blend) was added to perform a chemical cross-linking. The stirring was
maintained at room temperature until a complete homogenization of the blend (about 15 min).
Finally, the mixture was casted into a 100 mL mold with copper bottom of 5x5 cm? and plastic
walls. After four hours at room temperature the light-yellow solution jellifies thanks to the
polymer/tannic acid cross-linking reaction. The hydrogel was freeze-dried (freeze-drier 5
Pascal Lio 3000 PLT) applying different freezing temperatures, reported afterwards (Table
2.1), and a heating ramp of 5 °C/h up to -10 ° C followed by a ramp of 1 °C/h up to 25 °C. After
freeze-drying, the upper and the lower surfaces were cut off about 2 mm of thickness and the
3D construct (aerogel) obtained was further cross-linked with dehydrothermal treatment

(DHT) (vacuum oven VDL 53 Binder) (Figure 2.2).
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Figure 2.2. Synthesis and forming process steps to develop the Gel/Chit/TA aerogel as an HMEs filter device.

Different process parameters such as freeze-drying and cross-linking were experimented in
order to optimize the features related to the specific functions that lead the device to be suitable

as HME. All the parameters tested are resumed in the Table 2.1 below.

Table 2.1. Freeze-drying and cross-linking parameters of the developed Gel/Chit based HMEs.

Freeze-drying condition Cross-linking condition
Samples

Freezing T Cooling rate DHT condition TA
A -40 °C 50°C/h
B -40 °C 30°C/h
C -40 °C 10°C/h
D -30°C 10°C/h
E -20°C 10°C/h
F 0,01 mbar; 160 °C; vacuum; 48h ---
G 0,01 mbar; 160 °C; vacuum; 24h
H 0,01 mbar; 120 °C; vacuum; 48h
I -20°C 10°C/h 0,01 mbar; 120 °C; vacuum; 24h ---
L 0,01 mbar; 120 °C; vacuum; 24h 8wt%
M 0,01 mbar; 80 °C; vacuum; 24h 8wt%
N 8wt%
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2.2.3 Morphological characterization

Biocomposite morphology was evaluated after freeze-drying by Environmental Scanning
Electron Microscopy (ESEM, Quanta 200 FEG, FEI Company, Hillsboro, OR USA). The samples
were prepared by fixing them onto aluminum stubs using carbon tape, and then Au coated using
the coating unit Polaron Sputter Coater E5100 (Polaron Equipment, Watford, Hertfordshire,

UK). The dimensional analysis was performed by means of Image] software.

2.2.4 Chemico-physical characterization

The degradation of the filters was measured through a weight-loss test. It was performed by
soaking the samples in distilled water at 37 °C while shaking.3? After 1 and 3 days, being the
maximum life-time of an HME filter of 2-3 days, the samples were taken out from the medium,
washed three times in distilled water and freeze-dried. The samples were then weighed and the

weight loss (%) was calculated through the following equation 2.1:

Wi-Wy

Weight loss,, = x 100 Eq. 2.1

where Wi was the dried sample’s initial weight while Wr was the freeze-dried sample weight at

a specific time point.

The cross-linking degree (CD%) were evaluated by TNBS (2,4,6-trinitrobenzenesulfonic acid)
assay, reported by Balakrishnan et al.31 TNBS test spectrophotometrically evaluated the
amount of free primary amines (-NHz) of the Gel that decreased after blending with Chit
through physical or chemical cross-linking process.

Briefly, to perform the CD% tests, 1 mL of NaHCO3 solution (4% w/v) was added to 5 mg of
cross-linked materials and non-cross-linked materials. After 30 min, a freshly prepared TNBS
(0. 5% w/v) solution was added. The reaction mixture was heated at 40 °C for 2 h and then 3
mL of 6 M HCl were added. The reaction mixture was heated at 60 °C for 90 min and then diluted
1:1 with milliQ water and cooled to room temperature. The absorbance at 415 nm was recorded
using a UV-vis spectrophotometer (Perkin-Elmer Lambda 35, Milano, Italy). For each sample,
the measurements were run in triplicates and a composite-free blank was prepared under the
same conditions. The cross-linking degree (CD%) was evaluated through the following

equation 2.2:
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CD% =

Cross—linked biocomposite absorbance
(1- P )x100  Eq.2.2

Not cross—linked biocomposite absorbance

Three replicates were assessed (n = 3) and the results are expressed as mean * standard error.

For the moisture recovery tests, the test apparatus used was based on the lung model
described in ISO 9360 and consisted of two separate circuits (Figure 2.3).32

The performance of the sample (moisture output) was determined with equation 3 by
measuring the mass of water lost from the patient model. Moisture loss, expressed in
milligrams of water per liter of air (mg H20/L), was assessed from the weight differences of the
test apparatus over a certain period. Therefore, knowing the value of absolute humidity of the
expired air assuming flow was fully saturated with water vapor (AHexp), it is possible to

calculate the moisture output:

Moisture output = AHexp - moisture loss Eq. 2.3

The limit value of moisture output accepted by the ISO 9360 standard is 33 mg H20/L.7:33
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Figure 2.3. Schematic diagram of the experimental test apparatus based on ISO 9360.

The pressure drop of each sample was recorded before and after preconditioning the sample

in the previous test apparatus for two hours. One flowrate was used with dry air according to
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the ISO standard 9360: 60 L/min. Resistance across the sample holder was measured by an
electronic differential manometer (2080P, Digitron, United Kingdom). The value limit of

pressure drops accepted by the ISO 9360 standard is 5 mbar.733

2.2.5 Bacterial filtration and Bacteriostatic activity

To evaluate the bacterial filtration capacity of HME devices, the three most common bacterial
strains, Escherichia coli (Gram-negative enterobacteria), Pseudomonas aeruginosa (Gram-
negative bacteria of environmental origin), Staphylococcus aureus (Gram-positive bacteria
belonging to the human-derived genus), were selected and tested with optimized HME filter
through microbiological analyses.

Initially the bacterial solutions were prepared. Each bacterial strain was revitalized in Tryptone
Soya Broth (TSB) medium at 35 °C for 24 h and seeded by loop seeding in Tryptone Soya Agar
(TSA) medium. Subsequently an incubation of 72 h at 36 °C was carried out to allow the correct
development of the colonies. Each bacterial culture obtained was collected and dispersed in 5
mL of sterile sodium chloride physiological solution (0,9%), until a concentration of 108 Colony
Forming Units (CFU, unit by which the culturable number of microorganisms is expressed) per
mL. Finally, each bacterial suspension in liquid culture was diluted to obtain a known title high
concentration of 10 CFU/mL to be used to test the filtration efficiency and both a low
concentration of 103 CFU/mL and a higher concentration of 106 CFU/mL to evaluate the
bacteriostatic capacity of test HME filter.

Subsequently, the HME filter under examination was placed on a support connected to a
vacuum pump for the filtration of 5 mL of each bacterial culture in suspension to determine its
efficiency and effectiveness in reducing the initial bacterial concentration corresponding to
both the percentage bacterial filtration capacity and the bacteriostatic activity of the optimized

HME filter N.

2.2.6 Bacterial Filtration Efficiency (BFE)

The Bacterial Filtration Efficiency (BFE) was carried out based on the standard
EN14683:201934 and involves the evaluation of the filtering efficiency of a filter against a
nebulized bacterial suspension in the form of an aerosol. The bacterial load used is made up of
Staphylococcus Aureus, which is nebulized inside an aerosol chamber. The droplets produced

then come into contact with the filter to be tested placed at the inlet of a 6-stage cascade
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impactor (Andersen) under vacuum where they are sampled for the subsequent bacterial count
and therefore filtration efficiency.3>

Initially, the bacterial suspension at a known concentration (3.0x103 CFU) is introduced into
the nebulizer where the particles formed have a size of around 3.0 + 0.3 pm. Before carrying
out the test on the filter, a test was carried out without a specimen as a positive control, the
bacterial aerosol was then passed through the impactor for two minutes. Subsequently, 5
samples of optimized HME filter of size 5x5 cm were tested, previously conditioned at 21 + 5 °C
and 85 * 5% of relative humidity for at least 4 hours to bring them into equilibrium with the
atmosphere. They were then placed at the inlet of the impactor in contact with the bacterial
aerosol for two minutes. Finally, the last positive control was performed by flushing the
bacterial suspension inside the impactor without sample.

Each stage of the impactor consists of a plate which is incubated at 37 °C for 50h to then count
the bacterial colonies which have deposited on each plate and which therefore have not been
filtered by the device.

For each sample, the bacterial filtration efficiency B is calculated as a percentage using equation

2.4:

B =52 x100 Eq. 2.4

Where C is the average of the bacterial colonies found on the plates for the positive controls, i.e.
without any filtering barrier; T is the total bacterial colony count deposited on the plates
following the HME specimen test. In this way it was possible to analyze how much the HME

filter is able to block a bacterial aerosol.

2.2.7 Validation in hospital environment

In order to make possible the commercialization of the optimized HME filter and thus reduce
the gap from Research to Market, the efficiency of the device was evaluated in a real
environment. In detail, the tests were carried out directly on hospital instrumentation inside
Montecatone Rehabilitation Hospital (Bologna, Italy) without connection with the patient.

The optimized filter was compared with a commercial one normally used in hospitals, placed
in parallel between an AMBU (Auxiliary Manual Breathing Unit) flask and the machine
connected to the medical gas line (Figure 2.4).

Two tests were performed, one by keeping the two filters connected for 4 hours to an AMBU

flask coming from a patient infected with Acinetobacter species, opportunistic pathogenic Gram-
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negative bacteria and the other for 6 hours connected to a flask coming from a patient with a
significant infection with Klebsiella New Delhi, Gram-negative enterobacteria. The initial

bacterial load (T0) was directly quantified from the two infected AMBU flasks.

commercial filter

< ‘.b} "ni (v
machine connected to
the medical gas line

Figure 2.4. Set-up of bacterial filtration test to compare commercial filter and optimized HME filter in hospital

environment.

After the respective hours in intensive care in contact with the bacterial aerosol from the
different infected AMBUs, each HME prototype was taken and tested in the microbiological
laboratory. The bacterial count was carried out using a selective culture medium (Cetrimide
Agar) and two differential culture mediums, such as MacConkey Agar and Cled (Cysteine-
Lactose-Electrolyte-Deficient) Agar, incubated for 4 days at 36 °C, to evaluate the difference
between the two types of device and demonstrate the percentage filtering efficiency of the
optimized HME filter in the hospital field.

In addition to the comparison between commercial filter and HME filter, the bacterial filtration
efficiency of HME prototype was tested again, in this case placing it between the respiratory
mask (in the absence of a patient) and respectively three AMBU flask that had come into contact
with patients infected with different bacterial strains for 4 hours each, i.e. Acinetobacter

species/KCP, Pseudomonas species and mixed bacterial culture (Figure 2.5). The initial bacterial
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concentration (TO) was obtained by calculating the bacterial load present in the commercial

HME filter which was connected to the three infected patients.

AMBU flask infected

Connection
with patient

Figure 2.5. Set-up of bacterial filtration test with optimized HME filter in contact to three different bacterial strains

in hospital environment.

As the previous test, after the respective hours in intensive care in contact with the bacterial
aerosol from the different infected AMBUs, each HME filter tested was sampled and analyzed in
the microbiological laboratory to confirm the bacterial filtration capacity of the HME filter and
therefore its use as a filter device in the hospital. The bacterial count was carried out using
selective culture mediums, incubated for 4 days at 36 °C, depending on the bacterial type: Mac
Conkey Agar for Acinetobacter species/KCP, Cetrimide Agar for Pseudomonas species and Cled

Agar for mixed bacterial culture.

2.2.8 Stability test

To evaluate the stability of the HME filter over time and therefore the possibility of producing
and storing it on an industrial level, the sterilized (gamma radiation) and validated prototype
was tested inside the apparatus at different time points, precisely 1-3-6-9-12 months, to
demonstrate that the pressure drops and moisture exchange measures remain constant over

time.

2.2.9 Diagnostic component (HMEDs filter)

To evaluate and control the onset of respiratory infections and have a proof of concept of the
possible de-hospitalization of patients thanks to the use of HME filters, thus reducing healthcare
costs, a diagnostic component has been inserted within the material, creating HMEDs device.
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This component is made of soybean lecithin vesicles functionalized with the chromatic
molecules of Rhodamine-B. The interaction of these liposomes with microbial toxins is known
to effect liposome permeability or produce membrane breakage with rhodamine leakage. This
phenomenon allows the fast-chromatic detection of the microbial presence. Tests were affected

with Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli.

2.2.9.1 Synthesis of liposome

The lipid vesicles containing Rhodamine-B in the ratio of 20:1 and 10:1 (lipid:dye) were
prepared using the hydration technique.3637 Briefly a homogeneous and well dried lipid film of
soybean lecithin (1 gr, 1.2 mmol) was hydrated with an aqueous solution (20 ml) containing
Rhodamine B (27.74, 0.06 mmol) or (57.48 mg, 0.12 mmol), according to the ratio, and sorbitol
(100 mg, 0.005 mmol) as cryoprotectant. The suspension was vortexed for 10 min obtaining
the liposomes as multi-lamellar vesicles. The non-encapsulated Rhodamine-B was removed by
sequential centrifugations (15000 rpm g x 4 °C x 30 min) and washed with fresh tri-distilled
water until a transparent and colourless supernatant was obtained. The absence of
Rhodamine-B in the transparent supernatant phase was also confirmed by UV (550 nm
maximum value of absorbance for Rhodamine-B). The size of the MLVs, determinate DLS
(dynamic light Scattering) was equal to 930+30 nm (polydispersity of 0.2). The encapsulated
efficacy (EE%) of Rhodamine-B contained in the lipid vesicles was equal to 57% and
determined by UV, analysing the ethanolic aqueous solution (30%) used to induce the
disruption of the liposomes with consequent release of the dye. The derivatized vesicles as

pellets were stored at 4 °C and used for the needed experiments.

