UNIVERSITY OF TURIN

PhD School in Life and Health Sciences
Molecular Medicine

XXIX Cycle
Academic Years: 2014-2017

Chronic wound management: a multidisciplinary,
nonconventional, and innovative approach for

antimicrobial and oxygenating nanotherapies.

Tutor: Dr. Giuliana Giribaldi Nicole Finesso
Co-tutor: Dr. Mauro Prato
Coordinator: Prof. Francesco Novelli



Agli occhi di mia Madre.



INDEX

ABSTRACT

CHAPTER 1. INTRODUCTION

1.1. The skin

1.1.1. General structure and functions

1.1.2. The epidermis

1.1.3. The dermis

1.1.4. The subcutaneous fat layer

1.2. Wound Healing

1.2.1. Tissue repair and regeneration processes

1.2.2. Stages

1.2.2.1. Haemostasis

1.2.2.2. Inflammation

1.2.2.3. Re-epithelialisation

1.2.2.4. Remodelling

1.2.3. Chronic wounds

1.3. Infections

1.3.1. Infected wounds

1.3.2. MRSA

1.3.3. S. pyogenes

1.3.4. C. albicans

1.3.5. C. glabrata

1.4. Chronic wound management

1.4.1. Oxygen therapies

1.4.2. Treatments of infections

1.5. Nanotherapies

1.5.1. Current applications in biomedicine

1.5.2. Emerging biomaterials: chitin and chitosan species or derivatives

1.5.3. Micro and nanobubbles

1.5.4. Nanodroplets

CHAPTER 2. AIM OF THE STUDY

CHAPTER 3. MATERIALS AND METHODS

3.1. Materials

3.2. Methods

3.2.1. Nanobubble and nanodroplet preparation

3.2.2. Nanobubble and nanodroplet characterisation

3.2.3. In vitro determination of oxygen release from nanobubbles and
nanodroplets

3.2.4. Nanobubble and nanodroplet sterilisation

3.2.5. Human cells, bacteria, and yeast

3.2.6. Confocal microscopy analysis on human keratinocytes incubated
with MW cOLNBs

10
13
14
14
14
16
16
16
16
17
19
19
20
21
21
24
24
26
29
31
34
36
36
38
38
38
40
43
47
50
53
54

55
55
55

57
58
58



3.2.7.
3.2.8.
3.2.9.

ATP assay
Cytotoxicity assay (LDH assay)
Cell viability assay (MTT assay)

3.2.10. Wound healing assay (scratch assay)

3.2.11. Confocal microscopy analysis on bacteria and yeasts
3.2.12. Microbiological assay on bacteria and yeasts

3.2.13. Statistical analysis

CHAPTER 4. RESULTS

4.1.
4.1.1.

4.1.2.

4.1.3.

4.1.4.

4.1.5.

4.1.6.

4.1.7.

4.1.8.

4.2.
4.2.1.

4.2.2.

4.2.3.

4.2.4.

4.2.5.

4.2.6.

4.2.7.

4.2.8.

4.2.9.

4.2.10.

4.2.11.

Medium molecular weight chitosan nanobubbles

Medium molecular weight chitosan nanobubble physico-chemical
characterisation

Mechanical interaction between medium molecular weight chitosan
oxygen-loaded nanobubbles and human keratinocytes
Biocompatibility of medium molecular weight chitosan nanobubbles
with human keratinocytes

Effects of hypoxia and medium molecular weight chitosan
nanobubbles on the migration of human keratinocytes

Mechanical interaction between medium molecular weight chitosan
nanobubbles and MRSA bacteria

Antibacterial activity of medium molecular weight chitosan
nanobubbles on MRSA bacteria

Mechanical interaction between medium molecular weight chitosan
nanobubbles and C. albicans yeasts

Antifungal activity of medium molecular weight chitosan
nanobubbles on C. albicans yeasts

Medium molecular weight chitosan nanodroplets

Medium molecular weight chitosan nanodroplet physico-chemical
characterisation

In vitro oxygen release from medium molecular weight chitosan
oxygen-loaded nanodroplets

Mechanical interaction between medium molecular weight chitosan
oxygen-loaded nanodroplets and human keratinocytes
Biocompatibility of medium molecular weight chitosan nanodroplets
with human keratinocytes

Biocompatibility of medium molecular weight chitosan nanodroplets
with human fibroblasts

Biocompatibility of medium molecular weight chitosan nanodroplets
with human endothelium

Effects of hypoxia and medium molecular weight chitosan
nanodroplets on the migration of human keratinocytes

Effects of hypoxia and medium molecular weight chitosan
nanodroplets on the migration of human fibroblasts

Effects of hypoxia and medium molecular weight chitosan
nanodroplets on the migration of human endothelium

Mechanical interaction between medium molecular weight chitosan
nanodroplets and MRSA bacteria

Antibacterial activity of medium molecular weight chitosan
nanodroplets on MRSA bacteria

59
59
60
60
61
61
62
63
64
64
67
69
71
73
75
77
79

81
81

84

86

88

90

92

94

96

98

99

101



4.2.12.

4.2.13.

4.2.14.

4.2.15.

4.2.16.

4.2.17.

4.3.
4.3.1.

4.3.2.

4.3.3.

4.3.4.

4.3.5.

4.3.6.

4.3.7.

4.3.8.

4.3.9.

4.3.10.

4.3.11.

4.3.12.

4.3.13.

4.3.14,

4.3.15.

4.3.16.

Mechanical interaction between medium molecular weight
chitosan nanodroplets and S. pyogenes bacteria

Antibacterial activity of medium molecular weight chitosan
nanodroplets on S. pyogenes bacteria

Mechanical interaction between medium molecular weight
chitosan nanodroplets and C. albicans yeasts

Antifungal activity of medium molecular weight chitosan
nanodroplets on C. albicans yeasts

Mechanical interaction between medium molecular weight
chitosan nanodroplets and C. glabrata yeasts

Antifungal activity of medium molecular weight chitosan
nanodroplets on C. glabrata yeasts

Low molecular weight chitosan nanodroplets

Low molecular weight chitosan nanodroplet physico-chemical
characterization

In vitro oxygen release from low molecular weight chitosan oxygen-
loaded nanodroplets

Biocompatibility of low molecular weight chitosan nanodroplets with
human keratinocytes

Biocompatibility of low molecular weight chitosan nanodroplets with
human fibroblasts

Biocompatibility of low molecular weight chitosan nanodroplets with
human endothelium

Effects of hypoxia and low molecular weight chitosan nanodroplets
on the migration of human keratinocytes

Effects of hypoxia and low molecular weight chitosan nanodroplets
on the migration of human fibroblasts

Effects of hypoxia and low molecular weight chitosan nanodroplets
on the migration of human endothelium

Mechanical interaction between low molecular weight chitosan
nanodroplets and MRSA bacteria

Antibacterial activity of low molecular weight chitosan nanodroplets
on MRSA bacteria

Mechanical interaction between low molecular weight chitosan
nanodroplets and S. pyogenes bacteria

Antibacterial activity of low molecular weight chitosan nanodroplets
on S. pyogenes bacteria

Mechanical interaction between low molecular weight chitosan
nanodroplets and C. albicans yeasts

Antifungal activity of low molecular weight chitosan nanodroplets on
C. albicans yeasts

Mechanical interaction between low molecular weight chitosan
nanodroplets and C. glabrata yeasts

Antifungal activity of low molecular weight chitosan nanodroplets on
C. glabrata yeasts

CHAPTER 5. DISCUSSION
CHAPTER 6. CONCLUSION
CHAPTER 7. ACKNOWLEDGEMENTS

103

105

107

109

111

113

115
115

118

120

122

124

126

128

130

132

134

136

138

140

142

144

146

148

160
162



CHAPTER 8. REFERENCES 164
CHAPTER 9. PUBLICATIONS 184



FIGURE INDEX

CHAPTER 1. INTRODUCTION

Fig. 1. Structure of the human skin 15

Fig. 2. Timing and phases of wound healing 18

Fig. 3. Diabetic ulcers as examples of chronic wounds 23

Fig. 4. S. aureus clinical strain culture on MSA plate 27

Fig. 5. S. pyogenes clinical strain culture on blood agar plate 30

Fig. 6. C. albicans clinical strain culture on SAB agar plate 32

Fig. 7. C. glabrata clinical strain culture on SAB agar plate 35

Fig. 8. TOT and HBOT treatments 37

Fig. 9. Schematic representation of nanobubble structure 45

Fig. 10. Schematic representation of nanodroplet structure 48
CHAPTER 4. RESULTS

Fig. 11. Morphology and size distribution of MW cOLNBs 65

Fig. 12. MW cOLNB internalisation by human keratinocytes 68

Fig. 13. Effects of hypoxia and MW chitosan nanobubbles on human 70

keratinocyte viability

Fig. 14. Effects of hypoxia and MW chitosan nanobubbles on 72

migration and wound healing ability of human keratinocytes

Fig. 15. MW chitosan nanobubble adhesion to MRSA bacterial wall 74

Fig. 16. Antibacterial activity of MW chitosan nanobubbles on MRSA 76

bacteria

Fig. 17. MW chitosan nanobubble internalisation by C. albicans 78

yeasts

Fig. 18. Antifungal activity of MW chitosan nanobubbles on C. 80

albicans yeasts

Fig. 19. Morphology and size distribution of MW cOLNDs 82

Fig. 20. Oxygen release from MW cOLNDs in vitro 85

Fig. 21. MW cOLND internalisation by human keratinocytes 87

Fig. 22. Effects of hypoxia and MW chitosan nanodroplets on human 89

keratinocyte viability

Fig. 23. Effects of hypoxia and MW chitosan nanodroplets on human 91

fibroblast viability

Fig. 24. Effects of hypoxia and MW chitosan nanodroplets on human 93

endothelium viability

Fig. 25. Effects of hypoxia and MW chitosan nanodroplets on the 95

migration and wound healing abilities of human keratinocytes

Fig. 26. Effects of hypoxia and MW chitosan nanodroplets on the 97

migration and wound healing abilities of human fibroblasts

Fig. 27. MW chitosan nanodroplet adhesion to MRSA bacterial walll 100

Fig. 28. Antibacterial activity of MW chitosan nanodroplets on MRSA 102

bacteria

Fig. 29. MW chitosan nanodroplet internalisation by S. pyogenes 104

bacteria



Fig. 30. Antibacterial activity of MW chitosan nanodroplets on

S. pyogenes bacteria

Fig. 31. MW chitosan nanodroplet internalisation by C. albicans
yeasts

Fig. 32. Antifungal activity of MW chitosan nanodroplets on

C. albicans yeasts

Fig. 33. MW chitosan nanodroplet internalisation by C. glabrata
yeasts

Fig. 34. Antifungal activity of MW chitosan nanodroplets on

C. glabrata yeasts.

Fig. 35. Morphology and size distribution of LW cOLNDs.