2.2.9.2 HMEs filters impregnation with liposome/Rhodamine-B solution

To obtain the most effective impregnation of the HME filters with the solution of synthesized
liposomes loaded with Rhodamine-B, tests were carried out to evaluate which was the best
combination between the size of the filter area and the volume of solution to be impregnated. 3
different areas (4, 2, 1 cm?) with different volumes (4, 2, 1, 0.5, 0.25 mL) were tested and the
complete absorption and homogeneous distribution of the solution on the HME filter were
observed. The best result obtained was highlighted with an area of 1 cm?2 impregnated with
0.25 mL of solution. Obviously being a proof of concept, small areas and volumes have been

used.
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2.2.9.3 Bacterial detection

Two different solutions were tested with concentration of liposome/Rhodamine-B 10:1 and
20:1, respectively, by impregnating 0.25 mL of each solution directly on a small area of the
device (1 cm?2). Subsequently, the sample impregnated was placed on a Whatman hydrophilic
membrane and 200 pL of the mix of bacterial suspension at known concentration (3.2x10°
CFU/mL) was dripped and filtered over it to evaluate through visual analysis the colour
variation following contact with the bacteria. The chromatic variation obtained was defined on

the basis of a colour intensity scale from 0 to 1.
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2.3. Results&Discussion

2.3.1 Chemico-physical characterization

2.3.1.1 Freeze-drying process evaluation

Gel/Chit wt% ratio at 70:30 and hydrogel concentration at 2%, as literature suggestsl?, the
suitable freeze-drying cycle which influences pore size and orientations, was evaluated to
create an HME device with reduced pressure drop. In particular, freezing temperature and
cooling rate are the two main process steps, which control the growth of crystals inside the
hydrogel and therefore the final pores size and orientation. Cooling rate and freezing T have

been modified in order to observe how the porous structure changes accordingly (Figure 2.6).
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Figure 2.6. SEM morphologies of samples freeze-dryed with different freezing temperature and cooling rate.

As can be seen from Figures 2.6 (a-c), the freezing temperature at -40 °C was kept constant in
these samples and the cooling rate varied, respectively at 50 °C/h, 30 °C/h and 10 °C/h. As the
cooling rate increases, the short axis of ellipsoidal pores decreases from 108 to 73 £+ 0,05 um
with a more heterogeneous structure and no effective preferential orientation (sample A),
because an excessive freezing rate causes the formation of very small ice crystals. On the other
hand, increasing the freezing temperature, the size of ice crystals increases from 108 to 252 +

0,03 um approximately (Figures 2.6 d-f).38
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Freeze-drying, by acting on the pores’ size, influences the pressure drops of the device, which
play one of the most important roles for the effectiveness of HME filters. As Figure 2.7 shows,
the pressure drops decrease with the increase of the pores’ size. Comparing pores’ size and
pressure drop, small and heterogeneous pores caused by freeze-drying process with too rapid
cooling rate (samples A, B, C), lead to high pressure drops; on the other hand, as observed in
samples D and E, channels with pore sizes around 250 pm show pressure drops almost

undetectable by the instrument, which is below the 5 mbar value limit of the ISO 9360 standard.
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Figure 2.7. Pressure drop of samples freeze-dryed with different freezing temperature and cooling rate: A)
freezing temperature of -40 °C, cooling rate of 50 °C/h, pore dimensional range of 73-76 um B) freezing
temperature of -40 °C, cooling rate of 30 °C/h, pore dimensional range of 82-86 um C) freezing temperature of -
40 °C, cooling rate of 10 °C/h, pore dimensional range of 103-108 um D) freezing temperature of -30 °C, cooling
rate of 10 °C/h, pore dimensional range of 198-206 pm E) freezing temperature of -20 °C, cooling rate of 10 °C/h,

pore dimensional range of 248-252 pm.

According to the results reported in Figure 2.7, although both freezing temperatures at -30 °C
(sample D) and -20 °C (sample E) were effective for the specifications required by an HME
device, the use of a higher freezing temperature (sample E), requires less use of energy and
process time, preferable in terms of cost reduction.

With this evidence, the freeze-drying cycle at -20 °C for 10 °C/h (sample E) was selected as the
best choice because shows undetectable pressure drops and low energy consumption due to its

morphology, that highlight highly aligned and big pores’ size (Figure 2.8).
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Saggital section

Cross section

Figure 2.8. Sagittal and cross morphology of sample E.

2.3.1.2 Cross-linking process evaluation

Two different cross-linking agents, natural and physical ones, have been tested to evaluate an
improvement in the HME structural strength and stability.

Among several cross-linking agents3?, natural ones have been favoured. In particular, Tannic
acid (TA) has been selected due to its hydrophilic chemical structure could improve the heat
and moisture exchange of the filter, as well as speed up and increase energy savings in the
process of HME filers development. TA is derived from tannin, a polyphenol presents in the
bark of many plants and in some fruits such as grapes. It is reacting with amine groups allows
chemical bonding between Gel and Chit before the freeze-drying process of the filter.40 In detail,
TA is very interesting due to its low cost and it has been preferred to other effective natural
cross-linking as genipin, because it is too expensive and requires too long cross-linking times
for a disposable device.12

On the other hand, dehydrothermal treatment (DHT) has been selected as physical cross-
linking process able to induce the formation of amide bonds between carboxyl and amine
groups via condensation reactions; in detail, it acts on dried samples through the heat and
vacuum generated by an oven.4! With this evidence, different cross-linking conditions such as

temperature, cross-linking time and TA wt% (Table 2.1) were modulated to evaluate the
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morphology, material degradation, cross-linking degree, pressure drop and moisture exchange
for the optimized HME filter (sample E, freezing T -20 °C, cooling rate 10 °C/h).

ESEM images of cross-linked samples with different cross-linking conditions are shown in

Figure 2.9 to observe possible morphological changes.
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Figure 2.9. SEM morphologies of samples trasversal section cross-linked with different parameters of DHT
treatment and/or TA: a) 160 °C for 48h b) 160 °C for 24h ¢) 120°C for 48h d) 120 °C for 24h e€)120°C for 24h with
TA ) 80 °C for 24h with TA g) only TA

From the structure and size of the pores it is noted that the temperature and time of DHT do
not affect the morphology of the material (Figures 2.9 a-d), and the pore size remains
homogeneous, about 240 pum, with an anisotropic interconnected structure featured by
vertically aligned channels thanks to freeze-drying process. Furthermore, also the addition of
TA does not change the porosity structure (Figures 2.9 e-g), even when it is combined with the
DHT treatment (samples L and M), meaning that the cross-linking process acts on the polymeric
chains of the compounds, forming new chemical bonds and reinforcing their structure, without
modifying their morphology, as opposed to freeze-drying.

On the other hand, focusing on the stability of HMEs (Figure 2.10 a), it is clearly visible that the
higher the cross-linking temperature the lower the degradation of the material over time, this
is because there is a greater formation of amine bonds which make the final polymeric structure
more resistant. In detail, the sample G and F appear to be the most stable compared to the other
samples, being those crosslinked with DHT at the highest temperature (160 °C). As the cross-

linking temperature decreases, the stability decreases (sample H, I), but it is possible to
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compensate for it with the addition of tannic acid (sample L, M, N). In fact, even if the samples
with TA show a slightly greater degradation after 1 day than those crosslinked with DHT alone
at 160°C, after 3 days the difference is imperceptible, managing to reduce (sample L, M) or

eliminate the use of DHT (sample N).
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Figure 2.10. a) Wt% Degradation test b) % Crosslinking degree test of samples cross-linked with different
parameters of DHT treatment and/or TA: F) 160 °C for 48h G) 160 °C for 24h H) 120°C for 48h I) 120 °C for 24h
L) 120°C for 24h with TA M) 80 °C for 24h with TA N) only TA

Indeed, by analysing the cross-linking degree obtained with the TNBS test (Figure 2.10 b),
samples H and I crosslinked at lower temperatures show a higher percentage of free amines
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and therefore a lower cross-linking degree than the other two samples F and G, confirming the
greater resistance of these samples obtained from the degradation test. Observing the
crosslinked samples also with the presence of TA, little difference in the degree of cross-linking
between the latter and the samples crosslinked with DHT at higher temperatures can be seen.
Evidently the DHT treatment allows to create a greater number of amide bonds which lead to a
lower degradation of the material in physiological conditions of the breath, but as the
crosslinking temperature decreases and TA is inserted, there is a slight increase of stability.
This further confirms that the tannic acid can compensate for the drop in the crosslinking
temperature up to eliminating the DHT, while keeping the material stable under the conditions
of use and reducing the process time and costs, such as shown by sample N.

Analysing the pressure drop and the moisture exchange of differently cross-linked HME (Figure
2.11), it is possible to observe that in both graphs all samples crosslinked at different
temperatures, times and wt% of TA are within or close to the standard specifications.

In particular, the pressure drops (Figure 2.11 a) measured are all below 1 mbar, even if the
sample crosslinked with TA (sample N) has a slightly higher-pressure drop compared to the
sample F and G crosslinked using only DHT. Evidently, the cross-linking treatments selected by
not modifying the morphology of the filter do not create potential obstacles for the passage of
air. The moisture exchange graph (Figure 2.11 b), on the other hand, outlines that the
crosslinked filters at 120 °C (samples H and I) have a value slightly below the standard limit of
33 mg H20/L, while the other samples show a good heat and humidity exchange capacity which
is above the standard value. In detail, the sample N cross-linked with TA as single cross-linking,
records the highest value equal to 36.5 mg H20/L confirming that the use of TA in the HME,
despite presenting a slight increase in the degradation of the material, improves the effective

moisture exchange’s performances.
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Figure 2.11. a) Pressure drop b) Moisture exchange of samples cross-linked with different temperature and time
of DHT treatment: F) 160 °C for 48h G) 160 °C for 24h H) 120°C for 48h I) 120 °C for 24h L) 120°C for 24h with TA
M) 80 °C for 24h with TA N) only TA

To sum up the collected results, both DHT treatment and TA are two eco-sustainable and
efficient crosslinking methods for developing HME devices according to the regulations;
however, TA reaches the same performance as DHT but reduces energy consumption and

speeds up the production time, decreasing, thus, the costs of final HME in comparison with that
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currently in the market. Furthermore, tannic acid has the added value of being antibacterial,
increasing together with chitosan the device's ability to inhibit the onset of infections.2”

By the end, sample N freeze-dried with freezing temperature of -20 °C and cooling rate of
10 °C/h and cross-linked with tannic acid has been selected as the most promising eco-
sustainable, low cost and efficacy HME device. Indeed, being composed of completely
biodegradable materials, coming from food waste, leads to final product cheaper and eco-
friendly with reduced CO2 emissions, developed through a circular green process, essential for

industrialization.

2.3.2 HME filter optimization for reducing cost and environmental impact

Once selected the suitable polymers and cross-linking agent able to i) mimic the chemical
structure of glycoproteins of the mucus; ii) reduce the pressure drop conferring a comfortable
breathing; iii) increase moisture exchange maintaining chemical structural stability, a deep
investigation was carried out with the aim to reduce the cost of this disposable material and
even more the impact on the environment making it more attractive to the industrial market.
The filtering devices currently on the market, as previously specified, are composed of synthetic
raw materials, which in addition to increasing production costs, involve a greater expenditure
of energy for their industrial processing and more difficulty in disposing of the final product. In
this regard, despite the good performance of current synthetic HME filters, in terms of cost
reduction and environmental impact they are not comparable with new generation eco-
sustainable devices, where raw materials from biodegradable industrial waste are used.
Focusing on being "low-cost", as can be seen from Figure 2.12 a, gelatin, acetic acid and tannic
acid are not components that affect the final price of the product since the total cost of a single
HME filter is less than 0.10 cents (0,067). Chitosan, on the other hand, is the element that most

unbalances the overall expense (94%) with the cost of 1 € to develop a single device (HME 1).

75



0,067 cent
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Figure 2.12. a) Cost analysis in € of the individual raw materials to make up an HME filter b) Comparative analysis

of the cost in euros of a single HME filter by changing the source of chitosan.

In this regard, we evaluated the use of a different source of chitosan to be able to lower the unit
cost of the final device.

In detail, through another company, we bought the same quantity of polymer at a price of about
five times less than the previous one, obtaining the same efficient final characteristics of the
HME filter shown before. In this way we were able to reduce the final price of the device by
73%, going from 1.068 to 0.292 € for a single filter (HME 2), thus making it more appropriate

for a disposable device and more easily marketable (Figure 2.12 b).
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As well as the individual polymers that compose the filter, also the filter holder needs to be
selected maintaining the claims of HME filter such as biodegradability and high efficiency. In
particular, a prototype in polylactic acid (PLA) has been developed by Pollution S.r.1 company
(Bologna, Italy) with the features of being completely biodegradable and less expensive than
commercial ones. However, the disadvantage that the filter holder entails is the increase in dead
space during the passage of air and consequently also the pressure drops. The dead space
represents an excessive volume that the air must travel inside the filter holder, further
hindering its passage. Two-way filter holders® are currently used in hospitals, directly
connecting the patient and the respirator with an acceptable dead space, but to improve the
performance of the final device and reduce the dead space, a three-way filter holder has been
designed and developed always by Pollution S.r.l. In this regard, the two-way and three-way
filter holders were compared, to evaluate the possible differences in terms of moisture

exchange and pressure drops, using the optimized HME filter (sample N) (Figure 2.13).
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Figure 2.13. a) Schematic rapresentation of dead space of two-ways and three-ways filter holder b) Pressure drop
c) Moisture exchange of optimized HME filter with two-way and three-way filter holder. The two images inserted

in the graph a correspond to the yellow-red two-way filter holder and the yellow-black three-way filter holder.
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Observing Figure 2.13 b, it is possible to note that the three-way filter holder leads to a
reduction in pressure drops compared to the use of the two-way one, in which in any case the
value already had a value below the regulatory standard of 1 mbar. As regards the moisture
exchange (Figure 2.13 c), there is a slight increase in efficiency with the three-way filter holder,
from 36.5 to 36.9 mg H20/L. Furthermore, from Figure 2.13 g, it is clear that the three-way filter
holder leads to a reduction in dead space, limiting the size of the final device and allowing this
device to also be considered for pediatric patients.

From the obtained results, therefore, it is possible to deduce that the three-way filter holder
does not modify the final performance of the optimized prototype, on the contrary it is able to
improve them compared to the use of the classic two-way filter holder, further reducing the
dead space. To sum up, the possibility of having the most economical, eco-sustainable, long-
lasting and effective complete set-up of HME filter and filter holder increases the approach of

this product to the industrial sector.

2.3.3 Bacterial filtration and Bacteriostatic activity

HME filter carefully optimized in terms of stability and morphology has been tested to evaluate
its bacterial filtration and bacteriostatic activity, essential features and required in filtration
devices for hospital uses to avoid the proliferation of bacteria on the filter surface and inside
the filter.

Among several bacteria present in the hospital environment and damaging to human health,
three different microorganisms’ standard strains derived from the American Type Culture
Collection (or ATCC) have been evaluated representing the main nosocomial pathogenic
indicators, such as Escherichia coli ATCC 8739, Pseudomonas aeruginosa ATCC 9027 and
Staphylococcus aureus ATCC 6538. Firstly, the bacterial filtration efficiency was evaluated with
the optimized HME filter N through the filtration of bacterial suspensions in cultures in broth
containing the standard strains defined above. Each bacterial suspension was introduced
separately into the HME N filter and filtered using a vacuum pump. At the end of the filtration,
the residual bacterial concentration was determined and the percentage of filtration

effectiveness was calculated as reported in Table 2.2.
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Table 2.2. Bacterial filtration efficiency of optimized HME filter.

Bacterial suspension

Bacterial concentration

Bacterial concentration

Bacterial filtration

TO after filtration efficacy %
Escherichia coli 1,8x10¢ CFU/ml 1,3x103 CFU/ml 99,97
Pseudomonas aeruginosa 2,6x10¢ CFU/ml 3,6x103 CFU/ml 99,86
Staphylococcus aureus 2,4x10¢ CFU/ml 7,2x102CFU/ml 99,93

As can be seen in Table 2.2, the results demonstrate that the HME filter is able to effectively
filter all three types of bacteria ATCC test, reducing the concentration of each bacterial
suspension of 99,9%. Regarding the bacteriostatic activity, however, only two bacterial
suspensions at two different concentrations were tested, Staphylococcus aureus and
Pseudomonas aeruginosa, as they were considered more significant for the evaluation of the
bacterial growth inhibition capacity by the optimized HME filter.

From Table 2.3 shows in vitro, both at lower and higher concentration there is a considerable
reduction in the initial bacterial load, especially Staphylococcus aureus. The results obtained
demonstrate the bacteriostatic capacity of the HME N filter against the most widespread

nosocomial pathogenic microorganisms.

Table 2.3. Bacteriostatic activity of optimized HME filter.

Bacterial suspension Bacterial concentration | Bacterial Cf)ncel}tration Bacter_io_static
TO after filtration activity
Staphylococcus aureus 1,3x103 CFU/ml 9,5x102CFU/ml Confirmed
Pseudomonas aeruginosa 1,5x103 CFU/ml 1,0x103 CFU/ml Confirmed
Staphylococcus aureus 1,3x10¢ CFU/ml 8,6x105CFU/ml Confirmed
Pseudomonas aeruginosa 1,5x10¢ CFU/ml 1,0x105 CFU/ml Confirmed

2.3.4 Bacterial Filtration Efficiency (BFE)

The HMEs filter, being a filtering device to help patients with breathing difficulties, can
frequently come into contact with bacterial microorganisms potentially pathogenic, especially
in a hospital environment. After having determined the bacterial filtration capacity and the

bacteriostatic activity of the HME N filter of bacterial suspensions in liquid culture, it was
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equally important to evaluate the bacterial filtration efficiency (BFE) of the filter under
examination through the use of a bacterial suspension in the aerosol of Staphylococcus aureus.
In detail, the optimized HME (sample N) were tested with a bacterial aerosol of Staphylococcus
aureus according to EN 14683:2019

The EN 14683:2019 standard indicates the requirements and the appropriate method for in
vitro determination of bacterial filtration efficiency to try the ability to retain the bacterial load
in aerosols of a medical device, eliminating or reducing the risks of infection as much as
possible. The sample N tested an average filtration capacity of 66.7% =+ 1,66 against a bacterial
aerosol of Staphylococcus aureus, confirming;-the filtration capacity of the bacterial suspension,

that the optimized HME filter is able to block and retain the bacteria on its surface and inside it.

2.3.5 Validation in hospital environment

In this work, further field trials were carried out validating the effectiveness of HME filter in a
real healthcare environment with the aim of confirming the results of in vitro research. In detail,
the tests were carried out directly on hospital instrumentation inside the Montecatone
Rehabilitation Hospital (Bologna, Italy) without the presence of the patient. The optimized HME
filter N was compared with a commercial one normally used in hospitals, placed in parallel
between an AMBU (Auxiliary Manual Breathing Unit) respirator bag and the machine
connected to the medical gas line. Two tests were carried out in the field, one keeping the two
filters connected to an AMBU flask coming from a positive patient for Acinetobacter species and
Klebsiella species (KCP) for 4 hours, the other instead connecting to a flask coming from a
positive patient of KCP NEW DELHI for 6 hours. The initial bacterial load (T0) was directly
quantified from the two infected AMBU bags.

Table 2.4 shows the results obtained with the different HME filters in the two respective tests.
Although the commercial filter has a higher filtration efficiency, equal to 99,99% the optimized
HME filter N proves to be able to effectively filter the two bacterial strains such as Acinetobacter

and Klebsiella (KCP).
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Table 2.4. Bacterial filtration efficiency of HME commercial filter and optimized HME filter (sample N).

Bacterial Bacterial
Bacterial
Sample Bacterial suspension concentration after filtration
concentration TO
filtration efficiency %
Commercial | Acinetobacter species/KCP . s s s
filter After 4 h 1,7x10*CFU/m 1,2x10° CFU/m 93
Commercial KCP NEW DELHI . 5 ) 2
filter After 6 h 3,0x10*CFU/m 7,2x10% CFU/m 98
Sample N Acinetobacter species/KCP . s s
p After 4 h 2,0x10* CFU/m3 6,4x10° CFU/m 68
Sample N KCP NEW DELHI . . 3
p After 6 h 4,5x10* CFU/m3 1,2x10* CFU/m 73

Subsequently, the bacterial filtration efficiency of the optimized HME filter N was tested, in this
case placing it between the respiratory mask (in the absence of a patient) and respectively three
AMBU respiratory bags that had come into contact with patients infected with different
bacterial strains for 4 hours each. The initial bacterial concentration in this case was obtained
by calculating the bacterial load present in the commercial HME filter which was connected to
the three infected patients. From table 2.5 it is clear that in all three cases there is a good
reduction of the bacterial concentration compared to the initial one, which confirms the
possibility to use the optimized HME filter in the hospital environment and increase the TRL

(Technology Readiness Level) of this product up to 6.

Table 2.5. Bacterial filtration efficiency of optimized HME filter (sample N).

. . Bacterial concentration Bacterial concentration B_actel_‘lal
Bacterial suspension . . filtration
TO after filtration . .
efficiency %
Acinetobacter species /KCP 3,2x106 CFU/m3 8,5x105 CFU/ m3 73
Pseudomonas species 1,9x106 CFU/ m3 4,5x105 CFU/ m3 76
Mixed bacterial culture 1,0x107 CFU/ m3 2,7x10¢ CFU/ m3 73

2.3.6 Stability test

The stability of the HME filter after sterilization at gamma radiation was evaluated allowing to
keep and store it for long periods. The optimized filter (sample N) has been tested inside the
holder at different time points, precisely 1-3-6-9-12 months, to demonstrate that pressure
drops, and moisture exchange measures remain constant over time. From Figure 2.14 it is
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clearly visible that both the pressure drops (Figure 2.14 a) and the moisture exchange (Figure
2.14 b) remain constant over time with respect to the values initially obtained. In fact, for all
timepoint, sample N shows pressure drops of about 0.7 mbar and moisture exchange of 36 mg
H20/L, which reflect the values measured at t0 in line with the standard specifications. With
this evidence, the HME devices can be more easily produced on an industrial scale, sterilized
through gamma radiation and stored for long periods before their use, as they maintain their

physical and chemical characteristics and therefore their efficiency constant.
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Figure 2.14. Stability test of HME filter validated: a) Pressure drops b) Moisture exchange of sample N at different
time point (1, 3, 6, 9 and 12 months).



2.3.7 Diagnostic component (HMEDs filter)

In this work a diagnostic component has been added into HME filter (HMEDs) to promote the
de-hospitalization of patients, meaning that moving patients to familiar places to continue the
treatments and surveillance. This component, formed by liposomal vesicles of soybean lecithin
functionalized with chromatic molecules of Rhodamine-B, allows to visually detect the onset of
infections against the main bacterial strains such as Staphylococcus aureus, Pseudomonas
aeruginosa and Escherichia coli. In detail, when the liposomes inside HME device encounter the
bacteria*?, cell lysis occurs, releasing the dye which colours all the filter; this allows people to
timely recognize the infection without remaining necessarily inside the hospital. Two small
sections of optimized HME filter were impregnated with two solutions at different
concentrations of liposomes/rhodamine (10:1 and 20:1) and came into contact with a bacterial
suspension containing Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli via
membrane filtration Whatman.

As can be seen from Figure 2.15, following contact between the bacterial suspension and the
filters containing the liposomes, only the sample HME_10:1 impregnated with the
liposomes/rhodamine solution 10:1 shows a visible high pink/fuchsia colour, while the sample
HME_20:1 with solution 20:1 showed no change, probably because it was less concentrated.
Sample HME_10:1 highlights a colour change immediately after impregnation with the
liposome solution, which seems to intensify after contact with bacteria due to the lysis of the

liposomal vesicles.
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Figure 2.15. Diagnostic test of HME filter with two solutions of liposome/rhodamine-B.

83



Taking the legend for the staining intensity as a reference, sample HME_10:1 reported a colour
detection equal to 0.5, which denotes a possible potential for the development of the HMED
filter with the diagnostic function. This would result in an easier and faster de-hospitalization
of patients, reducing hospital costs, but maintaining constant control of the emergence of

infections outside the healthcare facility.
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2.4 Conclusions

A more effective, eco-sustainable and marketable HME device was successfully developed and
validated. Through a green process, we have created a completely biodegradable aerogel
composed by gelatin and chitosan, exploiting low-cost raw materials deriving from the
recycling of food industry waste. In particular, following a careful raw materials analysis, a 70%
reduction in the cost per single HME was highlighted by using low-cost sources of gelatin and
chitosan compared to commercial HMEs. Furthermore, the biodegradability of the final device
produces practically no environmental impact, as it does not need to dispose of waste by
incinerator, limiting the production of CO2. The structure, composition and efficiency of the
material remain stable over time; hence it is possible to sterilize the HME prototypes by gamma
rays and store them easily for long periods.

The study allows to optimize the process parameters of the freeze-drying and cross-linking, to
create a filter with limited pressure drops and effectively exchange of heat and moisture with
the inhaled and exhaled air form the patient in compliance with ISO standard 9360, limiting
process times and costs. In fact, by simplifying and speeding up the different production steps,
the process has been made more easily scalable and close to future industrialisation.
Afterwards, thanks to the antibacterial filtration tests, carried out both in vitro and in the
hospital environment on medical instruments, it was proved the filtration ability of HME filter
against the main nosocomial pathogens that normally affect patients with breathing difficulties.
The validation of the filter directly in the clinical environment has made it possible to increase
the TRL of the device up to 6, bringing it closer to possible commercialization. Finally, the
inclusion of a diagnostic component that changes the colour of the HME in presence of bacteria
has highlighted as proof of concept to perform an early diagnosis of infections in the respiratory
tract and a more simplified management and de-hospitalization of patients by reducing hospital
costs. All these innovations not only offer a more effective and safer HME filter for patients
requiring respiratory support, but lead with foresight to a more eco-sustainable, economic,

energy-saving process in line with the industrial change of our time.
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CHAPTER 3

Safe-by-Design Approach to Sunscreens: Synthesis and Validation
of Biomimetic Hybrid Particles for an Eco-Sustainable UV

Protection

Part of the content of this chapter has been published as Campodoni E., Montanari M., Artusi C. et al.
“Biomineralization: A New Tool for Developing Eco-Sustainable Ti-Doped Hydroxyapatite-Based Hybrid UV
Filters” Biomaterials Advances 2023.

3.1 Introduction

It is well known that the sunlight is essential for human well-being, the exposition to moderate
doses of solar radiation is not harmful and have beneficial effects.! It is responsible for
regulating the internal clock, stimulate the metabolism, the hormonal and the immune systems,
it is essential to promote the synthesis of various vitamins and support optimal bone health.
Furthermore, thanks to the stimulation to production of serotonin, the sun helps to fight
depression. However, in recent years concerns are increasing due to wrong or over-exposition
to solar radiations?, thus, whether we choose to bask in the sunlight for aesthetic or health
reasons, it is now well-established that protecting ourselves from solar radiation is of
paramount importance. In fact, UV radiation can damage the molecules and structures that
make up the skin. They are divided into UVA, UVB and UVC rays, but since the UVC rays are
absorbed by the oxygen molecules present in the stratosphere, only the UVA and UVB rays can
react with the skin and cause metabolic and biological reactions.3 In particular, the wavelengths
of the UVB region (290-320 nm) are mainly absorbed by the superficial cells of the epidermis
causing dermatitis, burns and erythema, while the UVA rays (320-400 nm) penetrate deeply
into the skin, reaching dermal fibroblasts and causing the formation of reactive oxygen species
(ROS) can cause photoaging, DNA damage up to genetic mutations and melanoma formation
(Figure 3.1 a).%

In this regard, protecting the skin from damage caused by the sun's rays is really important,
especially as it is the body’s main barrier against external environmental or biological agents.
The skin in fact, is the largest organ of the human body, with a surface area of about 2m? and is
presented as a multilayered tissue, composed of three main layers: epidermis, dermis and

hypodermis. The epidermis is the outermost part, with a thickness of about 100 um and is in
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turn made up of four/five sublayers. In particular, among these there is the stratum corneum,
which is the one most exposed to infections and atmospheric agents and therefore the one that
can be damaged most easily. The dermis, on the other hand, is the thickest (1-4 mm) and
vascularized component, capable of supplying nutrients to the epidermis, mainly made up of
fibroblasts and immune cells. Finally, the hypodermis, also called adipose layer, formed by a

mix of adipocytes, fibroblasts, connective tissue, nerves and arteries (Figure 3.1 b-c).>6
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Figure 3.1. a) Schematic representation of the UV radiation composition and their interaction with the skin b)
Structure of the skin. c) Microstructure of the mesh-like dermis, where pressure gradients drive flow between

capillary blood and lymph.”

The skin, being the outermost layer of our body, is particularly vulnerable to damage caused by
direct exposure to atmospheric radiation. The combination of air pollution and change in the
pattern of sun exposure (even shorter periods but longer overall throughout the day) means
that the risk factor for skin diseases is substantially increased. In fact, it is estimated that about
one million people are diagnosed with skin cancer every year, and about 10,000 die from
malignant melanoma, not to mention others problems due to excessive sun exposure, such are
sun burn, photo-aging, hyperpigmentation and spots as well as immune suppression that

facilitate the onset of neoplastic forms.8 Based on these evidences, the repeated application of
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effective sunscreens is essential to form a protective barrier on the skin surface against the
harmful effects of UV-rays, and in this regard a systematic awareness campaign for consumers
has been promoted for years. Indeed, clinical data reveal that regular use of a sunscreen can
prevent not only sunburn but also many skin-aging effects such as wrinkles and pigmentation
changes.?