Fig.36 In vitro oxygen release from LW cOLNDs

Fig. 37. Effects of hypoxia and LW chitosan nanodroplets on human
keratinocyte viability

Fig. 38. Effects of hypoxia and LW chitosan nanodroplets on human
fibroblast viability

Fig. 39. Effects of hypoxia and LW chitosan nanodroplets on human
endothelium viability

Fig. 40. Effects of hypoxia and LW chitosan nanodroplets on the
migration and wound healing abilities of human keratinocytes

Fig. 41. Effects of hypoxia and LW chitosan nanodroplets on the
migration and wound healing abilities of human fibroblasts

Fig. 42. Effects of hypoxia and LW chitosan nanodroplets on the
migration and wound healing abilities of human endothelium

Fig. 43. LW chitosan nanodroplet internalisation by MRSA bacteria
Fig. 44. Antibacterial activity of LW chitosan nanodroplets on MRSA
bacteria

Fig. 45. LW chitosan nanodroplet internalisation by S. pyogenes
bacteria

Fig. 46. Antibacterial activity of LW chitosan nanodroplets on

S. pyogenes bacteria.

Fig. 47. LW chitosan nanodroplet internalisation by C. albicans
yeasts

Fig. 48. Antifungal activity of LW chitosan nanodroplets on

C. albicans yeasts

Fig. 49. LW chitosan nanodroplet internalisation by C. glabrata
yeasts

Fig. 50. Antifungal activity of LW chitosan nanodroplets on

C. glabrata yeasts.

106

108

110

112

114

116

119

121

123

125

127

129

131

133
135

137

139

141

143

145

147



TABLE INDEX

CHAPTER 1. INTRODUCTION
Table 1. Comparison between TOT and HBOT approaches
CHAPTER 3. MATERIALS AND METHODS
Table 2. Composition of nanobubble formulation, nanodroplet, and
OSS formulations
CHAPTER 4. RESULTS
Table 3. Physico-chemical characterisation of MW cOLNBs and
MW cOFNBs.
Table 4. Physico-chemical characterisation of MW cOLNDs and
MW cOFNDs.
Table 5. Physico-chemical characterisation of LW cOLNDs and LW
cOFNDs

37

56

66

83

117



ABSTRACT

10



Background. Throughout all wound healing phases, skin cells act in an orchestrated manner,
playing crucial roles to promote wound closure. Chronic wounds (CWs), including pressure, venous,
and diabetes-associated ulcers, fail to proceed through an ordered and timed healing, representing
a silent epidemic among the elderly and costing millions of euros per year. CWs are typically
characterised by persistent tissue hypoxia, exacerbated inflammation, and impaired matrix
remodelling. Moreover, CWs are often worsened by microbial infections, with antimicrobial
therapies being hindered by emerging resistant strains. The known benefits of nanotechnology
combined with the advantages of antimicrobial properties of natural polysaccharides such as
chitosan have paved the way for the development of new oxygen-based therapies to treat infected
CWs. In this context, our collaborative research network has developed and patented two platforms
of innovative and cost-effective shell/core-structured oxygen nanocarriers (perfluoropentane (PFP)-
cored nanobubbles and 2H,3H-decafluoropentane (DFP)-cored nanodroplets). In the present study,
these carriers were alternatively shelled with two chitosan molecules of different molecular weight
[medium weight (MW) or low weight (LW) chitosan, respectively]. After manufacturing, MW
chitosan-shelled oxygen-loaded nanobubbles (cOLNBs), as well as MW or LW chitosan-shelled
oxygen-loaded nanodroplets (cCOLNDs) were comparatively characterised for morphology and
physico-chemical properties. Their biocompatibility and their ability to promote wound healing in
human hypoxic skin cells were challenged by using keratinocyte, fibroblast, and/or endothelial cell
lines, whereas their antimicrobial activity was investigated by using methicillin-resistant
Staphylococcus aureus (MRSA), Streptococcus pyogenes, Candida albicans, and C. glabrata

clinical strains. For each cell type, the mechanical interaction with nanocarriers was also assessed.

Materials and Methods. After manufacturing, COLNBs (only MW) and cOLNDs (either MW or LW),
as well as control oxygen-free nanobubbles (cOFNBs) and nanodroplets (cOFNDs), were
characterised for morphology and physico-chemical properties by microscopy and dynamic light
scattering, respectively. In vitro oxygen releases from cOLNBs and cOLNDs or from control oxygen
saturated-solution (OSS) were comparatively measured through an oxymeter. After sterilisation by
UV-C rays, each formulation was carefully checked for microbial contamination or ROS production;
if either of these was detected, the sample was discarded before use. For biological studies,
human cells (HaCaT, HDF, and HMEC-1 cell lines) or microbial clinical strains (MRSA, S.
pyogenes, and C. albicans or glabrata) were firstly incubated in normoxic conditions (20% O,) up to
24 h with 10% v/v nanocarrier formulations, and preliminary analyses by confocal microscopy were
conducted to evaluate the mechanical interactions between nanocarriers and human or microbial
cells. Then, the investigation on biocompatibility, wound healing, and antimicrobial activity was
performed. On the one hand, human skin cell populations were incubated in normoxic (20% O,) or
hypoxic (1% O,) conditions for 24 h with 10% v/v cOLNBs or cOLNDs, cOFNBs or cOFNDs, and
0SS, and biocompatibility was assessed by using LDH, MTT, and ATP assays, whereas wound
healing was investigated through scratch assay. On the other hand, microbial strains were
incubated in normoxic conditions for increasing times up to 24 h with 10% v/v cOLNBs or cOLNDs
as well as cOFNBs or cOFNDs, and their antimicrobial activity was measured by monitoring

bacterial or fungal growth over time.
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Results. i) MW cOLNBs displayed spherical shell-core structures, cationic surfaces, and 700 nm
average diameters, and were able to release clinically relevants amounts of oxygen in vitro in a
time-sustained manner. After cellular internalisation, they did not show significant cytotoxicity and
they effectively restored a normoxia-like migratory phenotype in hypoxic human keratinocytes.
Short-term (up to 6 h) antibacterial activity against MRSA was associated with prolonged adhesion
to bacterial cell walls, whereas long-term (up to 24 h) antifungal activity against C. albicans was
associated with early cell internalisation. ii) Similarly, MW cOLNDs displayed spherical shell-core
structures, cationic surfaces, and 700 nm average diameters. Interestingly, oxygen release from
MW cOLNDs was higher and more prolonged with respect to cOLNBs. After cell internalisation,
MW cOLNDs were not significantly toxic to human keratinocytes and fibroblasts, whereas they
strongly compromised endothelial cell viability. Consequently, they proved effective in restoring a
normoxia-like migratory phenotype in hypoxic keratinocytes and fibroblasts, but not in endothelial
cells. Short-term antibacterial activity against MRSA was associated with prolonged adhesion to
bacterial cell walls, whereas long-term antibacterial or antifungal activities against S. pyogenes or
C. albicans and glabrata, respectively, were associated with early cell internalisation. iii) LW
cOLNDs displayed morphological, physico-chemical, and oxygen-related characteristics similar to
those of MW cOLNDs. However, they had smaller diameters (~400 nm) and were significantly less
toxic to all the investigated human skin cell populations with respect to MW cOLNDs. They were
able to restore a normoxia-like migratory phenotype not only in hypoxic human keratinocytes and
fibroblasts, but also in endothelium. They were avidly internalised by MRSA, S. pyogenes, C.
albicans and C. glabrata yeasts and inhibited the growth of all microorganisms up to 24 h of

incubation with the exception of MRSA, which was inhibited only up to 6 h.

Conclusion. In the present study, three different oxygen nanocarriers (MW cOLNBs, MW cOLNDs,
and LW cOLNDs) were challenged for their morphological and physico-chemical properties,
oxygen release abilities, mechanical interaction with human or microbial cells, biocompatibility with
human skin cells, abilities to promote wound healing, and antimicrobial properties. All carriers
displayed spherical morphology, cationic surfaces, and diameters in the nanometer range.
However, in vitro oxygen release from OLNDs appeared higher and more sustained over time than
from OLNBs. Additionally, LW chitosan-shelled nanodroplets displayed lower toxicity to skin cells
than MW chitosan-shelled carriers. Compared to MW cOLNBs/cOLNDs, LW cOLNDs displayed in
general similar or better efficacy in promoting wound healing under hypoxic conditions and in
inhibiting microbial growth in a long-term manner as a consequence of early cellular internalisation.
Based on these findings, LW cOLNDs appear to be the most promising hanocarriers among those
tested here to be potentially employed as innovative, nonconventional, and cost-effective medical

devices for the treatment of hypoxic and infected CWs.

12



CHAPTER 1.
INTRODUCTION

13



1.1.The skin

1.1.1. General structure and functions
The skin is an organ of the tegumentary apparatus that covers the human body
completely. It is the largest organ of the body and its weight represents the 16% of
the whole organism® The skin has a mean surface of ~1.8 m? and its thickness
ranges from 0.5 to 4 mm, depending on its distribution throughout the body and on
the owner’s sex®. This organ is composed of various tissues and consists of three
different layers: from the most external, these layers are respectively named
epidermis, dermis, and subcutaneous fat layer® (see Fig. 1A). The skin separates
and protects the body from the external environment®. Moreover, it provides
protection for the soft tissues and is involved in thermoregulation®, sensory

perception®, secretions of sweat glandes’, and absorption of UV rays®.

1.1.2. The epidermis
The epidermis (see Fig. 1B) is a stratified squamous epithelium consisting of
several cell types, including Langerhans cells, melanocytes, and keratinocytes
(>90%)°. It serves mainly to form a physical barrier, to protect the organism

49-11 * gtratum

against external agents and pathogens, and to limit fluid loss
corneum, the outermost layer, is composed of dead anuclear corneocytes that are
surrounded by a lipid matrix, generating a functional barrier*?. Under the stratum
corneum, the stratum lucidum - well visible only in the thick epidermis of palms or
soles - represents a transition layer from the stratum corneum to the stratum
granulosum®™. The stratum granulosum contains dead keratinocytes expressing
loricrin, filaggrin, and involucrin proteins'®. Under the stratum granulosum, the
stratum spinosum is composed by Langerhans cells and keratinocytes (namely
spinous cells)™®. In this context keratinocytes generate membrane-coating lipid-
filled granules, called lamellar bodies, and express keratin 1 (K1) and keratin 10
(K10)*. Furthermore, keratinocytes adhere to the surrounding cells through
adherent junctions and desmosomes. The stratum spinosum is tightly adherent to

the innermost layer, the stratum basale®’.
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Fig. 1. Structure of the human skin. The skin is characterised by three different layers: the
epidermis, the dermis, and the subcutaneous fat layer (panel A). The outermost layer, the
epidermis, is a tightly regulated stratified epithelium consisting of stratum corneum, stratum
granulosum, stratum spinosum, and stratum basale (panel B). Adapted from Kern et al*®.



The extracellular matrix (ECM) forms the basement membrane, a layer that
separates the epidermis from the underlying dermis. ECM components are
secreted by basal cells”. These cells are intermixed with minor populations of

sensory Merkel cells, melanocytes and leukocytes®®?*.

1.1.3. The dermis
The dermis is located between the epidermis and the subcutaneous fat layer. It is
a specific connective tissue composed predominantly by type | collagens fibers
and elastic fibers®. The dermis consists of two layers: the outer papillary layer and
the deeper reticular layer®. It feeds the epidermis and provides the skin with
strength and flexibility?*. Moreover, the dermis contains sweat and sebaceous

glands, sensory cells, nerves and blood vessels®.

1.1.4. The subcutaneous fat layer
The subcutaneous fat layer, also called adipose layer, is composed by connective
tissue which is rich in adipocytes®. It binds the dermis to the underlying structures
and serves to store energy®’. This layer varies in thickness depending on the

owner’s age, sex and health status®.

1.2.Wound Healing

1.2.1. Tissue repair and regeneration processes

The first function of the skin is to provide a protective barrier against the external
environment®. However, when injury or illness occur, they can provoke an integrity
loss in large portions of the skin, even leading to major disability or death®.
Wound healing is a complex and highly regulated process that aims at repairing
skin integrity after injury®’. To restore tissue integrity and homeostasis, several
pathways must be activated, following precise time sequences and requiring
different cell types to act in concert™.

The primary goals of wound repair processes are rapid wound closure as well as
functional and aesthetical scar formation. In several wounds, only the epidermis

needs to be regenerated, resulting in quick healing and minimal scar formation.
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However, deep wounds penetrate throughout the dermis, triggering skin avulsion
and inducing an exposure of the subcutaneous fat layer. In this case, the wound
healing processes are complex and time-consuming, often leading to the formation
of visible and anti-aesthetic scars®. Additionally, in deep wounds some serious
complications such as bacterial and fungal infections are prone to develop more
frequently*>.

Regardless of its depth, a wound can generally heal through two mechanisms:
repair or regeneration. Repair occurs when no exact substitution of the lost or
damaged tissue is needed in the injury area, thus requiring just a physiological
adaptation of the organ to restore continuity®’. On the contrary, regeneration
replaces the lost or damaged tissue with an exact copy so that its morphology and
function are restored®. Human skin cannot regenerate spontaneously, however it

undergoes tissue repair processes, leading to scar formation after healing®.

1.2.2. Stages
Wound healing is a dynamic and interactive process, involving soluble mediators,
ECM proteins, as well as blood and parenchymal cells*®. Wound healing can be
divided in four overlapping phases: haemostasis, inflammation, tissue proliferation
(or re-epithelialisation), and tissue remodelling®’ (see Fig. 2). After skin injury, a
series of biochemical events take place in a closely orchestrated cascade to repair
the damaged tissue. The duration of wound healing processes is different across
individuals and it often varies depending on wound severity*®. In order to allow cell
proliferation, differentiation, and migration, a strong alteration of gene expression
and phenotype of immune cells, endothelial cells, keratinocytes and fibroblasts
occurs®’. In general, these processes take place in almost all tissues after being
exposed to almost any destructive stimuli. Numerous nutritional cofactors have
proven to be important in wound healing, including proteins, vitamins, and
minerals°. In particular, the intake of nutritional sources such as A and C vitamins,

as well as zinc, have been suggested to ensure optimum wound healing™.
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Haemostasis Inflammatory phase Proliferative phase Remodelling
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O )

Fig. 2. Timing and phases of wound healing. As the injury occurs, wound healing processes
initiate immediately. Classically, four phases are identified: haemostasis, inflammation,
re-epithelialisation, and remodelling. These four stages are spatio-temporally overlapping and can
even last for years. Adapted fromThiruvoth et al*'.
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1.2.2.1. Haemostasis
The first stage of wound repair is haemostasis. Tissue injury causes the disruption
of blood vessels and the extravasation of blood constituents. Immediately after
damage, platelets aggregate and trigger clot formation together with components

of the coagulation cascade***.

1.2.2.2. Inflammation

The second stage of wound healing is inflammation, occurring within few hours
after haemostasis. The recruitment of the immune system along with the activation
of several inflammatory pathways are needed to avoid blood and fluid loss, to
remove dead and devitalised tissues, and to prevent infection®.

The blood clot re-establishes temporarily the integrity of the skin and provides a
provisional ECM for cell migration. Platelets not only facilitate the formation of a
haemostatic plug during the first stages of repair but also secrete several

mediators of wound healing®**.

Numerous vasoactive mediators (including
histamine, serotonin, bradykinin, C3a, and fibrinopeptides) and chemotactic
factors [including inflammatoy chemokines, platelet derived growth factor (PDGF),
and Cb5a] are generated by parenchymal cells as well as through coagulation and
complement pathways“°.

The primary function of these substances is to recruit leukocytes towards the
damaged site. Monocytes infiltrate the wound site in response to specific chemo-
attractants, and after binding ECM proteins they differentiate into macrophages,
releasing growth factors such as PDGF and vascular endothelial growth factor
(VEGF)*'. Neutrophils also infiltrate the damaged area, cleansing the tissue from
foreign particles and pathogenes that have been extruded with the eschar or
phagocytosed by macrophages®®. Macrophages initiate the formation of
granulation tissue by binding to specific proteins of the ECM through their integrin
receptors, an action that also stimulates phagocytosis of microorganisms and
ECM fragments*®. Monocytes and macrophages express colony-stimulating factor-
1 (CSF-1) and tumor necrosis factor a (TNF-a), two cytokines that are respectively
essential for their survival and for triggering the inflammatory processes™.
Macrophages and related factors are crucial for the initiation and propagation of
new tissue formation in wounds, as confirmed by experiments on macrophage-

depleted animals displaying defective wound repair>".

19



1.2.2.3. Re-epithelialisation
The third stage of wound healing (proliferation or re-epithelialisation) is
characterised by new tissue formation®?. Wound re-epithelialisation begins within
hours after injury. Keratinocytes quickly remove the clotted blood and the
damaged stroma from the wound space. Subsequently, these cells undergo
activation through changes in the cytoskeleton network and expression of cell
surface receptors®. These changes include retraction of intracellular
tonofilaments, dissolution of most inter-cellular desmosomes, and formation of
peripheral cytoplasmic actin filaments®***. Furthermore, in response to dissolution
of hemidesmosomal links, the epidermis detaches from the basement membrane,

resulting in an epidermal cell disunion from dermal cells®*".

Keratinocytes
express on the surface membrane some integrin receptors that allow them to
interact with ECM proteins such as fibronectin and vitronectin®. Both proteins are
interspersed along with type | collagen in the wounded area, especially at the
margin of the wound and within the fibrin clot on the damaged site.

Keratinocytes migrate and dissect the wound, separating eschar from viable
tissue. ECM degradation, which is required for keratinocyte migration, depends on
the production of collagenases by keratinocytes, as well as on the activation of
plasmin by plasminogen activator®”*®. Plasminogen activator (UPA) also activates
some collagenases, especially matrix metalloproteinase-1 (MMP-1), thus
facilitating the degradation of collagen and ECM proteins®®°.

One or two days after the damage, skin cells at the wound margin begin to
proliferate behind the actively migrating cells. As soon as re-epithelialisation
begins, the proteins at the basement membrane reappear in a very ordered zip-
like sequence from the edge of the wound inward while keratinocytes return to
their normal phenotype once they are firmly anchored to the basement membrane
and the underlying dermis through hemidesmosomal proteins, intergrins and
collagan fibrils** .

After a few days from injury, new blood vessels form through angiogenesis and
macrophages replace the fibrin matrix with granulation tissue, also called new
stroma. Angiogenesis, a complex mechanism depending on ECM degradation and
on endothelial cell stimulation in the wounded area, also contributes to the

formation of granulation tissue®.
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About four days after injury, new stroma starts to invade the wound space®. Since
then, macrophages, fibroblasts, and blood vessels act in concert in the damaged
area. Several growth factors secreted by macrophages, such as PDGF and
transforming growth factor B (TGF- B), as well as structural molecules of the newly
formed ECM (“temporary matrix”), including fibrin, fibronectin, and hyaluronic acid,
stimulate the surrounding tissutal fibroblasts to proliferate, to express appropriate
integrin receptors, and to migrate into the wound space® . Interestingly, PDGF
was reported to accelerate the healing of chronic pressure sores and diabetic
ulcers®®, whereas basic fibroblast growth factor (bFGF) was used with some

success to treat chronic pressure sores®’.