Commercial sunscreen products are generally composed of organic and/or inorganic filters.
Conventional organic filters (i.e Butyl Methoxydibenzoylmethane, Ethylhexyl
Methoxycinnamate) absorbing the UV radiation allow to obtain products with high sun
protection factor (SPF) values, but often in narrow spectrum range (UVA or UVB), only few
filters (i.e. Bis-Ethylhexyloxyphenol Methoxyphenyl Triazine, Methylene Bis-Benzotriazolyl
Tetramethylbutylphenol, Benzophenone-3) offer broad band of protection (UVA and UVB)
while inorganic filters (TiOz, ZnO), are able to reflect, deflect and/or absorb the UV radiation in
a wide spectrum (UVA and UVB), depending from their particle’ size, but with lower SPF.10.11
Despite the high efficacy of some commercial sunscreens, which are currently unrivalled in
terms of appropriate sun protection, they have drawbacks for both human and environment
health.1213 Thus, these sunscreen-based filters have been restricted in some tropical paradises,
such are Hawaii, the U.S. Virgin Islands and Palau. This approach led to banning the widely used
such are Benzophenone-3, Ethylhexyl Methoxycinnamate, Octocrylene, Homosalate, 4-
Methylbenzylidene camphor and PABA, while promoting the use of safer but more expensive
organic filters (i.e. Diethylamino Hydroxybenzoyl Hexyl Benzoate and Ethylhexyl Triazone) or
inorganic filters, such as ZnO and TiO2.1* Moreover, some organic UV filters, used in high
concentration to achieve high SPF, can penetrate the subcutaneous layers and interfere with
the endocrine system as well as causing photosensitivity reactions and pro-carcinogenic
activities.1> In addition, certain organic filters exhibit low stability when exposed to solar
radiation, resulting in the formation of by-products and the generation of free radicals that may
have adverse effects on the skin.1¢ On the other hand, inorganic filters are more stable and do
not interact directly with the dermis, but their efficacy also depends on the particles’ size: the
nano-sized filters are the most effective and easy to be spread, without whitening effect!?, but
they have recently raised concerns regarding the potential toxicity associated with the smaller
size.18-20 Additionally, TiOz is well known for its high photocatalytic activity, responsible for
inducing the generation of ROS under sun exposure, degrading ingredients of the formulation,

and also affecting the collagen molecules of the dermis, raising safety concerns.%21
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Although, increasing attention is paid to the efficacy and safety of cosmetic products for human
health, in recent years, sustainability and low environmental impact are playing an increasingly
relevant role on health of people, animals and the environment. It has thus become mandatory
to reduce the environmental damage that the persistent use of sunscreens causes.?? Specifically,
in coastal seawater, the presence of organic compounds like Benzophenones, common organic
filters, can lead to endocrine disorders in mussels and fish. These compounds can mimic
oestrogens, causing disruptions in the hormonal balance of aquatic organisms. Additionally,
they can also induce alterations in fecundity, negatively impacting the reproductive capacity of
these animals.22 However, the most widespread and well-known environmental damage
concerns the emerging phenomenon of coral bleaching that gave rise to a recent generation of

the so-called “reef safe” sunscreens (Figure 3.2).2425
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Figure 3.2. Schematic representation of commercial sunscreens and their drawbacks.

Taking this into account, it is clear that there is an increasing demand of safe by design approach

for safe and effective sunscreen filters and/or UV filter boosters that consents to decrease the
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amount in formulation of the conventional filters.1926 As a consequence, it is necessary to
reduce the use of most harmful solar filters by partially replacing them with other more
biocompatible and non-potentially dangerous compounds. Therefore, the research in the field
has moved toward the development of novel eco-friendlier and at the same time more effective
sunscreen. It is an example the investigation as SPF booster of calcium phosphate-based
particles derived from various natural sources (e.g. coral, fish bone) also modified with the
introduction of doping ions.2’” Their effectiveness is quite low and also their integration in
sunscreen formulations is often critical, furthermore the extraction from animal sources is not
well accepted in the cosmetics industry for ethical reasons. Within this work, this aspect has
been addressed by engineering mineral particles by a safe-by-design approach, synthetized
through a nature-inspired biomineralization process28, able to increment the efficiency, the
safety and the eco-sustainability of sunscreen formulations. The hybrid particles designed and
examined in this study consist of a nanostructured mineral phase called hydroxyapatite (HA).
HA is chosen for its remarkable biocompatibility, biomimetic properties, and absence of
toxicity2?, that was grown, during the synthesis process, on the organic matrix of alginate (Alg),
natural polymer derived from brown algae3?, that it was selected given the preference of the
cosmetic field towards vegetable derived ingredients rather than those of animal origin (like
gelatin), as well as to facilitate the solar formulation between the various ingredients.3!

In addition, to confer UV shielding properties, hydroxyapatite particles were doped during the
synthesis with titanium ions Ti(IV), given its excellent reflective property.32 In fact, knowing
the high refractive index of titanium in the form of oxide (TiO2), this ion, inserted in the
crystalline lattice of hydroxyapatite is able to create a reflective screen against visible light,
avoiding the problems related to the use of TiO2 in sunscreens.33

The hybrid phase obtained by the biomineralization of Ti-doped HA onto Alg molecules
(AlgTiHA), has been characterized in its physico-chemical properties and investigated for its
stability upon irradiation and also toward the marine environment. Furthermore, it was
formulated alone and in association with commercial organic and inorganic filters, and the
obtained sunscreen formulations were validated in vitro and in vivo in terms of stability, safety
and efficacy as UV shielding. Finally, given the paramount importance of developing
environmentally safe yet effective sunscreens for skin protection, AlgTiHA was formulated with
a particularly harmful organic filter, Benzophenone-3, to evaluate its stabilization inside the
sunscreen thanks to the interaction with the hybrid particles. This organic filter, as previously

described, is one of the most powerful UV filters in terms of SPF, but has the reputation of being
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extremely harmful if released into the environment and especially when in contact with the
skin it easily penetrates the deepest layers of the dermis interacting with cells of the endocrine
system.3435 In this regard, a formulation with Benzophenone-3 was developed and tested ex
vivo to show the ability of AlgTiHA to retain the organic filter inside the sunscreen and prevent
it from penetrating under the skin.36-38

AlgTiHA hybrid particles, obtained by a safe-by-design approach, demonstrate to be a
promising eco-friendly compound provided with SPF boosting capabilities. In this way an
effective eco-sustainable and safe sunscreen was developed, able to protect the skin from the
sunrays damage and containing a reduced quantitative of commercial filters potentially

aggressive to the marine ecosystem.
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3.2 Materials&Methods

3.2.1 Chemicals and reagents

Alginic acid sodium salt (Alg) from brown algae, phosphoric acid (H3P04, 85 wt%), calcium
hydroxide (Ca(OH)z, 95 wt%), titanium (IV) isopropoxide (Ti(iOPr)4, 97 wt%) and isopropanol
(CsHsO) were purchased from Sigma Aldrich, (USA). Solaveil XTP1 (INCI name: titanium dioxide
(80 wt.%), stearic acid and alumina) in form of round nanoparticles with a diameter of about
50 nm, were purchased from Croda, (UK). Coco-Caprylate, Dicaprylyl Carbonate, Ethylhexyl
Triazone,  Bis-Ethylhexyloxyphenol = Methoxyphenyl Triazine and  Diethylamino
Hydroxybenzoyl Hexyl Benzoate granular were purchased from BASF S.r. (Italy). Glicerin,
Vegetable squalene, Cetearyl alcohol, Citric acid and Panthenol solution 75 W were purchased
from Acef S.p.A (Italy). The emulsifier Cetearyl Alcohol and Coco Glucoside was purchased from
Seppic S.r.l. (Italy), the preservative mixture Euxyl K900 was purchased from Schiilke & Mayr
GmbH (Germany), the mixture Sclerotium Gum (and) Xanthan Gum was purchased from Univar
S.p-A (Italy), the preservative mixture Dermofeel PA3 was purchased from Evonik Dr.
Straetmans GmbH (Germany), Tocopheryl Acetate was purchased from DSM Nutritional

Products Ltd (Swiss). Benzophenone-3 were purchased from Sigma Aldrich, (USA).

3.2.2 Synthesis of alginate titanium-doped hydroxyapatite (AlgTiHA)

Preparation of hybrid AlgTiHA nanocrystals, through heterogeneous nucleation on alginate
(Alg) matrix was carried out by means of a neutralization reaction performed as follows. A basic
solution of Ca(OH)z (4.72 g in 100 mL H20) and an acid phosphate solution (4.15 g in 30 mL
H20) were prepared. In the meantime, a titanium solution was prepared by adding 1.90 g
Ti(iOPr)4, in 15 mL of isopropanol under argon flux to guarantee and anhydrous environment
and hamper the formation of TiO2. The basic solution was heated up to 45 °C under vigorous
blades stirring for 30 minutes. Afterwards, the phosphate and titanium solutions were
transferred separately in two cylindrical dropping funnels and slowly and simultaneously
added dropwise to the basic solution, at 45°C, under vigorous mechanical stirring. During the
dripping, it is possible to observe the solution turning increasingly white. Immediately once
finished the dripping, Alg solution (4 g in 100 ml H20) was slowly added to the suspension in
order to avoid particles agglomeration and it was kept under stirring at 45 °C for 2 hours, then

left to rest without stirring and RT for 1 hour. Finally, the product was centrifuged at 11000
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rpm for 10 minutes. The pellet obtained was rinsed with double-distilled water for three times
and then freeze-dried. A controlled freeze-drying process was applied setting the cooling
temperature at -40 °C and the heating ramp at 5 °C min! up to -5 °C and 2 °C min-1 up to 15 °C
under a pressure of 0.086 mbar until the obtainment of a disaggregated dried powder. As a last
step, a micronizer was used to reduce the particles to a micrometric size and facilitate the
dispersion of the powder within the formulation (Figure 3.3).

H;PO, Ti-(OCHCH;CHs,),
solution in isopropanol

 Alginate
solution
(‘ l ] | L J
¢ | 1- washing
i ' AlgTiHA 2- freeze-dryi !
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Figure 3.3. Schematic representation of the steps for the synthesis of AlgTiHA hybrid particles.

3.2.3 Sunscreen formulations

In the first part of the study, five different oil in water (0/W) formula containing increasing
amounts of AlgTiHA, respectively 0, 3, 5, 10 wt%, and labelled FO, F1, F2, F3 have been
developed. Each formulation was made by warming-up the water-based emulsion phase A
ingredients, at 70 °C and incorporating the predefined amounts of AlgTiHA micronized powder
under vigorous stirring with a turboemulsifier for ten minutes in order to obtain a fluid and
completely homogeneous phase. Subsequently, the emulsification phase was carried out by
combining and homogenizing the aqueous phase A with the oily phase B, at 70° C. The mixture
was then cooled to room temperature and phase C was added into phase A plus B under
continuous mixing until homogeneity. This procedure was repeated to prepare samples F0, F1,
F2 and F3. Analogously was obtained the reference formula F4 by adding the 5 wt % of TiO2
based-product (Solaveil XTP1) instead of AlgTiHA. The detailed composition of the base
emulsion and formulas F0, F1, F2, F3 and F4 is reported in Table 3.1.
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Table 3.1. Ingredients of base emulsion, formulas with (F0) AlgTiHA 0 wt%, (F1) AlgTiHA 3 wt%, (F2) AlgTiHA 5
wt%, (F3) AlgTiHA 10 wt% and (F4) Solaveil XTP1 5 wt%.

. Base Emuls.ion Emuls.ion Emuls-ion + Emul§ion +
Phase Ingredient emulsion | * AlgTiHA | + AlgTiHA AlgTiHA Solaveil XTP1
(INCI name) Fo 3 wt% 5 wt% 10 wt% 5 wt%
F1 F2 F3 F4
A Water-based phase
Al Aqua g.b. g.b. g.b. g.b. g.b.
A2 Sodium phytate, 0,1 0,1 0,1 0,1 0,1
A3 Glycerin 3,0 3,0 3,0 3,0 3,0
A4 | Sclerotium gum, 0,50 0,50 0,50 0,50 0,50
Xanthan gum
Alginate titanium
A5 hydroxyapatite - 3,0 5,0 10,0 -
AlgTiHA
B Oily phase
gy | Cetearylalcohol, 25 2,5 2,5 25 25
Coco-glucoside
B2 Cetearyl alcohol 1,0 1,0 1,0 1,0 1,0
B3 Coco-caprylate 4.0 4.0 4.0 4.0 4.0
B4 Dicaprylyl 3,0 3,0 3,0 3,0 3,0
carbonate
B5 Squalane 2,0 2,0 2,0 2,0 2,0
Titanium Dioxide,
B6 Stearic _Acid, ) i i ) 5.0
Alumina
(Solaveil XTP1)
C
Benzyl alcohol,
c1 Ethylhexylglycerin 10 10 10 10 10

Subsequently, other two different sunscreen formulations have been developed (F6 in Table

3.2 and F9 in Table 3.3), one oil in water emulsion containing a mixture of organic UVA/UVB

filters (Bis-ethylhexyloxyphenol, Methoxyphenyl triazine; Ethylhexyl triazone; Diethylamino

hydroxybenzoyl hexyl benzoate) and 5 wt% of AlgTiHA to test it as booster of SPF (F6, Table

3.2) and one water in oil emulsion containing inorganic UV filters (mixture of TiO2 and ZnO)

and 5 wt% of AlgTiHA as SPF booster (F9 in Table 3.3). Furthermore, as a comparison, the same

sunscreen emulsions without the booster compound (F5 and F8, Table 3.2 and 3.3) and one

functionalized with 5 wt% of a commercial hydroxyapatite (HA) instead of AlgTiHA (F7, Table

3.2) were developed.
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Each formulation (F5, F6, F7) of Table 3.2 was made by heating phase A ingredients, at 70 °C

and taking care to disperse the powders in order to obtain a fluid and homogeneous phase.

Phase B, at 70 °C, after mixing to obtain a dispersion as homogeneous as possible, was then

added to phase A and mixed until complete dispersion. The mixture was then cooled to room

temperature and phase C was added into phase A plus B under continuous mixing until

homogeneity.