1.2.2.4. Remodelling
Stimulated fibroblasts are responsible for ECM synthesis, deposition, and
remodelling®®. At this point, tissue remodeling - the fourth and final phase of wound
healing - is taking place. During this last stage, the temporary matrix is gradually

replaced by a collagenous matrix**®°

. At first, fibroblasts deposite abundant
collagen into the wound. Then, fibroblast-rich granulation tissue is covered by a
nearly acellular scar and all remaining cells undergo apoptosis or exit the wound.
Suddenly, wound begin to constrict itself.

Cells interact with ECM and cytokines to promote wound contraction. In particular,
during the second week of healing, fibroblasts differentiate to myofibroblasts,
displaying large bands of actin-containing microfilaments along the cytoplasmic
side of the cell membrane as well as near both intercellular and cell-matrix
junctions .

Matrix remodeling depends on continuous low-rate anabolism and collagen
catabolism. Indeed, collagen ultimately forms the bulk of the mature scar, with the
acellular matrix being actively remodelled from type Il to type | collagen by the

proteolytic action of MMPs"*.

1.2.3. Chronic wounds
Normally, wounds such as lacerations are being expected to heal within a
predictable time frame. These uncomplicated wounds, which usually heal within 4-
6 weeks, are known as acute wounds’®. However, in some cases inflammation

becomes persistent, causing pathological conditions and leading to chronic wound
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(CW) formation. Specifically, a CW represents a break in epithelial continuity of the
skin lasting more than 42 days’®. Such a long-lasting wound has failed in one of
the four stages of wound healing, usually inflammation. Bedsores, burns, and
diabetes-associated vasculopathies are typical examples of CWs. A CW shows
decreased levels of epidermal growth factor (EGF), FGF, TGF-B, PDGF,
interleukins-1 and -6 (IL-1, IL-6), and TNF-a’*.

In diabetic ulcers (see Fig. 3) the combination of either physiological or
biochemical defects leads to unsuccesful healing. These ulcers usually occur in
patients who are unable to sense cutaneous pressure because of neuropathy’.
Diabetic ulcers are also complicated by infections as a consequence of impaired
granulocytic function and chemotaxis®®’®. Other complications might rise due to
prolonged inflammation, impaired neovascularisation, minor synthesis of collagen,
or exacerbated levels of proteinases’’. In these conditions, abnormalities in cell
migration, proliferation, and inflammation often occurr’®. Moreover, abnormalities
in synthesis and secretion of ECM proteins or cytokines, as well as in matrix
remodelling have been described’®. Furthermore, it was recently proposed that
anomalous epidermal-mesenchymal interactions and mutations in regulatory
genes such as p53 might be responsible for abnormal healing processes®*®*,

CWs affect a large fraction of the population worldwide, especially among the
elderly, raising a major and gathering threat to the public health and economy of
developed countries, including Europe and the United States®. Alarmingly, it has
been estimated that 1-2% of the population of developed countries will experience
at least one CW during their lifetime®. In the Scandinavian countries, the costs
related to CW management account for 2-4% of the total health care expenses®.
In the United States alone, CWs affect 6.5 million patients®® #8248 Djabetic foot,
pressure, and venous leg ulcers, pose a considerable economic burden, costing to
the National Health Service in the United States an estimated $ 20 billion per
year®®®’. The price of managing a single full-thickness pressure ulcer is as much
as $70,000, and American expenditure for treating pressure ulcers has been

estimated at $11 billion per year®®®,
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Fig. 3. Diabetic ulcers as examples of chronic wounds. Panel A. Schematic evolution of skin

lesion into acute (left diagram) or chronic wound (right diagram) in a diabetic patient. Panel B.
Representative image of diabetic foot ulcers. Adapted from Pereira et al*® and Naves™.
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Some important contributors to the costs for CW management include
outpatient/physician office visits, emergency department visits, hospitalisations,
and amputations for diabetic foot ulcers®3. The number of hospitalised patients
with pressure ulcers has risen by 63% over the last ten years and approximately
60,000 deaths per year occur from hospital-acquired pressure ulcers®.

Alarmingly, diabetes mellitus has been estimated to affect more than 371 million
people worldwide, with the number of patients increasing everywhere®.
Unfortunately also obesity, another pathology often associated with venous leg

and diabetic foot ulcers, is on the rise all over the world®*°,

1.3.Infections

1.3.1. Infected wounds

Chronic wounds are characterised by hypoxia, persistent inflammation, and
unbalanced levels between proteinases and their inhibitors, both essential to
accomplish the remodelling phase of healing®°: furthermore, chronic wounds
are often complicated by microbial infections™®. Hospitalised patients with
autoimmune diseases or immunocompromised patients are affected by local or
overt infections, often worsened by the spreading of multi-resistant germs®#*%,
Notably, costly complications such as infections occur when wounds are open.
Therefore, any treatments able to heal a significant percentage of wounds quickly,
completely, and persistentlly would improve the clinical outcomes substantially,
thus reducing the overall costs — in spite of the expenses for the therapeutics
being high at the beginning™®*.

The role of microorganisms in the healing processes has not been fully elucidated
yet. Nevertheless, antimicrobials have been applicated topically for a long time,
attempting to prevent infections in the wound area. In general, wound colonisation
by bacteria is frequent and usually it is not a dangerous process’®. A critical
threshold of 10° colony-forming units (CFU) per mm? in the milieu of the wound
has been proposed as the limit between normal microbial colonisation and
clinically relevant infection*®®°’. Different microorganisms with distinct pathogenic
degree can be isolated from the same infected wound. For this reason, infections

can be differentiated from colonisation based on the evaluation of intrinsic

24



virulence potential to identify the pathogenic degree for each isolated bacterial
strain®".

Depending on the etiopathological agent, skin infections differ in severity, from
simple pustular lesions of the integument to more spreading diseases'®. In
particular, as emerged from bacterial profiling of chronic wounds such as chronic
venous leg ulcers, the most commonly isolated bacterial species (spp) are:
Staphylococcus aureus (93.5%); Enterococcus faecalis (71.1%); Pseudomonas
aeruginosa (52.2%); coagulase-negative Staphylococcus spp (45.7%); Proteus
spp (43.1%); and anaerobic bacteria (39.1%)%. In this context, it should be
noticed that S. aureus and P. aeruginosa, as well as Streptococcus pyogenes or S.
epidermidis, often develop drug resistance, thus creating a serious obstacle for
antimicrobial wound management, as clearly exemplified by the case of methicillin-
resistant S. aureus (MRSA)**31°,

During diabetic foot infection, wound healing is hampered by several factors,
including low growth factor activity, reduced cellular proliferation, and elevated
levels of inflammatory markers and proteases™’. In addition, some bacteria
produce specific proteases playing several roles in healing of infected wounds. In
this context, the secretion of bacterial proteases has been associated with growth
and potential virulence, as well as with skin attachment and penetration®’.
Bacterial proteases can also trigger the degradation of components of the
complement system*****3, Finally, some microbial proteases play an important role
in the protein degradation of human ulcer fluid and in the inhibition of fibroblast
growth: for example, a MMP-like elastase produced by P. aeruginosa can activate
the degradation of fibroblast proteins and proteoglycans as well as that of immune

cell mediators in chronic wounds®'*

. In conclusion, the proteases secreted by
human and bacterial cells have been suggested to be crucial enzymes in wound
repair, acting in a coordinated manner to keep the wound chronic*®.

Aside from bacteria, fungal infections are also often involved in worsening chronic
wounds. Fungal infections, including those associated with burns or wounds, are a
common cause of morbidity, mortality and cost in critical care population*****’. In a
recent and extensive multicentric review, fungi were isolated at least once from
6.3% of burn patients, with positive cultures being obtained most commonly from

the wound itself*'’.
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Candida spp are among the most common fungal pathogens identified in humans,
with almost 96% of all opportunistic mycoses being caused by Candida spp.**®**
Notably, infections triggered by Candida spp constitute a major threath for
diabetic wounds, leading to delay in wound healing process'*. C. albicans has
generally been referred as the main yeast isolated in fungal infections?®*#*;
nevertheless, non-albicans Candida (NAC) spp represent now a substantial
portion of clinical isolates identified in hospitals worldwide. C. glabrata, C.
tropicalis, C. parapsilosis, and C. krusei are all NAC spp with peculiar clinical
relevance'®. An increasing incidence of C. glabrata has been reported especially
in Asia-Pacific and the European Union*?,

In healthy people, Candida spp trigger infection rarely. However, when either local
or systemic impairment of the host immune system occurs, Candida yeasts are
allowed to proliferate uncontrolled, causing a pathological condition named

candidiasis'?:1%®

. Such a condition is classified into three main subgroups:
cutaneous, mucous, and systemic candidiasis'?'. The number of these infections
has been generally rising in the past three decades, in spite of a slight drop
occurring almost ten years ago, between 2005 and 2007*?°. Several factors have
increased the risk of fungal infections, including broad spectrum antibiotics,
immunocompromission, cytotoxic chemotherapy, and transplantation?’~*2°,

In the United States, Candida spp are ranked fifth among hospital-acquired
pathogens and cause 8% to 10% of nosocomial bloodstream infections?%*3%-132,
Moreover, mortality due to nososcomial candidemia between 1997 and 2001 was

61%133'134.

1.3.2. MRSA
S. aureus, both a commensal bacterium and a human pathogen®®, is a Gram-
positive bacterium which aggregates characteristically in irregular groups like
clusters of grapes’®®. One of the better-known selective media used for
staphylococcal isolation and identification is mannitol-salt agar (MSA), which turns
from the red to yellow™®’ in the presence of a mannitol-positive colony (Fig. 4). S.
aureus is responsible for the majority of cutaneous infections, where severe tissue

hypoxia leads to final necrosis of the tissue****4°,
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Fig. 4. S. aureus clinical strain culture on MSA plate. Bacterial colonies show mannitol
fermentation.
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Neutrophils are crucial during S. aureus infection as they firstly act to protect
organisms from pathogen invasion. Immediately after S. aureus entering the
injured skin, neutrophils together with macrophages migrate to the infected
area’*'. However, S. aureus is able to evade cellular responses of the host using
different mechanisms'*?. For example, adhesion to surface components - the first
event occurring at the beginning of diabetic foot infection - depends on bacterial
expression of numerous surface proteins’®. These receptors correspond to
adhesins or microbial surface components recognising adhesive matrix molecules
(MSCRAMMSs)***747 Moreover, a specific staphylokinase produced by S. aureus
(Sak) seems to be related to the activation of plasminogen into plasmin, which in
turn degrades fibrin clots and ECM components and activates proMMPs into
MMPs™,

Penicillin was the first antibiotic to be used for therapy against S. aureus
infections. However, starting from the 1940s, several cases of bacterial resistance

to this drug were reported**®

and a penicillin-resistant S. aureus strain was isolated
for the first time in 1942%°. In 1959, methicillin was developed and successfully
applied to clinical practice in order to solve the calamity of penicillin-resistant S.
aureus strains™'. However, just two years later, British scientists isolated the first
strains of MRSA™?, able to resist to most B-lactam antibiotics. At first, infections
were confined to hospitals (health-associated MRSA, HA-MRSA), but since the
1990s the incidence of MRSA infections has arised in the community (community-
associated MRSA, CA-MRSA), with frequent infections being reported from many
countries worldwide'*®. Recently, MRSA strains were also found to colonise or
infect livestock and livestock-exposed humans (livestock-associated MRSA, LA-
MRSA)™*,

Complications related to HA-MRSA infections have achieved considerable
dimensions in Europe™®. HA-MRSA infections are not only resistant to beta-lactam
antibiotics but they also lack sensitivity towards other antibacterial drugs™®. For
some decades, vancomycin and conventional glycopeptides have been
administrated as the gold standard for therapy of MRSA infections™’. However,
the use of these antibiotics has started to decrease after the appearance of

resistance cases in Enterococcus spp and subsequently in S. aureus**®**°,
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Currently, the alternative therapeutic approaches to treat MRSA infections include:
natural antibacterial compounds, such as B-asarone from Acorus calamus rhizome
and mansonone F(1) from Ulmus davidiana var. japonica™®’; medical compounds
originally developed for other purposes and currently studied for their possible
antibacterial properties, such as bacteriocins and lysostaphin'®%?; cationic
antimicrobial peptides, such as defensins and cathelicidin'®**®*; bacteriophages*®;
photodynamic therapy'®®; and staphylococcal vaccines, including those targeting

MSCRAMM adhesion proteins'®’.

1.3.3. S. pyogenes
Streptococcus spp, constituting a significant portion of the normal microbiota of
humans and animals, colonise the oral cavity and the nasopharynx mainly®®. They
are often involved in wound infections and frequently display drug-resistance,
representing a serious obstacle in acute and chronic wound treatment*.
Commonly, these Gram-positive bacteria are observed by microscopy as pairs or
chains, differing from spherical to ovoid morphology and usually forming
capsules®. They are nutritionally meticulous and they also display fermentative
metabolism*’®. From a classification perspective, Streptococcus spp are divided
serologically from groups A to V, based on the carbohydrate content of their cell
wall*’*. Additionally, Streptococci can be grouped based on morphological
differences, types of haemolysis on blood agar, biochemical reactions, different
pili-associated proteins, and composition of the polysaccharidic capsule

(specifically for group B Streptococci)*®

. The number and the severity of
streptococcal infections has increased esponentially during the last decades,
possibly due to the spreading of more virulent clones, the increased number of
immunocompromised patients, and the abuse of intravenous drugs’’?, although
the exact reason for such an increase has not yet been determined.

S. pyogenes, or group A B-haemolytic Streptococcus (GABHS) (Fig.5), is
responsible for a large percentage of human acute pharyngitis, but it also causes
several cutaneous and systemic infections with variable severity and prognosis
degree’’®'"™  After adhesion to host tissues, S. pyogenes is able to elude
phagocytosis, thus infiltrating and colonising the epithelial layers due to the

supporting action of peculiar virulence factors*’>*®.
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Fig. 5. S. pyogenes clinical strain culture on blood agar plate. Bacterial colonies display
B-haemolytic activity.
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Fortunately, S. pyogenes is sensitive to B-lactam antibiotics, with penicillin or its
derivatives (e.g. amoxicillin and ampicillin) being recommended as primary
treatments for non-allergic patients*’’. For the treatment of S. pyogenes infections
in patients allergic to penicillin and its derivatives, erythromycin is currently the
best macrolide available'’®. S. pyogenes infections as necrotising fasciitis or toxic
shock syndrome are currently addressed by using a combination of penicillin and
clindamycin'’®. However, although S. pyogenes is not resistant to penicillin, it has

180-182  Moreover, macrolide-

become resistant to clindamycin and tetracycline
resistant S. pyogenes strains have been identified in numerous countries in
Europe and especially in Italy, where the rate of erythromycin resistance in
GABHS has risen up to 30% since the 1990s'**7'% . For this reason, in the recent
years the potential antimicrobial properties of several medicinal plants have been
investigated: encouragingly, some phytochemicals such as polyphenols stood out

for their significant antibacterial activity against Streptococcus spp*”’.

1.3.4. C. albicans
Normally, C. albicans is a harmless commensal fungus, existing in the
gastrointestinal tract of at least 70% of the healthy population**®*®’. However, C.
albicans is also the leading global pathogen among Candida spp infections,

188,189

causing 50%—70% of candidiasis cases . C. albicans remains the most

commonly isolated yeast in fungal infections, although the proportion relative to

other Candida spp has decreased from 71% to 65% over the last 10 years™*>**°.

C. albicans (Fig.6) is by far the most studied species in the fungal CTG clade®®.
Since 1994, targeted mutant strains of C. albicans were manufactured and their
phenotypes were deeply investigated'®’. These genetic analyses improved our
understanding of the pathogenic mechanisms in fungal infections, providing basic
knowledge for a better comprehension of the fundamental processes responsible
for yeast pathogenicity*®*. Therefore, C. albicans has become the model yeast for
investigating the multiple leading factors in host—pathogen interactions**>*%.

C. albicans infections represent a clinical issue of growing importance worldwide,
as it is the first most frequently found yeast in blood cultures from Intensive Care
Unit (ICU) patients accounting for 54% of cases of Candida bloodstream

infections™®?17°,
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Fig. 6. C. albicans clinical strain culture on SAB agar plate. Representative image of yeast
colonies. Adapted from Nadig et al*”.
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The conversion from classic yeast growth to development of filamentous forms

194

(hyphae and pseudohyphae)™" — occurring with phenotypic changes, as cells

switch aspect from white to opaque'®>'®

197,198

- is usually associated to fungal
virulence
Hyphae were reported to be crucial for penetrating and damaging both epithelial
and endothelial cells, as well as for escaping from macrophages upon

phagocytosis'®***®, In this context, the C. albicans hypha-specific surface protein

199

Als3, a member of the agglutinin-like sequence (Als) protein family—~, was shown

to mediate C. albicans endocytosis either by binding N-cadherin and E-cadherin

200-202

on endothelial and epithelial cells or by interfering with the linkage between

EGF receptor and its related protein (HER2), resulting in autophosphorylation of

204

the receptors®®. Als3 seems to be restricted to C. albicans yeast’®, possibly

explaining C. albicans preeminence among fungal infections in chronic wounds.
Exposure to antifungal drugs poses C. albicans under severe stress conditions,
which in turn promotes the development of fungal resistance, in some cases very

205,206

rapidly

207

. Stress was also associated to the induction of the parasexual

208

cycle”™”, resulting very high levels of aneuploidy“™. Indeed, aneuploidy is more

frequent after exposure to antimycotics, thus appearing as an essential adaptive

response of C. albicans yeast?*®?%°,

So far, the number of available antimycotics for therapy is limited***. For decades,

the gold standard chosen by clinicians and researchers have been amphotericin B

deoxycholate and azoles*#?'3,

214,215

Among azoles, fluconazole is primarily
fungistatic . On the other hand, itraconalzole displays fungicidal activity
following to its interference with cell membrane formation®*'°. Unfortunately,
azoles have some disadvantages ranging from drug-drug interactions to

hepatotoxicity, not to mention the onset of skin rashes®?® 2%

. Broad-spectrum
azoles such as voriconazole and posaconazole as well as lipid preparations based
on amphotericin B deoxycholate have recently been developed as effective
alternatives to common azoles and amphotericin B deoxycholate formulations,
respectively??*#%,

Echinocandins - including anidulafungin, caspofungin, and micafungin - are new
drugs developed to cure fungal infections, neither showing cross-resistance to

225,226

azoles nor being toxic in association with polyene drugs . Echinocandins

inhibit the synthesis of $-(1, 3)-D-glucan, a specific molecule of the fungal cell wall
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that is absent in mammals®*’. Echinocandins possess a wide fungicidal spectrum,

also covering Candida species that are resistant to triazoles®*®.

1.3.5. C. glabrata
C. glabrata (Fig. 7) was originally known as Cryptococcus glabratus and described
as a yeast of the human gut flora®°. C. glabrata was generally considered as a
human commensal, often to be found in the oral cavity**'. Starting from the 1980s,
C. glabrata strains were identified as causative agents of candidaemia and other
deep fungal infections in immunocompromised patients**?. Previously considered
of minor interest, C. glabrata yeasts were included into the list of emerging
pathogens just in 1995%*%, Nowadays, C. glabrata is considered both in Europe
and North America the second pathogen after C. albicans to be responsible for

candidaemia®®*?%°,

In particular, 15-25% of disseminated candidiasis are
provoked by C. glabrata yeasts®®. Phylogenetically, C. glabrata resembles more
Saccharomyces cerevisiae (S. cerevisiae) than C. albicans or others Candida
spp®*’. Despite its relationship with S. cerevisiae, which is diploid and sexual, C.
glabrata is an obliged haploid and asexual microorganism?***°. Opposite to C.
albicans®**, no evidence on switch from yeast morphology to hyphae form has

240

ever been observed in C. glabrata®". Recently, intensive investigation on C.

glabrata genome dynamics led to the identification of new sister spp genomes,
thus contributing to better understand yeast metabolism and virulence?*%%*,

C. glabrata can survive within macrophages and it can even replicate within these
cells®. Chromatin remodelling is an essential process for the survival of C.
glabrata upon internalisation by macrophages®*®. Other factors, such as the
presence of yapsins®** as well as the occurrence of autophagy*® — that is the
capacity to resist reactive oxygen species (ROS) production and glucose
starvation — also allow C. glabrata to evade from the immune system. Ironically,
macrophage cytokine production contributes to the following C. glabrata
dissemination®"’.