On the other hand, each formulation (F8, F9) of Table 3.3 was made by melting phase B

ingredients, at 70 °C, in the main flask and by mixing to obtain a dispersion as homogeneous as

possible. Phase A, taking care to disperse the powders in order to obtain a fluid and completely

homogeneous phase, was then added to phase B very slowly, at 70° C and mixed until

completely dispersed.

Table 3.2. Ingredient of base emulsion with (F5) organic filters, formulas with (F6) AlgTiHA 5 wt% and with
(F7) commercial HA 5 wt%.

_ Base Emuls.ion + Emulsi(_)n +
Phase Ingredient emulsion AlgTiHA commercial HA
(INCI name) Fo 5 wt% 5 wt%

F6 F7

A Water-based phase

Al Aqua g.b. g.b. g.b.

A2 Sodium phytate, Aqua, Alcohol 0,1 0,1 0,1

A3 Panthenol, Aqua 0,5 0,5 0,5

A4 Glycerin 3,0 3,0 3,0

AS Sclerotium gum, 0,5 0,5 0,5

Xanthan gum
Alginate titanium hydrxyapatite

A6 AlgTiHA ] >0 ]

A7 Hydroxyapatite (HA) - - 5,0

B Oily phase

B1 Cetearyl alcohol, 25 25 25

Coco-glucoside

B2 Cetearyl alcohol 3,0 3,0 3,0

B3 Coco-caprylate 4,0 4.0 4.0

B4 Dicaprylyl carbonate 3,0 3,0 3,0

B5 Squalane 2,0 2,0 2,0

Bis-ethylhexyloxyphenol,

B6 Methoxyphenyl triazine 3,5 3,5 3,5

B7 Ethylhexyl triazone 4,5 4,5 4,5

B8 Diethylamino hydroxybenzoyl hexyl 35 35 35

benzoate

C

C1 Tocopheryl acetate 0,5 0,5 0,5

C2 Benzyl alcohol, Ethylhexylglycerin 1,0 1,0 1,0
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Table 3.3. Ingredient of base emulsion with (F8) inorganic filters and formulas with (F9) AlgTiHA 5wt%.

. Base Emuls.ion +
Phase Ingredient emulsion AlgTiHA
(INCI name) 5 wt%
F8
F9
A Water-based phase
Al Aqua g.b. g.b.
A2 Magnesium sulfate 0,7 0,1
Benzyl alcohol,
A3 Ethylhexylglycerin 0,6 0,5
A4 - - 5,0
B Oily phase
Bl Polyglyceryl-3 ricinoleate 2,5 4,0
B2 Glyceryl dibehenate 3,0 1,0
B3 Dicaprylyl ether 4,0 4,0
B4 Squalane 3,0 1,0
B5 Dicaprylyl carbonate 2,0 8,0
B6 Tocopheryl acetate 3,5 0,5
B7 Titaniurp dioxide, Silica, 45 8,0
Jojoba esters
Zinc oxide, Caprylic/capric
B8 triglyceride, Polyhydroxystearic 3,5 30,0

Finally, using the same ingredients and the same mixing process of formulation F6 (Table 3.2),
two formulations were prepared (F10, F11) containing a different organic UV filter,
Benzophenone-3 (5 wt%), compared to the previous ones and in F11 AlgTiHA (5 wt%) was also

added.

3.2.4 Characterization of AlgTiHA powder
3.2.4.1 Morphological characterization

The sample morphology was examined by scanning electron microscopy (Field Emission Gun
Scanning Electron Microscope, FEI, Quanta 200, USA - FEG-SEM) for high resolution images at
high magnification. The specimens were previously mounted on aluminum stubs by means of
carbon tape and platinum/palladium coated using a coating unit Polaron Sputter Coater E5100
(Polaron Equipment, Watford, Hertfordshire, UK). The dimensional analysis was performed by

means of Image] software.
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3.2.4.2 Chemico-physical characterization

The crystal structure of the composites was established by powder X-Ray Diffraction (XRD)
analysis. The D8 Advance diffractometer model (Bruker, Karlsruhe, Germany) working with
Bragg-Brentano configuration was employed, equipped with a LINXEYE position-sensitive
detector (CuKa radiation, A=1.5418A) generated at 40 kV and 40 mA. The XRD patterns were

recorded in the 20 range 10°-80°, scan step 0.02° and step time 0.5 seconds.

The thermal behaviour of the composites was determined using the Simultaneous Thermal
Gravimetric Analyzer (TGA) STA 409C Netsch (Germany). The experiment was carried out in
the temperature range of 10-1100 °C using a heating rate of 10 K/min in air flow. For the

analysis, 20 mg of sample and Al203 crucible were employed.

The Fourier-Transform Infrared (FTIR) spectra were collected by a Thermo Nicolet-Avatar
320 iD7 ATR FT-IR (Thermo Fisher Scientific Inc.,, Waltham, MA, USA). All the spectra are the
average of 64 spectra, collected at room temperature in the wavelength range of 400-4000 cm-

1 at a resolution of 4 cm-1.

To perform the analysis of different ions present in AlgTiHA powder, an Inductively Coupled
Plasma - Optical Emission Spectroscopy ICP-OES Liberty 200 Varian (Clayton South,
Australia) was employed. Samples were prepared by dissolving 20 mg of each in 2 mL of nitric
acid (HNOs3) and then making them up to 100 mL volume with deionized water after 30 minutes
of sonication. Standard solutions of the element of interest were used as reference and an

equally diluted solution of nitric acid as blank.

An Ultraviolet/Visible-NIR spectrophotometer (UV-Vis) Lambda 750, (Perkin Elmer

Instrument, USA) was used to perform absorbance measurements. The powders were
suspended in distilled water with a concentration of 10 mg L1 and sonicated for 10 minutes
with a sonication probe. The absorbance spectra of the AlgTiHA was recorded from 250 to 700
nm and compared with the TiO2-based commercial product (Solaveil XTP1). The same
spectrophotometer was used to analyse the reflection properties of the sample. The powders

were loaded on a sample holder and the spectrum was recorded from 280 nm to 780 nm.

Photodegradation tests were carried out to evaluate the degradation of Blue Acid 9 (42090
Color Index catalog, USA) in contact with each compound after subjecting it to UV radiation.3?

Both light and dark conditions are evaluated, with the aim of reducing the absorption
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contribution of the dye on the surface of the adduct materials. 10 mg of powder were added in
100 mL of two different Blue Acid 9 solutions (6 mg/L). The first solution is subjected to UV
radiation (OSRAM, L BLUE UVA 18 W/78, radiated power 4.7 W, UVA range 315-400 nm,
intensity 7800cd); while the second is stirred in the dark. This step lasts 1 hour for both,
followed by a time of 3 hours to reach an absorption/de-absorption equilibrium. Before
proceeding to the UV-Vis analysis at 630 nm, 2 mL of each sample are centrifuged at 14.5 rpm
for 5 minutes and then filtered (0.45 pm). The AlIgTiHA sample was compared with the TiO2-
based commercial product (Solaveil XTP1).

The results were expressed in the form of "photocatalytic efficiency (%)", in accordance with
the Lambert-Beer law in which the absorbance is proportional to the concentration of Blue Acid
9. Specifically, the photocatalytic efficiency indicates the ratio between the amount of
consumed reagent and the amount of initial reagent in the reaction environment, determined

with the following equation:

A0-At
A0

Photocatalytic efficiency (%) = x100 Eq.3.1
where AOQ is the initial absorbance of Blue acid 9 and At is the absorbance after one hour of

irradiation.

3.2.4.3 Degradation test in marine and lake-like environment

To evaluate the possible degradation of AlgTiHA and the release of titanium in the form of TiO2
in the water, we recreated the environmental conditions present in the aquatic environment.40
3.5 g of NaCl were dissolved in 100 mL of milliQ water (3.5% salinity) to imitate the marine
environment and 0.05 g of NaCl in 100 mL of milliQ water (0.05% salinity) to simulate fresh
water from rivers and lakes. Subsequently, 1 g of AlgTiHA powder was suspended into 40 mL
of saltwater and freshwater respectively and placed at both room temperature and 37 °C under
stirring. At different time points (3, 7, 14, 21, 28 days) the sample was withdrawn and the
mixture was centrifuged to separate the powder form the supernatant that was analysed at ICP-
OES (Liberty 200, Varian) to quantify the content of ions. The powder and the supernatant were
freeze-dried and analysed with XRD (D8 Advance diffractometer model, Bruker, Karlsruhe,
Germany) to exclude the formation of TiO2. At each time point, 40 mL of fresh and salt water

were added to the remaining powder.
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3.24.4  Invitro evaluation of antimicrobial activity

Determining the minimum inhibitory concentration (MIC) is a quantitative measure of the
activity of a substance against defined bacteria.#! It is reported as the lowest concentration of a
substance capable of inhibiting visible bacterial growth. In the purpose of this study, the MIC of
AlgTiHA was determined against both Propionibacterium acnes and Staphylococcus aureus. As
shown in Table 3.4, 10 mL of stock solution containing AlgTiHA (10 mg/mL) and its respective

diluted solutions (2 mL for each sample) were prepared.

Table 3.4. Concentration values of AlgTiHA diluted suspensions.

AlgTiHA suspensions | Suspensions concentration (uM)
1 1000
2 100
3 10
4 1
5 0.1

Bacterial inoculum was then prepared by dissolution of a bacterial culture in 5 mL of TS broth
and incubation overnight at 35 °C. The optical density (OD) of the inoculum was measured using
a UV-Vis spectrophotometer at 600 nm. The number of bacteria present was calculated using

the following equations:

0,1 0D600: 1 x 10¢ cells/ml = sample OD600 : X (cells/ml) Eq.3.2

X (cells/ml) = sample OD600 x 10¢ / 0,1 Eq. 3.3

Depending on the calculated concentration of bacteria, a dilution of 1 x 106/5 cells/ml was
prepared to form the appropriate inoculum. Each tube corresponding to a different dilution
was then inoculated and incubated at 35 °C for a period of 16 to 24 hours with stirring. Bacterial

growth was then measured by reading the absorbance of the tubes to determine the MIC.42
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3.2.5 Sunscreen formulations efficacy and safety assessment
3.2.5.1 In vitro SPF and UVA test

Irradiation of each formulation was carried out using the Atlas SUNTEST CPS + solar simulator,
equipped with a Xenon lamp, an optical filter to cut off wavelengths shorter than 290 nm and
an IR-block filter to avoid thermal effect, and set to operate between 40-200 W/m? in
accordance to ISO 24443:2012 guidelines.*2

Instrumental determinations of the UV absorbance (calculated from transmittance) were
carried out using a Shimadzu UV-2600 spectrophotometer, provided of integrating sphere ISR
2600 60 mm and coupled with an SPF determination software, with emission of wavelength
from 290 nm to 400 nm and 1 nm increment. This test is informative for the determination of
two significant parameters: the critical lambda and the SPF label /UVAPF ratio. Critical lambda
describes the amplitude of the protection across all the UV spectra (280-400 nm). It is the
wavelength at which 90% of the area under the absorbance curve (AUC) is reached starting
from 290 nm. SPF label /UVAPF ratio relies on the ability of the formula to specifically protect
in the UVA range, in relation to the global SPF value declared on the label. Similarly, to the
Critical Lambda, this ratio provides an evaluation of the amplitude of the protection across the
UV spectra without considering the amount of the filtering activity. Values near to 1 are
indicative of a broad-spectrum activity. EC 647/2006 suggests that all solar products have a
critical lambda value greater than 370 nm and a UVAPF value of at least 1/3 of the SPF value
declared on the label (SPF label).

In vitro SPF was calculated as follows:

A=400nm
EMA)I(A)d(A
In vitro SPF = A={3;§310nm W@ £q.3.4
J2=290nm EDIA)10~4Dd(2)

E (A)= erythema action spectrum (CIE-1987) at a wavelength A.

[ (A)= spectral irradiance received from the UV source at a wavelength A.

A (A)= a monochromatic absorbance of the test product layer at a wavelength d (1), wavelength
step (1 nm).

The UVA protection factor UVAPFO has been calculated for each non-irradiated plate

individually with the equation 3.5:
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A=400nm
_ P(DI(A)d(4)
UVAPFO = Ji=s20mm Eq.3.5

[EIS b (2)1(2)10-ADCd(2)

P (A) = Persistent Pigment Darkening (PPD) action spectrum.

[ (A) = spectral irradiance received from the UV source (UVA 320-400 nm for PPD testing).
A (A) = Mean monochromatic absorbance of the test product layer.

C = Coefficient of adjustment.

dl = Wavelength step (1 nm).

The evaluation of SPF in vitro was conducted following the ISO 244431 guideline and the
European Commission recommendation EC 647/2006 relating to the efficacy of sunscreen
products.43

The protocol used consents to instrumentally predict the SPF and UVAPF of a cosmetic product,
by a spectrophotometric technique, before and after a period of controlled UV irradiation. The
substrate chosen for the test consists of PMMA plates with transmittance and roughness

characteristics predefined.*

3.2.5.2 In vivo SPF test

Preliminary tests for the evaluation of the sun protection factor (SPF) in vivo on sunscreen
formulations with 5wt% of AlgTiHA with organic/inorganic filters were conducted on five
volunteers in accordance to ISO 24444:2019 guidelines.*2 The SPF in vivo test method utilizes
a xenon arc lamp solar simulator (or equivalent) of defined and known output to determine the
protection provided by sunscreen products on human skin against erythema induced by solar
ultraviolet rays. The test is restricted to the area of the back of selected human subjects. A
control area of each subject's skin is exposed to ultraviolet light without protection, and another
(test section) is exposed after application of the sunscreen product under test. One further
section is exposed after application of an SPF reference sunscreen formulation which is used
for the procedure validation. To determine the sun protection factor, an incremental series of
delayed erythema responses are induced on several small sub-sites on the skin. These
responses are visually assessed for presence of redness from 16 h to 24h after UV radiation, by
the judgment of an expert evaluator. The minimal erythematous dose (MED) for unprotected

skin (MEDu) and the MED obtained after application of the sunscreen product (i.e. MEDp) is
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determined on the same subject on the same day. An individual sun protection factor (SPFi) for
each subject tested is calculated as the ratio of individual MED on protected skin divided by the
individual MED on unprotected skin (i.e. MEDp/MEDu). The sun protection factor for the

product (SPF) is the arithmetic mean of all valid SPFi results from each subject in the test.