The available treatments for C. glabrata infections are generally similar to those for
C. albicans, since amphotericin B deoxycholate, azoles, and echinocandins are
good antimycotics for the treatment of all types of fungal infections®*. The
increase in C. glabrata infections has been associated with reduced susceptibility

to fluconazole?31248-250
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Fig. 7. C. glabrata clinical strain culture on SAB agar plate. Representative image of yeast
colonies.
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1.4.Chronic wound management

1.4.1. Oxygen therapies

The management of extreme hypoxia in chronic wounds represents a major limit
to overcome. Oxygen supply and tension in the wound bed are both crucial issues
for better understanding physiological wound healing. A minimum tissue oxygen
tension of 20 mmHg is required for a wound to heal, however in nonhealing
wounds oxygen tension runs around 5 mmHg®"%>?. Notably, when the arterial
blood cannot supply cells with relevant amounts of oxygen, the risks for
inflammation, infection, and scarring in wounds are enhanced®™*?*°. Indeed,
among the most relevant microenvironmental factors associated with tissue
damage and repair, responses to hypoxia are virtually involved in all wound
healing and remodelling processes, including collagen deposition, epithelialisation,
fibroplasia, angiogenesis, and resistance to infections®>***. Another important
issue revolves around medical therapy, as the effectiveness of treatments often
decreases while tissue necrosis can develop in hypoxic conditions®°.

The tissutal levels of oxygen can be adequately bolstered by hyperbaric oxygen
therapy (HBOT)*"?° while an alternative therapy is represented by topical
oxygen therapy (TOT)?®. Unfortunately, either HBOT or TOT treatment display
various backwards. On the one hand, HBOT approach is relatively expensive,
uneasy, and even dangerous due to fire accident risks'%. Additionally it may
cause severe side effects, including myopia, brain toxicity associated with seizures,
and pneumothorax®**?®>. On the other hand, TOT — which is cheaper and
associates with lower toxicity — often fails to trespass effectively the stratum
corneum and to deliver oxygen adequately to fibroblasts, keratinocytes, and
inflammatory cells for restoring their functions'%?°°, Both treatments are compared
in Fig. 8 and Table 1.

In the recent years, intensive research has been performed to develop new
oxygen nanocarriers, including haemoglobin-based carriers and perfluorocarbon-

containing formulations?®2%*.

Among perfluorocarbon emulsions of the first
generation, Fluosol is the only medical device approved by the Food and Drugs
Administration®®> and unfortunately no perfluorocarbon-based oxygen emulsion of

the second generation is currently approved for clinical uses®*°.
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Fig. 8. TOT and HBOT treatments. Both technologies aim at using oxygen in order to promote
wound healing processes. TOT is used to treat directly the wounded area by surrounding a
patient’s lesion with pure oxygen at pressures that must be slightly above atmospheric pressure. In
contrast, HBOT is used to treat a patient systemically with oxygen at elevated pressures. Adapted
from www.EOQ,.com?*°.

Topical oxygen Hyperbaric

Modality therapy (TOT) oxygen therapy
Py (HBOT)

Treatment at home YES NO
Patient mobility NO NO
Moisture maintenance in the NO possible
wound bed
Direct wound treatment YES NO
Therapy time ~90 min/day ~90 min/day
Flow rate 5-60 L/min up to 600 L/min

Table 1. Comparison between TOT and HBOT approaches. TOT and HBOT are compared for
modality of treatment, mobility of patient, mataining of moist in the wound bed, time of treatment
and flow rate of oxygen. Both technologies only offer treatment for a relatively short period of time,
which means that the wound only receives supplemental oxygen for a few hours/day. Adapted from
WWW.EOgmm.
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1.4.2. Treatments of infections

Antimicrobial wound management represents a major challenge requiring new
solutions against human pathogens. In general, antibiotic and/or antimycotic
therapies are considered the gold standard to treat overt infections. However,
clinicians and researchers are attempting to validate alternative treatments in
order to overcome the emergency of resistant microbial strains®®® and the limited
effectiveness of drug delivery through dermis due to low permeability of the
stratum corneum®”’,

Drug resistance is an ubiquitous phenomenon that evolves continuously and has
serious effects on human health®®®. In the recent years, antimicrobials have been
largely used in both clinical and environmental contexts, however the rapidity at
which resistances to antimicrobial emerge is much higher than that at which new
drugs are developed®®*?’°, Each year, only in the United States, antibiotic-resistant
infections are responsible for $20 billion in extra-health care costs and $35 billion

in societal costs®’

. In Europe, the expenses to treat these infections and to
sustain extra hospital costs along with productivity losses exceed €1.5 billion
euros/per year’®®. Furthermore, many antimicrobials drugs are associated with
several issues reducing their efficacy, including limited solubility, short half-life,

272,273

and variable adsorption Consequently, high dosage and frequent

administration are required, affecting patient compliance and causing severe side

effects?’427°,

1.5.Nanotherapies

1.5.1. Current applications in biomedicine
Nanotechnological applications cover several fields, ranging from industry to
biomedicine. In particular, nanotechnologies have undergone a rapid development
in the research for diagnostics and therapeutics, especially in microbiology,
oncology, and immunology?®’’.
Over the last years, nanomedicine has become a major area of interest due to its
many unique characteristics. Indeed, the achieved progresses of green

nanotechnology (that is the development of eco-friendly technologies in material

38



synthesis)?’®

combined with emerging evidence on antimicrobial, antineoplastic,
and anti-inflammatory properties of several natural substances?’® have paved the
way to develop a series of different and nonconventional nanoparticles (NPs) to be
employed in the biomedical field.

In particular, NPs display an enormous potential as effective drug delivery
systems (nanocarriers) to treat microbial infections, tumours, and inflammatory
diseases since they display many advantages in comparison to conventional
drugs®®. For example, in the recent years the potential of polysaccharide-based
self-aggregate NPs as delivery systems has been explored. Specifically, in
agueous media micelles or micelle-like aggregates are spontaneously formed due
to the self-binding of polymeric polyamphiphiles, which minimise their interfacial
free energy by associating inter or intramolecularly between hydrophobic
moieties”®!. As a consequence of their hydrophobic and hydrophilic constituents,
these NPs are characterised by unconventional rheological aspects, hydrodynamic
radiuses in the nanometric scale, core-shell structures, and thermodynamic
stability’®?. The physico-chemical properties of NPs, including their high surface-
to-volume ratio, small size, stability, and controlled drug release®®® enhance their
possibilities to trespass barriers such as the skin and reach biological molecules
and microorganisms. Moreover, NP size, shape, and chemical properties may be
adjusted in order to improve the molecular interactions and to ameliorate their
primary action®®*,

Several nanocatrriers, including liposomes, microemulsions, and lipid nanocarriers,
can be endowed with an inherent antimicrobial activity, thus synergising with the
antimicrobial efficacy of the coupled antibiotic. Additionally, the direct interaction
between NPs and key proteins in microbial cell membranes or walls can either
inhibit the growth of pathogens or promote cell death through mechanisms
different from the currently available antimicrobials®®®. Biocompatible NPs often
associate to both lipophilic and hydrophilic antimicrobials and can release the
loaded drug in a controlled manner with prolonged kinetics. These properties of
NPs prevent the loaded drug from degradation, often leading also to a significant
reduction of its side effects®®.

The design of nanocarriers may be a good approach for the release of anti-cancer
drugs. NPs might be potential platforms to overcome some complications of

current clinical treatments and to achieve targeted delivery into tumour
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tissues?®"?® Intriguingly, the use of nanocarriers has also been proposed recently
as a promising alternative for the delivery of genes to specifically targeted
tissues?®¥ 2%,

Additionally, some new nanocarriers have been shown capable to carry other
molecules such as peptides or gaseous oxygen?®*?®*. These findings appear
extremely intriguing, since they may be exploited to produce innovative and
nonconventional nanotherapies for wound management. Indeed, new treatments
accelerating chronic wound closure, restoring tissue oxygen levels, and preventing

microbial infections are urgently needed.

1.5.2. Emerging biomaterials: chitin and chitosan species or derivatives

A broad spectrum of materials (either natural or synthetic polymers, such as
polysaccharides and lipids, as well as surfactants and dendrimers) have been
exploited as components for nanocarrier manufacturing®®. Among such a large
number of molecules, a major focus was given to the investigation of
polysaccharides, due to their outstanding physico-chemical and biological
properties®®. In particular, the most promising polysaccharydes to be employed as
candidate biomaterials for the development of new nanomedical devices have
emerged to be chitin and chitosan.

Chitin, a long-chain polymer composed of repeated units of 3-D-(acetylamino)-2-
deoxy-glucopyranose (N-acetyl-D-glucosamine), represents the second ubiquitous
natural polysaccharide on Earth after cellulose. This very common polysaccharide
can be found either in the exoskeleton or the internal structures of various
invertebrates, such as crustaceans and insects?®*. Chitin is also a structural
molecule of bacterial and fungal cell walls®*®.