3.2.5.3  Safety test (patch test)

To evaluate the safety of AlgTiHA, a patch test was performed on a base emulsion with high
concentration (10 wt%) of sample.4445 The test was conducted on 20 healthy volunteers of both
sexes, who have given a written consent to the experimentation. Samples were poured into
aluminium Finn chambers and applied to the skin of the forearm protected by self-sticking
tape. The cosmetic products were left in contact with the skin surface for 24 hours. Removal of
the Finn chamber and cleaning of the skin area from residual cosmetic products was carried
out by experimenters. The evaluation of skin reactions was made 15 min and 24 hours after
removal of the Finn chambers by an expert evaluator. The sum of erythema and edema scores

is defined as the “irritation index”.

3.2.5.4  Stability test

The stability test of sunscreen emulsions has been conducted in parallel in a glass jar at room
temperature and at 40 * 2°C for six months. At selected intervals (1 week, 1 month, 2 months,
3 months, 6 months), samples were picked up and evaluated for physical-chemical (pH,

viscosity) and organoleptic characteristics (appearance, colour, odor) to monitor changes.

3.2.5.5 Ex vivo release test

To evaluate the ability of AlgTiHA to act as a stabilizer and therefore prevent organic/inorganic
filters release from the formulation that can penetrate under the skin, an ex vivo release test
was performed on human skin explants using OFM (Open Flow Microperfusion) equipment at
Institute for Biomedical Research and Technologies - Joanneum Research in Austria (Graz). In
details, a formulation with AlgTiHA and Benzophenone-3 as organic filter was analysed.

OFM is a system of thin flexible probes with a permeable exchange area, which inserted under
the skin at the level of the dermis allows continuous monitoring of the permeation of substances
in the form of creams applied to the skin. The probes are connected to a push-pull pump system,

i.e. two peristaltic pumps which guarantee the continuous flow inside the probes of a sterile
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and biocompatible perfusate which mimics the dermal interstitial fluid, normally present inside
our tissues and which allows the exchange of substances between cells and blood. The speed of
the flow can be varied according to the needs and will affect the volume of sample collected
inside the vial, from which it is possible to evaluate the concentration of substance released

under the skin (Figure 3.4).37

PULL

PUSH

— sunscreen formulation
R TR AR AL ST

epidermis

perfusate

Figure 3.4. Schematic drawing of a dOFM sampling system.

In this test a skin explant frozen at -20°C from the abdomen of a female donor was used. After
having disinfected the explant using gauze soaked with water and marked the area for probe
insertion and application of the formulation with a felt-tip pen, 12 dOFM probes (MS0200401
type, Joanneum Research) CE certified with 15 mm braided (stent -like) sampling section (outer
diameter 0.5 mm), were inserted under the skin using cannula needles (0.9x70 mm) as a guide.
Two probes in triplicate were used for each formulation tested (Figure 3.5).

The skin explant was then placed inside a climatic chamber at 32.5 °C with 40-60% of relative
humidity to carry out the experiment under the same temperature conditions as the skin.
Subsequently, each probe was connected through capillary tubes, entering with a 10 mL bag of
perfusate (9 ml ELOMEL isoton, Fresenius Kabi Austria, with 1 mL Human Serum Albumin,

Octapharma, Vienna, Austria) and exiting to sample vials 0.2 mL bottle for collecting samples.
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All connected with the push-pull pump system (MPP102PK type, Joanneum Research) with a
pump rate of 0.5 uL/min. All accessories and equipment used are CE certified for human use.

For each formulation (F10, F11) to be tested, 55 mg were applied with a spatula and spread on
the appropriate previously marked areas and the perfusate solution was started to flow inside
the probes. At different time points every 4 h for 24 consecutive hours the samples were
collected and frozen at -80 °C to subsequently carry out the quantification of the released

Benzophenone-3 by High Performance Liquid Chromatography (HPLC) analysis.46
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Figure 3.5. Schematic representation of ex vivo study set-up and sampling schedule.

Each collected sample was prepared as follows for HPLC analysis.

10 uL of collected sample was mixed with 200 pL of 90:10 Ethyl-acetate/Hexane solution and
centrifuged for 2 min at 13000 rpm to perform a solid-phase extraction. Subsequently the
supernatant was transferred into a PCR plate and evaporated to dryness with nitrogen. Finally,
the residue obtained was resuspended with 50 pL of Acetonitrile solution (20%) and vortexed
for 1 minute, thus ready for HPLC analysis.

The sample analysis was performed with an Ultimate 3000 HPLC (Thermo Fisher Scientific,
Waltham, MA, USA) with ACQUITY-UPLC-HSS-T3 C18 reverse phase column (1,8 um, 2,1x100
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mm) using an isocratic method with a methanol/water (95:5 v/v%) mobile phase, a flow rate

of 300 puL/min and an injection volume of 3 pL. The ultraviolet detector was set at 287 nm.3¢

Simultaneously with the OFM release test, another skin explant from the same donor was
disinfected and used to perform the biopsy and obtain specimens for histological analysis
(Figure 3.5).

After having marked the areas with a felt-tip pen on which to apply the formulations, for each
sunscreen sample 80 mg were spread, in addition to the control blank. Subsequently, the skin
explant was placed for 24 hours in a climatic chamber at 32.5 °C with 40-60% of relative
humidity to carry out the experiment under the same temperature conditions as the skin.
After the pre-established hours, the explant was cleaned of excess residual cream and the skin
samples (2x2 cm) were taken with a scalpel, in triplicate for each formulation. A deep cut was
performed in order to obtain a sample volume with all layers (epidermis, dermis and

hypodermis) clearly visible for histological analysis.4’

3.2.5.6 Histological analysis

e Fixation

For the histological analysis, the three different biopsy samples of skin explants were fixed in
4% buffered formalin (KalteK 1609). Briefly, the explants were washed in Phosphate Buffered
Saline solution 1X (PBS 1X) once and incubated 20 minutes in the fixative solution. The explants
were washed twice with PBS 1X for 5 minutes and store at 4°C until dehydration process for

paraffin embedding.48

e Dehydration and paraffin embedding

The fixed samples were put in plastic supports and dehydrated by direct immersion in an
increasing scale of ethanol solutions (from 70 to 100% v/v) and cleared in xylene reagent
(Sigma) in order to prepare the samples to the paraffin embedding. Indeed, the paraffin is a
wax-like substance composed of a mix of saturated hydrocarbons that it’s solid at room
temperature and its melting point is close to 60 °C. As paraffin is not miscible with water but
tissues and fixatives are mostly water, the aqueous component must be removed from the
samples before they are infiltrated with liquid paraffin and this is done by dehydration of
tissues with ethanol for a good embedding.4? Briefly, the samples were incubated for 1 hours

with each ethanol solution (70%, 80%, 95% and 100%) under vacuum conditions, followed by
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a second overnight incubation with 100% ethanol. After dehydration, the samples must be
transferred to an intermediary liquid, like xylene, which is miscible with both ethanol and
paraffin. These are called clearing substances, and the immersion in the intermediary liquid
must not be long to avoid samples hardening.4? After clarification, various changes in liquid
paraffin are recommended in order to completely replace the intermediary liquid with paraffin.
In our case, the samples were cleared twice in xylene for 1 hour’s incubation and also pre-
conditioned twice in liquid paraffin (Histo-line laboratoties) at 65 °C for 1 hour’s incubation,
under vacuum conditions. For the embedding, the samples were removed from the plastic
support and they were put transversally in a metal cell. The liquid paraffin was poured over the
sample to cover it and to completely fill the cell. The paraffin was allowed to solidify at room

temperature until sectioning.

e Sectioning, deparaffinization, hydration/dehydration and mounting of sections

The embedded explants were dissected in 10 um sections by using a semi-automatic rotary
microtome (Histo-line laboratories). The obtained sections were put in a 45°C water bath to
allow them to stretch before being collected on Polylysine coated slides (25 x 75 x 1 mm), Histo-
line laboratories). Before the histological staining, the collected sections were partly
deparaffinised for about 10 minutes’ incubation at 59 °C and left them dried at room
temperature. The paraffin was totally removed by clearing the sections twice in xylene for 5
minutes. Then, the sections were hydrated in a decreasing scale of ethanol solutions in order to
make the sections suitable for water soluble staining; specifically, the sections slides were
incubated twice with 100% and 80% ethanol solutions for 5 minutes, followed by rinsing in
MilliQ water until histological staining was performed.

After the histological staining, an increasing scale of ethanol solutions was used to dehydrate
the sections for the mounting. In detail, the sections slides were incubated twice with 80%, 95%
and 100% ethanol solutions for 5 minutes and they were finally cleared twice in xylene for 5
minutes. Then, the sections slides were mounted by using a specific histological mount (Histo-
line Laboratories) and a cover glass in order to preserve the morphological status of the sample
in long term. The histological mount was dropped on the sections avoiding the creation of
bubbles and the cover glass was carefully placed on top and left them dried at room

temperature.48
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e Haematoxylin and Eosin staining

For all the explants groups, the Haematoxylin of Mayer and Eosin (Histo-Line Laboratories)
(H&E) staining was performed to highlight cellular morphology and the reagents were
prepared as follows. In detail, both staining solutions were prepared in the lab, following the
manufacturer’s instructions. Briefly, Haematoxylin (0.75 g, Fluka, Sigma Aldrich), potassium
alum (25 g, KAI(SO04)212H20), sodium iodate (0.1 g, NalO3) and MilliQ water were mixed to
obtain 500 mL of Haematoxylin of Mayer. The Eosin solution was used as counterstaining for
cell nuclei identification and it was prepared in the lab by mixing 100 mg Eosin Y (Sigma) with
100% ethanol and acetic acid in order to obtain an 1% aqueous eosin Y. The H&E staining is the
most commonly used histological analysis that allows the qualitative detection of cell nuclei
and the cytoskeleton in violet and pink, respectively. Specifically, the haematoxylin is a
positively charged dye that is able to interact with the negatively charged histone proteins of
the chromatin in cell nuclei; on the other hand, the eosin is an anionic dye which interact with
different cellular components such as the cytoplasm, the collagen etc., giving them a pink colour.
After the clarification and hydration process reported in the previous section, the protocol of
H&E staining was performed following the manufacturer’s instructions. Briefly, the
Haematoxylin of Mayer was added with acetic acid at 1 mL per 100 mL of total solution and
both dyes were filtered before the use to remove any deposits. Then, the sections were
incubated with Haematoxylin of Mayer for 7 minutes at room temperature followed by rinsing
in running spring water for 10 minutes. The sections were washed in MilliQ water and
incubated with Eosin Y for 3 minutes at room temperature. The excess dye was removed by
washings in MilliQ water before the dehydration, the clarification in xylene and the mounting
of sections as reported in the previous section. The images were acquired at the optical

microscope (Nikon) at various magnifications.48
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3.3 Results&Discussion
3.3.1 Synthesis and characterization of AlgTiHA powder

Physical filters, such as titanium dioxide (TiOz) and zinc oxide (ZnO) are able to shield the skin
from both UVA and UVB radiation, however, they have some important limitations, especially
regarding their critical size and, in the case of TiOz, photocatalytic properties and further
associated risk of bioaccumulation in marine environment due to insolubility. In detail, the
recent sunscreen products contain mineral particles with nanometric dimensions that allow to
decrease the undesired whitening effect, however nano-size increase overall potential
reactivity. Furthermore, TiOz is known for its high photocatalytic activity, generating reactive
oxygen species (ROS), which can also interact with formulation, raising safety concerns.1# In the
other hand, the main problem regarding some often-used organic UV-filters, is that being
mainly used on the seaside, the components of the formulation are released in sea water, and
the marine environment can be damaged, causing coral bleaching and bioaccumulation in the
fauna. Considering all these issues, attention is shifting towards the development of effective
and safer UV filters for both human and environment, evaluating the possibility to modify the
current commercial filters formulation by replacing, totally or partially, those carrying the
above stated side effects, with the ultimate goal of producing more eco-sustainable and safer
sunscreen formulations.

To face this challenge, this research has been focused on the development of new eco-friendly
formulations, designed following the safe-by-design approach, and characterized by a safe and
biocompatible UV filters, obtained through the biomineralization process, i.e. the natural
process by which organisms generate hybrid nanostructured materials hierarchically
organized from the nano to the macroscopic scale exhibiting unusual behaviour.2829.50

In this process the selected organic matrix strictly controls the nucleation and growth of
inorganic crystals featured by low crystallinity, which results in a higher solubility, and with a
strong interaction with the organic template, achieving a hybrid structure. The flexibility of this
process and the low crystallinity of the mineral phase obtained, also allows the introduction of
different dopantions inside the crystalline lattice, with the generation of new further functions.
The biomimetic approach utilized in this study has proven to be effective in developing a safer
inorganic filter. By mineralizing titanium-doped hydroxyapatite (TiHA) nanocrystals onto
Alginate (Alg) molecules, the essential features necessary for creating an innovative, eco-

sustainable sunscreen in compliance with cosmetic regulations have been achieved.28 In Figure
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3.6 we summarized the chemical-physical characterizations carried out to confirm the
successful synthesis and efficacy of AlgTiHA hybrid particles. Starting from physical-chemical
characteristics, the XRD profile (Figure 3.6 A) indicate the presence of a mineral phase with low
crystallinity that can be identified as an apatite-like structure according to the PDF cards #09-

0432.
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Figure 3.6. The panel summarizes all the characterizations of the synthetized AlgTiHA powder also in comparison
with a TiOz2-based commercial product: A) XRD spectra highlighting the low crystallinity of the TiHA mineral phase;
B) FTIR spectra showing the typical signal of HA; C) thermal decomposition profile (TGA) of AlgTiHA; D) table
reporting the inorganic/organic ratio and the chemical composition of TiHA evaluated by ICP; E) SEM-FEG images
of AlgTiHA micro-aggregates and at higher magnification the nucleated TiHA elongated nanocrystals; F)
reflectance spectra in the UVA-UVB range; G) absorption in the UVA-UVB range; H) photocatalytic efficiency

evaluated as induction of the degradation of Blue Acid 9 solution.

The presence of the apatite-like phase was confirmed by both XRD analysis and FTIR spectra,
as shown in Figure 3.6 B. In particular, the signal at 1036 cm-! corresponds to the asymmetric
stretching of PO groups of HA, while, peaks at 602 and 562 cm-! are related to the bending of
the PO4 group of the HA.51 From Figure 3.6 C, TGA profile revealed two different weight loss
consisting first in the adsorbed water loss and then in polymer degradation, in line with what

reported in the literature.>2
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In detail, Alg:TiHA ratio is lower than the theoretical one (20:80), the observed decrease in the
organic phase can be attributed to the strong affinity between the Ca2* ions of TiHA and Alg,
facilitating the immediate interaction between the newly formed hydroxyapatite and Alg. As a
result, the residual Alg was effectively removed during the washing step.