Upon N-deacetylation of chitin, chitosan is generated®®. However, it should be
noted that “chitosan” is quite a collective term, as it sums up together a wide
spectrum of linear polysaccharides with different molecular weight, viscosity, and

degree of deacetylation (ranging from 40% to 98%)°%

. Generally speaking,
chitosan can be defined as an amino-polysaccharide composed of randomly
distributed B-(1—4)-linked units of deacetylated and acetylated chitin (D-
glucosamine and N-acetyl-D-glucosamine, respectively). As mentioned above, this

naturally abundant and renewable cationic polysaccharide displays excellent
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physico-chemical and biological properties, which are strongly influenced by its
molecular weight and degree of deacetylation®®"#%®.

Opposite to the other main polysaccharides (cellulose, dextrin, pectin etc.), all
featuring acidic characteristics, both chitin and chitosan stand out for their strongly
basic nature®*. For this reason, they are generally not soluble in any solvents but
diluted organic or mineral acids®®. The number of N-acetyl groups in chitin and
chitosan strongly affects their solubility, crystallinity, and viscosity, as well as their
optical properties®®®. Furthermore, the reactivity of chitin and chitosan depends on
the available amino and hydroxyl groups. In particular, chitosan derivatives can be
easily obtained by reacting chitosan primary amino groups as well as its primary or
secondary hydroxyl groups®®®. Chitosan derivatives have been designed to

300,301

improve specific properties of native chitosan . In particular, glycol chitosan

represents a paradigmatic chitosan derivative that has been widely exploited either
for diagnostic or therapeutic applications in the nanomedical field**#3%,

Biocompatibility and biodegradability are peculiar biological properties of chitin and
chitosan. In vitro, both polysaccharydes displayed low cytotoxic effects when
employed to grow human skin cells, such as keratinocytes and fibroblasts®**3°°,
Chitin and chitosan biocompatibility and biodegradability over time were also
confirmed in vivo when these molecules were employed during wound care

management>%°

. Interestingly, chitin has received increasing attention due to its
sensitivity to human lysozyme, which is responsible for the degradation of
chitinous materials in bacterial cell walls*®’. On the other hand, the release of
fragmented chitosan residues upon biological degradation has been associated
with the activation of the immune system through direct interaction with cell
surface receptors®®. This immunoadjuvant effect may in part explain chitosan
antimicrobial and antineoplastic properties, which have been largely documented

in literature3031°

. Nevertheless, chitosan species and/or derivatives are also
known to exert direct bacteriostatic or fungistatic activity against several microbes
(including Staphylococcus spp, Streptococcus spp, and Candida spp),
independently from the presence or absence of activated immune cells®*32,
Additional biological properties of chitin and chitosan species or derivatives include
acceleration of bone formation, regeneration of connective gum tissue, promotion
of haemostasis, depression of the central nervous system, and reduction of

cholesterolaemia®®.
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Due to their abundant availability and crucial physico-chemical and biological
characteristics, chitin and chitosan species or derivatives have been exploited in
various application fields, including food processing, wastewater treatment,
agriculture, paper making, and cosmetics®*%%,

Intriguingly, chitin and chitosan, as well as their derivatives, have revealed
themselves as very valuable biomaterials also in the field of biomedical research
and tissue engineering®*?°®313314  The potential for these molecules appears
tremendous, ranging from wound care management to regenerative medicine, up
to nephrology or ophthalmology, as suggested by the following few examples: i)
chitin and chitosan fibres proved very useful as reabsorbable sutures®® and as
dressing materials®'® for wound treatment; ii) due to its polycationic nature, the
employment of chitosan in tissue engineering was associated with acceleratory
effects in articular cartilage repair processes®'’; iii) the permeability of chitosan
and its great tensile strength led to the development of artificial kidney
membranes>'?; iv) chitosan was proposed as a promising candidate biomaterial to
develop contact lenses and ocular bandages®*°.

Finally, it should be highlighted that chitin and chitosan, as well as their
derivatives, have acquired in the last decade an increasingly relevant role both in
pharmacology and in drug technology. On the one hand, since these
biocompatible and relatively inexpensive molecules display antimicrobial and
antineoplastic properties, they are currently being considered for potential use as
pharmacologically active principles®*®**°. On the other hand, chitosan species and
derivatives have proven to be valuable eccipients for drug formulations. Indeed,
chitosan is able to enhance the adsorption of hydrophobic macromolecular drugs
and to improve the effectiveness of drug delivery by holding the therapeutic
materials in closer proximity to its site of action, due to its mucoadhesive cationic
nature. For example, chitosan NPs were reported to remain anchored to the ocular
membrane for very long time periods and to be able to release high concentrations
of the encapsulated drug to the target site, greatly lowering the systemic
exposure®*°*?! Based on these crucial properties, chitosan could be a promising
molecule for the encapsulation of antimicrobial or anticancer drugs and the

286,320,321

development of novel nanotherapeutics Intriguingly,  chitosan

nanocarriers have also been proposed as potentially safe and effective adjuvants
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and delivery systems for enhancing the immunogenicity of mucosally administered

vaccines®??.

1.5.3. Micro and nanobubbles
According to the Law of Laplace for spherical surfaces, the difference between the
outer and the inner gas pressure in bubbles (and droplets) is inversely proportional
to their radius. Therefore, the smaller the bubble’s radius, the higher the
differential pressure of the gas, and the faster the diffusion of the gas®**. Exploiting
this law, innovative platforms of oxygen-loaded and shell/core-structured bubbles

were developed®**

recently for diagnostic and therapeutic purposes. These new
nonconventional spherical oxygen carriers, which can be classified either as
microbubbles or as nanobubbles depending on their average diameters, were
produced by using a peculiar fluorocarbon (perfluoropentane, PFP) for the inner
core and alternative polysaccharydes (chitosan, dextransulfate, or dextran) for the
outer Sh8”263'264'325_327.

Perfluorocarbons are stable and biologically inert molecules which have been
employed since the 1980s in emulsified forms as key molecules for oxygen-
transporting plasma substitutes®*”®. Indeed, these molecules are able to dissolve
more than 50 volumes percent of oxygen, with the carried gas being directly
proportional to the oxygen tension®?. As a consequence of the high strength of the
bond between carbon and fluorine atoms®*, perfluorocarbons cannot be
metabolised by human cells, thus being excreted unmodified from the lungs®*°.
PFP is a well-known perfluorocarbon and has been widely employed to develop
oxygen-transporting strategies, including microbubbles and nanobubbles. Indeed,
PFP is constituted by a carbon skeleton surrounded by twelve fluorine atoms
which are able to avidly bind oxygen molecules at high oxygen tensions through
van deer Waals interactions®**. Not being very strong, such a peculiar
intermolecular bond allows biatomic oxygen to be also easily released at lower gas
tensions®?. In the context of micro and nanobubbles, such a release can either
occur spontaneously, through passive diffusion, or it can be induced upon
ultrasound (US) administration. In particular, the latter approach promotes
cavitation events within the bubble, thereby destabilising its shell and promoting

instant release of the gas from the inner core®®*,
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On the other hand, bubble shells can be manufactured with different biocompatible
polysaccharides, such as chitosan or dextran as well as their derivatives
(glycolchitosan, dextransulfate etc.). The biological properties of chitosan were
already described in the previous section. As far as it concerns dextran, it is worth
mentioning that in the recent years it has been widely studied as a potential matrix
biomaterial to be used in tissue engineering, not leading to any signs of
inflammation in vivo®*,

Based on these preconditions, in 2008 a first platform of medium weight chitosan-
shelled oxygen-loaded microbubbles (MW cOLMBs) was developed by a
collaborative and interdisciplinary research network, also involving a few members
from our group®”. These PFP-filled microbubbles, displaying spherical shapes,
average 2.5 um diameters, positively charged surfaces, acceptable
biocompatibility rates, and high responsiveness upon US administration (which in
turn promoted cavitation events and local release of oxygen), were conceived as
possible therapeutic devices to counteract hypoxia in several diseases, including
pre-eclampsia, inflammation, and cancer***. However, during the last decade, it
has become increasingly clear that the size of a carrier represents a crucially
limitant factor that strongly influences the range of feasible applications, with
micrometric diameters making the bubbles more suitable for diagnostic rather than
therapeutic purposes®**. Indeed, nanometric dimensions are generally needed in

order to trespass biological barriers or to penetrate cell membranes®®®

, thereby
carrying out a therapeutic role within cells and tissues.

In order to obtain improved oxygen-carrying platforms that could also be suitable
for therapeutic goals, further investigation by our group was aimed at minimising
the size of bubbles up to the nanometric range. This led to the development of
new platforms of PFP-filled oxygen carriers, namely oxygen-loaded nanobubbles
(OLNBSs), which were alternatively shelled with dextransulfate, dextran or MW

263,264,326

chitosan , as schematised in Fig. 9.
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Fig. 9. Schematic representation of nanobubble structure. Nanobubbles display a typical core-
shell structure with spherical morphology. The polysaccharidic shell can be alternatively constituted
by dextransulfate, dextran, or chitosan. The core contains PFP as main oxygen-binding
fluorocarbon as well as soya phosphatidylcholine, palmitic acid, and polyvinylpyrrolidone as
complementary surfactants. When biatomic oxygen is added into the core, OLNBs are generated;
otherwise, the nanobubbles are commonly known as OFNBs. Both OLNBs and OFNBs can be
further functionalised by coupling additional molecules - including drugs, dyes, and antibodies -
either to the shell or to the core, depending on the physico-chemical characteristics of the chosen
molecules.
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Dextransulfate-shelled OLNBs (dsOLNBs) displayed spherical morphology, 500
nm average diameters, and anionic surfaces, neither being associated to
haemolytic activity on human erythrocytes nor to cytotoxicity to African green
monkey fibroblastoid kidney cells*®>. Moreover, dsOLNBs showed efficient oxygen
storing and delivering abilities, with the percentage of oxygen release being
directly proportional to the degree of hypoxia in the outer environment and the
release kinetics being enhanced after insonation with US?®,

Alternative polysaccharides such as dextran and MW chitosan were also
employed to produce two additional types of OLNBs (dOLNBs*® and MW
cOLNBs**%%®  respectively). In particular, dOLNBs did not differ strongly from
dsOLNBs for physico-chemical characteristics and effectiveness in oxygen storage
and release®®®. Nevertheless, the choice of the polysaccharide appears to be
crucial for further functionalisation of the carrier with additional molecules (drugs,
dyes, antibodies, etc.), as either dextran or dextransulfate can be less or more
suitable for coupling with other molecules due to their different charge: for
instance, dextransulfate recently revealed itself as an excellent matrix to anchor
vancomycin to the shell of nanobubbles®’. On the other hand, the use of MW
chitosan as a shell component led to the production of cationic OLNBs with larger
diameters than dsOLNBs or dOLNBs. Nevertheless, cOLNBs appeared exquisitely
efficient in releasing oxygen and in trespassing biological membranes after US
administration, as a consequence of the promotion of cavitation and sonophoresis,
respectively?®*3*°. Additionally, the antimicrobial and anti-inflammatory properties
of chitosan discussed in the previous section make it a unique polysaccharide to
be exploited in OLNB production for therapeutic treatment of infected chronic
wounds.