The chemical composition of the mineral phase was measured by ICP quantitative analyses
(Figure 3.6 D), confirming the effective partial substitution of both Ca2* ions and PO43- ions in
the HA lattice by, respectively, Ti** and TiO4* ions. Furthermore, titanium ions are incorporated
within the calcium-phosphate crystalline structure, not in the form of oxide (TiOz), thus
avoiding any photocatalytic properties, point of weakness, of the currently used TiO2 and
7n0.1432

AlgTiHA, thanks to the presence of organic phase, appears as disaggregated hybrid micro-
particles completely covered of hydroxyapatite nanoparticles as it is clearly visible through
SEM-FEG (Figure 3.6 E). AlgTiHA sample consists of needle-like crystals of, respectively, 305 *
55nmand 277 + 76 nm length (n=30), with a high tendency to aggregate. The direct nucleation
onto polymeric matrices, allow to create hybrid clusters thought to avoid the penetration of the
epidermal layers, thus providing a safe-by-design feature associated with the use of
nanomaterials in dermocosmetic formulations.53

As regards the absorption and reflectance capacities of AlgTiHA powder, two different
behaviours were observed. The reflectance profile (Figure 3.6 F) revealed that AlgTiHA is able
to reflect the UV radiation more than the TiO2-based commercial product, mostly in UVA range
(315-400 nm) where an increase of value is observed until a plateau of 90% at the edge of the
visible range (400 nm) confirming the good reflection properties of these hybrid composite. On
the other hand, AlgTiHA show lower absorption (Figure 3.6 G) than the TiO2-based commercial
product. This is partially explainable by the content of above the 48 wt% of Ti(IV) in the TiO2-
based commercial products, while in AlgTiHA it is present in the percentage of 10 wt%.
Finally, the absence photocatalytic activity in AlgTiHA, essential requirement for a safe
sunscreen, was evaluated in dark and UV light conditions. Through the photodegradation test
of an aqueous solution of Blue Acid 9 absorbed on the surface of the compounds4, no
photocatalytic effect was detected for AlgTiHA (Figure 3.6 H) both dark and UV light conditions,
sign that there is no degradation of the compound with the formation of radicals and/or
reactive species under irradiation and highlighting its potential use for safer sunscreens. On the

contrary, the TiO2-based commercial product showed photocatalytic efficiency inducing the
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degradation of Blue Acid 9. The specific description of the characterizations of AlgTiHA hybrid
particles was reported by Campodoni et al.28
Summarizing the results obtained following the characterization of the AlgTiHA powders, we
can state that:

- XRD and FTIR spectra confirm the crystal and chemical structure typical of apatite.

- TGA profile denotes the weight loss of the polymeric and inorganic components,

demonstrating the successful synthesis with an Alg:TiHA ratio of 8:92.

- SEM images show the presence of microaggregates and not nanoparticles.

- AlgTiHA exhibits an effective reflective power especially in the UVA range.

- Photocatalytic activity is absent for AlgTiHA under both light and dark conditions.

3.3.2 Degradation test in marine and lake-like environment

Given the photocatalytic activity of TiO2-based products and the potential damage to the marine
(i.e. coral bleaching?4°°) and non-marine environments by the release of their degradation by-
products, it is crucial to identify and characterize the degradation behaviour of AlgTiHA under
specific environmental conditions. To achieve this, the study replicated the conditions of
seawater using saltwater (Salt) and freshwater conditions resembling those of a lake or river
(Fresh). Two different temperatures were considered: 37 °C and room temperature (RT). The
degradation of AlgTiHA and the formation of degradation by-products were evaluated at
various time points (3, 7, 14, 21, and 28 days) to monitor the degradation process in these

simulated environmental conditions (Figure 3.7).
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Figure 3.7. Schematic representation of analysis for AlgTiHA degradation test.

The XRD analysis carried out on the residual powder and the supernatant, show the results

after 28 days of degradation (Figure 3.8). XRD results for the earlier time points (3, 7, 14, and
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21 days), showing spectra equal to those obtained after 28 days, have not been included in the
work.

From Figure 3.8 it can be observed that both the Supern_Salt RT, Supern_Salt 37,
Supern_Fresh_RT, and Supern_Fresh_37 samples obtained from the freeze-drying of
supernatants do not exhibit the characteristic peaks of titanium dioxide, indicated in the
spectra with the red dots.

On the other hand, the XRD spectra of the residual powders (AlgTiHA_salt_RT, AlgTiHA_salt_37,
AlgTiHA_fresh_RT, AlgTiHA_fresh_37) tested in the two different mediums show a similar
profile to that of the initial AlgTiHA sample.
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Figure 3.8. XRD spectra of a) Salt water after 28 days at room temperature and 37 °C (Supern_Salt_RT,
Supern_Salt_37); b) Fresh water after 28 days at room temperature and 37 °C (Supern_Fresh_RT,
Supern_Fresh_37); ¢) Powders withdrawn from salt water after 28 days at room temperature and 37 °C
(AlgTiHA_salt RT, AlgTiHA _salt_ 37) compared to AlgTiHA spectrum; d) Powders withdrawn from fresh water
after 28 days at room temperature and 37 °C (AlgTiHA_fresh_RT, AlgTiHA_fresh_37) compared to AlgTiHA

spectrum. Red dots refer to the most intense typical TiO2 signals.

In order to have a more precise evaluation of the chemical species corresponding to the XRD
spectra obtained, a quantitative phase analysis was carried out through the Rietveld method.
Observing Table 3.5 below, Supern_Salt_RT and Supern_Salt_37 after 28 days showed only the

presence of NaCl (Halite mineral phase), while in Supern_Fresh_RT and Supern_Fresh_37,
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despite the poor resolution and low intensity of the XRD patterns, Halite and a small percentage
of Apatite (26-22 Wt%) have been identified.

In the powders, instead, as already highlighted by the XRD profile, the presence of apatite is
mainly recovered, but in AlgTiHA_salt RT and AlgTiHA salt_ 37 a low percentage of Halite is
present, probably precipitated over the days. As for the XRD spectra, also in this case the other
time points at 3, 7, 14 and 21 days showed similar behaviour and for this reason they are not
present in the work.

Table 3.5. Quantitative phase analysis of supernatant in salt water (Supern_Salt_RT, Supern_Salt_37), and fresh

water (Supern_Fresh_RT, Supern_Fresh_37), powders in salt water (AlgTiHA_salt RT, AlgTiHA salt_37) and
powders in fresh water (AlgTiHA_fresh_RT, AlgTiHA_fresh_37) after 28 days through Rietveld method.

Sample name Apatite Wt% | Halite Wt% | Anatase Wt%
Supern_Salt_RT 0 100 0
Supern_Salt_37 0 100 0
Supern_Fresh_RT 22 78 0
Supern_Fresh_37 26 74 0
AlgTiHA salt_RT 93 7 0
AlgTiHA salt_37 93 7 0
AlgTiHA_fresh_RT 100 0 0
AlgTiHA fresh_37 100 0 0

Subsequently, an ICP analysis was conducted on the aliquots from the different time points (3,
7,14, 21, 28 days) of the two different mediums to assess the presence of ions in the water and
determine the degradation of AlgTiHA over time. As anticipated, the ions comprising AlgTiHA,
namely Ca, P, and Ti, were detected in the samples. The release percentage trend of these ions

over time was obtained and is presented in Figure 3.9.
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Figure 3.9. Release trend of Ca, P and Tiions in salt and fresh water at room temperature (RT) and 37 °C monitored

for 28 days through ICP analysis.

ICP quantitative analysis allowed to evaluate the percentage of Ca, P and Ti ion released in the
fresh (Supern_Fresh_RT. Supern_Fresh_37) or salt (Supern_Salt_RT, Supern_Salt_37) water at
the different time points as reported in Figure 3.9. In detail, Ca ion in Supern_Salt was released
faster and in greater quantities (1.5 - 1.8% after 28 days) than P and Ti ions, probably also
because it is the prevailing ion within the apatites. On the contrary, in Supern_Fresh, at room
temperatures, the quantity released is less. Regarding P ions, the different mediums does not
seem to influence its release, only the sample in Supern_Fresh 37 has a higher percentage on the
28th day compared to the initial value. Ti, on the other hand, being one doping ion, shows the
least quantity released (about 0,3-0,4% after 28 days) and has a more static trend, which
increases only after 14 days, not being influenced by the different medium, but more by the
temperature. With this evidence, therefore, it can be deduced that AlgTiHA has a slow
degradation in both fresh and salt water (given the low percentage of ion release in 28 days),
slightly increased by the rise in temperature.

Considering the significant environmental pollution and the accumulation of harmful by-
products in both sea and freshwater, longer-term degradation tests were conducted for a

duration of 2, 2,5, and 3 months. These tests involved the saltwater samples (Supern_Salt_37
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and AlgTiHA salt 37) as well as the freshwater samples (Supern_Fresh_37 and
AlgTiHA fresh_37) at 37 °C.

Figure 3.10 displays the XRD results for the 90-day time point (3 months) for both
Supern_Salt_37 and Supern_Fresh_37 samples. It is evident that only the same peaks observed
in the previous time points are visible, with the absence of titanium dioxide peaks (indicated
by red dots in the graphs). Conversely, the XRD analysis conducted on the powders obtained
from the different mediums (AIgTiHA salt 37 and AlgTiHA_fresh_37) exhibits a spectrum
similar to that of the initial AlgTiHA sample.

The other time points, for both water and powders at 60 and 75 days (2 and 2,5 months), are

highlighted the same results, therefore it was not considered relevant to show them.

a
b
. ke 7 —AlgTiHA salt 37
R ——Supern_Salt . — — AlgTiHA
= ——Supern_Fresh 37 o .
g ‘ = ——AlgTiHA_fresh 37
.P& ., . A L A ; 5
e &
E J | 'E - “ wa ﬁ twn A
3| o Rty i AN AN
i : Lo U H N
P /e At ka-) v ."\JL.A‘LWN A’W‘A&
20 30 40 60 70 s 20 30 40 o " 80

50 50
degree (20) degree (20)

Figure 3.10. XRD spectra of a) salt and fresh water after 90 days at 37 °C (Supern_Salt_37, Supern_Fresh_37); b)
powders withdrawn from salt and fresh water after 90 days at 37 °C (AlgTiHA _salt 37, AlgTiHA_fresh_37)
compared to AlgTiHA spectrum. Red dots refer to TiO2 highest intensity peaks.

As presented above, a quantitative phase analysis of XRD spectra obtained after 90 days was
carried out through the Rietveld method. Observing Table 3.6, Supern_Salt_37 and
Supern_Fresh_37 showed only the presence of NaCl (Halite mineral phase).

In powders (AlgTiHA_salt_37, AlgTiHA_fresh_37) instead, as already highlighted by the XRD
profile, the presence of apatite is mainly recovered. The fundamental aspect, however, is that
the Rietveld analysis also confirmed that TiO2 (Anatase phase) was not present in any of the

samples. The quantitative phase analysis after 60 and 75 days show a similar behaviour and as

for XRD analysis they are not display.
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Table 3.6. Quantitative phase analysis of salt water (Supern_Salt_37), fresh water (Supern_Fresh_37) and powders

in salt water (AlgTiHA_salt_37) and powders in fresh water (AlgTiHA_fresh_37) after 90 days through Rietveld
method.

Sample name Apatite Wt% | Halite Wt% | Anatase Wt%
Supern_Salt_37 0 100 0
Supern_Fresh_37 14 86 0
AlgTiHA salt_37 92 8 0
AlgTiHA _fresh_37 100 0 0

Through ICP analysis (Figure 3.11) the percentage of Ca, P and Ti ions released in the two

different mediums (Supern_Salt_37 and Supern_Fresh_37) was evaluated after 60, 75 and 90

days, as for the other time points.
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Figure 3.11. Release trend of Ca, P and Ti ions from salt water and fresh water at 37 °C (Supern_Salt_37,

Supern_Fresh_37) monitored through ICP analysis after 60, 75 and 90 days.

For all three ions, there is an increasing percentage of release in both solutions compared to the
previous time points. In particular, the release of Ca and P ions seems to reach a plateau point
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after about 60 days, while Ti ion increase its release in salt water as compared to fresh water,
but always confirming the slow degradation of AlgTiHA over time in both mediums.
The XRD and ICP analyses, confirmed the absence of TiO2 in both, the supernatant
(Supern_Fresh, Supern_Salt), and the residual powders of AlgTiHA_salt and AlgTiHA_fresh
undergoing degradation, despite the use of two different mediums and the temperature
variation, which further denotes the safety of this material for both human and environmental
health.
Summarising the results obtained:

- XRD spectra show no typical TiO2 peaks in both fresh and salt water, also confirmed by

Rietveld analysis.
- The ICP confirms the slow degradation of AlgTiHA by releasing only the ions of which

it is composed that are safe for humans and the environment.
3.3.3 Invitro evaluation of antimicrobial activity

While the cytocompatibility of AlgTiHA has been already assessed by Campodoni et al. showing
as AlgTiHA do not compromise the cell viability?8, the antimicrobial effect of this material had
not been tested before. MIC test was performed using bacterial cultures of Propionibacterium
acnes and Staphylococcus aureus. The results in Table 3.7 showed that, for both strains, the
minimum inhibitory concentration is close to 1 mg/mL concentration (1000 uM), considering
that, at the concentration of 0.1 mg/mlL, AlgTiHA induced a significant reduction in bacterial
growth. This pattern is very promising indicating potential multifunctional activity for our
newly synthesized compound. Indeed, multifunctionality is quite appreciated in modern
formulations because it consents to reduce the number of ingredients and thus potential side

effects.

Table 3.7. Antimicrobial efficacy of AlgTiHA through MIC test.

Solutions concentration (uM) | Staphylococcus aureus | Propionibacterium acnes
CTRL 0,421 0,103
1000 uM 0,012 0,003
100 uM 0,121 0,056
10 uM 0,432 0,102
1 uM 0,440 0,098
0.1 uM 0,428 0,106
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3.3.4 Sunscreen formulations efficacy and safety assessment

Over the past two decades, there has been significant progress in sun protection technology.
With increased awareness among consumers regarding the harmful effects of UV radiation on
the skin, and the enhanced understanding of dermatologists regarding the mechanisms of such
damage, there has been a growing demand for more effective sunscreen formulations, leading
to numerous innovations in this field.

When formulating sun care products, the selection of ingredients involves considering various
factors, including ease of use, cost, stability, and safety. Additionally, specific factors related to
the efficacy of the active ingredients must be considered, such as seeking synergy between UV
filters and ensuring their photostability.

In this context, our aim was to evaluate the photoprotective capabilities of AlgTiHA and its
potential as a booster for Sun Protection Factor (SPF). We incorporated AlgTiHA into different
cosmetic formulations, both alone and in combination with other organic and inorganic filters.
Initially, three formulations were developed with increasing concentrations of AlgTiHA (3%,
5%, and 10%). Subsequently, an in vitro test was performed to determine the SPF value of these
formulations, following a protocol that was previously developed by some members of our
team.

The results of this study contribute to the understanding of AlgTiHA's photoprotective

properties and its potential for enhancing the SPF of sunscreen formulations.>¢
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Figure 3.12. In vitro SPF value of emulsions with different AlgTiHA concentration.
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During the investigation, it was observed that the presence of AIgTiHA in the emulsions did not
have an impact on the SPF value measured in vitro. The SPF values obtained and presented in
Figure 3.12 were comparable to those of the base emulsion without hydroxyapatite, indicating
that AlgTiHA does not function as an effective inorganic UV filter. In contrast, the same emulsion
formulated with a traditional TiO2-based product (Solaveil XTP1) demonstrated an SPF value
of 6.5. These findings suggest that AlgTiHA does not possess inherent SPF boosting capabilities
as observed in previous studies involving organic and inorganic molecules.# Based on these
observations, we proceeded to develop two distinct formulations, one containing organic filters
and the other containing inorganic filters, to assess the SPF boosting capabilities of AlgTiHA.
Figure 3.13 demonstrates the results of the in vitro test conducted on these formulations. In the
case of the organic filter-based formulation, it is evident that the inclusion of AlgTiHA leads to
a substantial increase in the SPF value (+64.5%). This increase is notably higher compared to
the formulation containing just hydroxyapatite (HA), which resulted in an SPF boost of only
38%.

Regarding the formulation with inorganic filters, exhibited SPF values lower than those
obtained with organic filters, but always showing an enhancement following the addition of
AlgTiHA particles (+68%).

These findings demonstrate that AIgTiHA possesses notable SPF booster capabilities when
combined with organic and inorganic filters, particularly in formulations containing organic
filters. This highlights the potential of AlgTiHA as an effective ingredient for enhancing the sun

protection properties of sunscreen formulations.
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Figure 3.13. In vitro SFP values of emulsions with organic/inorganic filters and AlgTiHA.
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Given the results obtained from in vitro tests for both emulsions with organic and inorganic
filters, it can be deducted that AlgTiHA does not work as a filter itself but as a potent booster of
both kind of filters. This function is important as that of the filters because it consents to reduce
the quantity of filters in the formulation with improved safety profile for humans and the
environment.

Although not mandatory in Europe the confirmation of the SPF value should be conducted on
human volunteers according to the ISO 24444:2019. In other countries is even mandatory (i.e.
USA) being classified over-the-counter drugs and thus definitely strongly recommended also in
EU. In absence of an ISO regulation for the in vitro tests each laboratory may develop a more or
less predictive procedure to guide the R&D process. On the other hand, UVA-PF should be
conducted only in vitro due to ethical issues.>?

In detail, a preliminary test carried out on 5 volunteers, showed that, in vivo, SPF data of the
emulsion with organic filters, although proportionally lower than the in vitro values, showed a
higher sun protection factor in the presence of AlgTiHA, confirming its booster activity. The
average SPF value of the functionalized emulsion shown in Figure 3.14 is approximately 31,
corresponding to a value 30% higher than that of the sunscreen with only organic filters.
Regarding emulsions with inorganic filters, also in this case the in vivo SPF data were lower
than those in vitro, but still indicated a higher SPF for the emulsion containing AlgTiHA
compared to that with only the inorganic filters (Figure 3.14). In particular, the average SPF
value of the functionalized product is 16,7, corresponding to a value 33% higher than that of
the formulation without AlgTiHA. This further confirmed the ability of this new molecule to act

as a booster.
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From the results collected from the in vivo tests, the booster effect found is lower than that
obtained with the in vitro test, but it is still consistent and confirms the effectiveness of AlgTiHA
as a booster in sunscreen containing organic and/or inorganic filters. Thus, AlgTiHA designed
as a safe ingredient for the use in sun damage protection, consented to obtain effective

sunscreens without irritation even at the highest concentration tested (10%) (Figure 3.15).
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Figure 3.15. Safety test for the evaluation of the irritation index of sunscreen with the 10% AlgTiHA concentration.

Finally, having selected the two formulations containing 5% of AlgTiHA with organic and/or
inorganic filters as the most effective and safest, their stability was evaluated both at room
temperature and at 40 °C + 2 at different time intervals up to 6 months, observing the possible
changes to physical-chemical and organoleptic properties. Both sunscreen formulations
showed maintenance of structural stability at all time points until 6 months neither at room
temperature nor at 40°C, no oozing or significant change in the reference olfactory note.
Summarizing the results obtained from the in vitro and in vivo SPF and safety tests, it can be
state that:

- The SPF power of AlgTiHA as a physical filter alone is not appreciable.

- AlgTiHA formulated with commercial organic and inorganic filters has an effective

booster effect both in vitro and in vivo.

- It shows no signs of irritation on contact with the skin.
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3.3.5 Exvivo release and histological analysis

It is now known that, despite having significant disadvantages, there is still no possibility of
giving up the use of commercial filters, especially organic ones that have a high SPF. Therefore,
the development of new sunscreens containing more eco-sustainable and biocompatible UV
filters, which can reduce the quantity of the most harmful commercial ones, is the focal point of
this research. In fact, as demonstrated by the previous tests, the innovative UV filter formed by
AlgTiHA hybrid particles formulated together with a reduced quantity of commercial
organic/inorganic filters has led to the development of an eco-friendly, safe and effective
sunscreen on the skin.

Based on these results, a sunscreen containing AlgTiHA was formulated together with a
commercial organic filter, Benzophenone-3, known to have high SPF, but also numerous
environmental and human health concerns. In this way, the possibility of using Benzophenone-
3 in minimum quantities was evaluated, exploiting its UV protective capabilities and at the same
time blocking, thanks to the AIgTiHA particles, its penetration under the skin.

To evaluate the real effectiveness of the combination of Benzophenone-3 and AlgTiHA, an ex
vivo test was performed with OFM instrumentation. Using a human skin explant, the
subcutaneous release of Benzophenone-3 at the dermis level for 24h at 32,5 °C from two
formulations was analysed, one containing only the organic filter (F10) as control and the other
instead mixed together with AlgTiHA (F11), simultaneously observing the ability of AlgTiHA to
stabilize Benzophenone-3 and preventing its penetration under the skin.

As can be seen from Figure 3.16, following the HPLC analysis of the releases collected every 4
h, a concentration trend of Benzophenone-3 released over time by the two formulations was

obtained.
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Figure 3.16. Release concentration trend of Benzophenone-3 from formulation F10 (only Benzophenone-3) and

formulation F11 (AlgTiHA+Benzophenone-3) in human skin explant through HPLC analysis for 24h at 32,5 °C.

The results obtained show that the presence or absence of AlgTiHA in the sunscreen does not
prevent the release of Benzophenone-3 under the skin, in fact the two formulations have a
similar concentration trend, increasing over time. It is probably not possible to establish an
interaction between the hybrid particles and the organic filter such as to stabilize the latter
within the formulation, avoiding its penetration and therefore its possible harmful effect on the
dermis.

After ex vivo release test, histological analysis was carried out on skin samples taken through
biopsy to evaluate possible morphological differences in the epithelia tissue following the
release of Benzophenone-3. From the images shown in Figure 3.17, no significant differences
are shown on morphological level between the tissue in contact with the two formulations
containing Benzophenone-3 compared to the control blank. Although Benzophenone-3
manages to penetrate the dermis, no signs of inflammation of the cellular tissue were observed,
attributable to the low quantity of organic filter released, which is not sufficient to induce
cytotoxic reactions in the dermis.

Although Benzophenone-3 has excellent shielding properties against UV radiation, its mixing
in sunscreen with AlgTiHA particles does not prevent its penetration into the dermis and

therefore the possible risk of inflammatory reactions in contact with the tissue.
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Figure 3.17. The Haematoxylin and Eosin staining of the samples is reported. Cell nuclei in violet, cytoplasm in

pink.

Summarising the results obtained through ex vivo release tests and histological analysis:

- AlgTiHA particles mixed within the formulation with Benzophenone-3 are unable to
stabilise the organic filter preventing its possible penetration into the dermis.

- Histological analysis of the tissues showed no particular differences between the
formulations with Benzophenone-3 and the control blank, attributable to the low
release of the organic substance under the skin not being sufficient to trigger an

inflammatory reaction.
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3.4 Conclusions

This study represents a significant advancement in the development of an eco-friendly
sunscreen formulation using the novel hybrid Ti-doped hydroxyapatite UV-filter (AlgTiHA).
Through an in-lab biomineralization process, we successfully created a sunscreen formulation
that is more environmentally sustainable.

One of the key advantages of this formulation is the low degree of crystallinity of the
hydroxyapatite, which results in limited chemical stability in aqueous environments. Over time,
the hydroxyapatite gradually dissolves, releasing calcium and phosphate ions. These ions are
non-toxic and naturally present in body fluids and the environment. This dissolution process
contributes to the environmentally friendly nature of the formulation.

Furthermore, by incorporating titanium in the form of Ti (IV) ions rather than TiO2, we have
addressed concerns related to the photocatalytic effect and the accumulation of harmful
substances in water. This choice reduces potential risks and ensures the formulation's safety
for both users and the environment. Upon production, the final sunscreen formulation
exhibited a higher SPF compared to formulations containing only commercial
organic/inorganic filters. The hybrid AlgTiHA particles effectively boosted the SPF value,
allowing for a reduction in the amount of organic/inorganic filters typically required to achieve
similar levels of sun protection. This reduction in filter content is desirable for both efficacy and
environmental reasons. The composition of the formulation demonstrated excellent stability
over a period of six months, without any phase separation or alteration of its chemical-physical
properties. In addition, the formulation exhibited antibacterial properties, inhibiting the
growth of bacteria. Importantly, the complete sunscreen formulation underwent thorough
testing on human volunteers and did not cause any irritation. This confirms its efficacy and
safety in vivo, further supporting its potential as a promising, safer, and more environmentally
friendly sunscreen product. To conclude, although AlgTiHA particles are able to reduce the use
of organic/inorganic filters within the formulations, making them effective and safe as well as
more eco-sustainable, some particularly protective but at the same time harmful UV filters, such
as Benzophenone-3, are still dangerous. In fact, this organic filter even if formulated with
AlgTiHA, is easily released from sunscreen, penetrating under the skin and demonstrating that
the hybrid particles are capable of decreasing its quantity but not stabilizing it. Evidently, only
the mixing in cream between the AlgTiHA particles and the Benzophenone-3 does not create
such a strong interaction as to prevent its penetration into the dermis, but we will investigate

the anchoring of the organic filter directly on the mineral phase during biomineralization.
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CHAPTER 4

Conclusions

The need for a new generation of biomaterials that follow the principles of the circular
economy, applicable to different fields, is one of the key points of our century. In particular, it
is essential to be able to eliminate the use of non-renewable raw materials wherever possible,
replacing them with biodegradable materials derived from industrial waste or natural sources,
which can then be recycled, avoiding excessive costs and damage to the environment and the
human health.

Based on these concepts, the aim of this research work, was to design and develop innovative
ad eco-sustainable biomaterials for the healthcare sector. More specifically, two completely
different biomaterials have been developed, one a porous and fully polymeric 3D device with
high potential in the field of mechanical ventilation of patients and the other, a biohybrid
particulate which has highlighted considerable interest for cosmetics, both designed in the
concept of eco-sustainable processes (green chemical synthesis and waste recycling) and with
low environmental impact. In order to achieve this goal, the following crucial steps were taken.
First of all, the characteristics of each product were carefully considered and evaluated in order
to select the most suitable biomaterial, i.e. the biocompatible and biodegradable material
suitable for the purpose. As regards the HME filter, natural polymers such as gelatin and
chitosan, by carefully studying the respiratory system, were chosen because they are able to
mimic the chemical composition of the nasal mucosa, following the principles of biomimetics.
Furthermore, these biopolymers coming from food industry waste, were selected to make the
final polymeric compound completely eco-sustainable and limit raw materials costs.
Subsequently, the prototyping, i.e. the freeze-drying and cross-linking processes, was
optimized to obtain the 3D filter construct with the appropriate porosity, low pressure drop,
structural stability and desired wettability, limiting the process costs and the environmental
impact for its industrialization. Once the device had been created, in-depth characterization
was carried out on several fronts up to validation with a ventilation device in a hospital
environment. This made it possible to highlight the effectiveness of the HME device in terms of
microbial filtration and heat and moisture exchange, as well as the main obstacles they had to

overcome.
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Moving on to the biomaterial with cosmetic application, a hybrid compound in form of micro-
particulate was developed, consisting of biomimetic and environmental friendly
hydroxyapatite nanoparticles nucleated on alginate matrix through a nature-inspired
biomineralization process. Thanks to the versatility of its crystalline lattice and of the synthesis
process, the hydroxyapatite was doped with titanium ions (Ti%**) to confer to the hybrid
particles (AlgTiHA) reflective properties and a SPF booster effect, thus, to be involved for the
development of more eco-sustainable products for UV protection. In fact, compared to the
inorganic TiO: filter typically used in commercial sunscreen, this new physical filer exploits
shielding capacity, eliminating the risk of photocatalytic effect and environmental pollution
associated instead with the dioxide. In addition, the organic matrix makes the compound more
biodegradable, easier to formulate in sunscreen and, being of plant origin, more appreciated by
the cosmetic sector. A sunscreen formulation was then developed and carefully characterized
leading to in vivo testing that prove its efficacy as a safe and environmentally friendly sunscreen
product. In this regard, its SPF booster capacity was highlighted by reducing the amount of
commercial filters normally present in sunscreens and the environmental damage associated
with their use. Furthermore, being composed entirely of natural and biocompatible materials,
its release into the water does not cause damage to the marine ecosystem or to human health.

Both biomaterials developed in this work, exploiting natural resources and green processes,
have made it possible to obtain eco-sustainable, but at the same time safe and effective
products, in one case to assist patients in intensive care or anesthetized subjected to mechanical
ventilation and in the other as cosmetic product for sun protection, more respectful for the skin

and the environment.
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