Besides polysaccharides and PFP, another couple of ingredients are also needed
for nanobubble manufacturing. Indeed, soya phosphatidylcholine and palmitic acid
are commonly used as surfactants to lower the surface tension between the gas
(oxygen) and the liquid phases (aqueous solutions and PFP) during the
preparation of nanobubble formulations, which is performed at room temperature
conditions. Also, it should be noticed that nanobubbles can either be fully
saturated with a specific gas (i.e. oxygen for OLNBSs) or just filled with air. In the
latter case, they have been conventionally named as oxygen-free nanobubbles

(OFNBSs) since they are not saturated with oxygen during manufacturing, although
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in reality they do contain a smaller amount of oxygen (20%, that is the percentage

of oxygen content in the air)*?°3%,

1.5.4. Nanodroplets
In the past few years, nanobubble technology was exploited and optimised,
leading to the development of a new platform of oxygen nanocarriers to be used to
treat infected chronic wounds, displaying even higher efficacy than nanobubbles -
yet maintaining all of their advantages.
As shown in Fig. 10, these new nanocarriers - which have been named

nanodroplets2%:33¢

- share with nanobubbles a quite similar structure and
morphology. Indeed, they are both constituted by a polysaccharidic shell and a
fluorocarbon core and they both display a spherical shape. As in older
nanobubbles, MW chitosan and dextran are commonly employed as shell
polysaccharidic components also in newer nanodroplets while soya
phosphatisylcholine and palmitic acid are used as surfactants*****. However, the
main fluorocarbon employed to bind biatomic oxygen within the nanodroplet’s core
is 2H,3H-decafluoropentane (DFP)*****°_ Opposite to PFP (boiling point: 32° C),
which is liquid during nanobubble manufacturing but becomes gaseous at body
temperature, DFP (boiling point: 51° C) remains liquid at both temperatures*’,
hence the name “nanodroplets” given to these new nanocarriers.

DFP, constituted by a carbon skeleton surrounded by ten fluorine and two
hydrogen atoms, interacts well with surfactants®*®. Even more so, its peculiar
structure allows to bind oxygen molecules not only through van der Waals forces,
as for PFP, but also by establishing hydrogen intermolecular bonds®*. As a
consequence, DFP binds biatomic oxygen more effectively than PFP while its
release by diffusion appears more slow and sustained over time3%°3%,
Nevertheless, nanodroplets still conserve all the peculiar characteristics of
nanobubbles, including nanometric size, surface charge, stability, biocompatibility,
and responsiveness to US*?®3%°_ The latter property appears pretty crucial, since it
allows the nanocarriers to trespass biological barriers through sonophoresis**° and

to discard their gaseous content instantly as a consequence of cavitation events®*.
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Fig. 10. Schematic representation of nanodroplet structure. As for nanobubbles (see Fig. 9),
also nanodroplets display a typical core-shell structure with spherical morphology. The
polysaccharidic shell is generally constituted by dextran or chitosan. The core contains DFP as
main oxygen-binding fluorocarbon as well as soya phosphatidylcholine, palmitic acid, and
polyvinylpyrrolidone as complementary surfactants. When biatomic oxygen is added into the core,
OLNDs are generated; otherwise, the nanodroplets are commonly known as OFNDs. Both OLNDs
and OFNDs can be further functionalised by coupling additional molecules - including drugs, dyes,
and antibodies - either to the shell or to the core, depending on the physico-chemical

characteristics of the chosen molecules.
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Interestingly, US irradiation was recently reported to induce DFP evaporation®%,
thus promoting the transformation of nanodroplets into nanobubbles and allowing
them to undergo cavitation and sonophoresis. This is consistent with either in vitro
or in vivo data showing US-dependent effective trespassing of skin layers by

nanodroplets?2¢:336:343

along with higher and more time-sustained oxygen release
from oxygen-loaded nanodroplets (OLNDs) with respect to oxygen-free
nanodroplets (OFNDs)>?%3%

Due to all these intriguing properties, OLNDs have been proposed as potential
therapeutic tools to treat hypoxia-associated pathologies, including chronic
wounds and pre-eclampsia. In this context, a series of studies on different skin

populations (human keratinocytes®**, dermal microvascular endothelial cells®**,

346 347
)

and monocytes®) and placental tissues (human chorionic villous explants
were conducted to investigated the effects of hypoxia and OLND on the regulation
of balances between secreted gelatinases (MMP-2 and MMP-9) and their
physiological inhibitors (TIMP-2 and TIMP-1, respectively). Encouragingly, either
dextran- or chitosan-shelled OLNDs proved to be able to abrogate the
dysregulating effects induced by hypoxia, promoting a normoxia-like phenotype in

all the hypoxic cells or tissues under investigation®**3%".
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CHAPTER 2.
AIM OF THE STUDY
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The present work aimed at formulating, characterising and testing in vitro two
innovative and nonconventional platforms of chitosan-shelled oxygen nanocarriers
(nanobubbles and nanodroplets) as potential medical devices for the treatment of

infected chronic wounds.

In the first section of the study, medium molecular weight (MW) chitosan-shelled
oxygen-loaded nanobubbles (cOLNBs) and MW chitosan-shelled oxygen-free
nanobubbles (cOFNBs) were challenged for their properties in the context of
chronic wound potential management. The specific aims of this section were:
e to produce MW cOLNB and cOFNB formulations
e to characterise MW cOLNBs and cOFNBs for their morphology and
physico-chemical properties
e to analyse the mechanical interaction between MW cOLNBs and human
keratinocytes
e to check MW cOLNB and cOFNB biocompatibility with human keratinocytes
in normoxia and hypoxia
e to investigate the effects of MW cOLNBs and cOFNBs on wound healing
abilities of human keratinocytes in normoxia and hypoxia
e to analyse the mechanical interaction between MW cOLNBs or cOFNBs
and MRSA bacteria or C. albicans yeasts
e to assess MW cOLNB and cOFNB antimicrobial activity against MRSA
bacteria and C. albicans yeasts

In the second part of this work, MW chitosan-shelled oxygen-loaded nanodroplets
(cOLNDs) and MW chitosan-shelled oxygen-free nanodroplets (cOFNDs) were
challenged for their properties in the context of chronic wound potential
management. The specific aims of this section were:

e to produce MW cOLND and cOFND formulations

e to characterise MW cOLNDs and cOFNDs for their morphology and

physico-chemical properties
e to measure oxygen release from MW cOLNDs
e to analyse the mechanical interaction between MW cOLNDs and human

keratinocytes
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to check MW cOLND and cOFND biocompatibility with human
keratinocytes, dermal fibroblasts, and dermal microvascular endothelial
cells in normoxia and hypoxia

to investigate the effects of MW cOLNDs and cOFNDs on wound healing
abilities of human keratinocytes, dermal fibroblasts, and dermal
microvascular endothelial cells in normoxia and hypoxia

to analyse the mechanical interaction between MW cOLNDs or cOFNDs
and MRSA or S. pyogenes bacteria as well as C. albicans or C. glabrata
yeasts

to assess MW cOLND and cOFND antimicrobial activity against MRSA and

S. pyogenes bacteria as well as C. albicans and C. glabrata yeasts

In the third section of the study, low molecular weight (LW) cOLNDs and cOFNDs

were challenged for their properties in the context of chronic wound potential

management. The specific aims of this section were:

to produce LW cOLND and cOFND formulations

to characterise LW cOLNDs and LW cOFNDs for their physicochemical
properties

to measure oxygen release from LW cOLNDs

to check LW cOLND and cOFND biocompatibility with human keratinocytes,
dermal fibroblasts, and dermal microvascular endothelial cells in normoxia
and hypoxia

to investigate the effects of LW cOLNDs and cOFNDs on wound healing
abilites of human keratinocytes, dermal fibroblasts, and dermal
microvascular endothelial cells in normoxia and hypoxia

to analyse the mechanical interaction between LW cOLNDs or cOFNDs and
MRSA or S. pyogenes bacteria as well as C. albicans or C. glabrata yeasts
to assess LW cOLND and cOFND antimicrobial activity against MRSA or

S. pyogenes bacteria as well as C. albicans and C. glabrata yeasts
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CHAPTER 3.
MATERIALS AND METHODS

53



3.1.Materials

Unless otherwise stated, all materials were from Sigma-Aldrich (Saint Louis, USA).
Plastics were from Costar (Corning, USA), Jet Biofil (Guangzhou, China) and
VWR (Radnor, Pennsylvania); 0.9% sodium chloride saline solution was from
Baxter (Bloomington, USA); 96% ethanol was from Carlo Erba (Cornaredo, Italy);
Epikuron 200® (95% soya phosphatidylcholine) was from Degussa (Hamburg,
Germany); palmitic acid, DFP, PFP, and polyvinylpyrrolidone (PVP) were from
Fluka (Buchs, Switzerland); ultrapure water was obtained using a 1-800 Millipore
system (Molsheim, France); Trypticase Soy Broth and Agar (TSB, TSA), and
Sabouraud dextrose (SAB) Broth and Agar were from Oxoid SpA (Rodano, Italy);
Todd Hewitt (TODD) broth was from Biolife Italiana s.r.l. (Milano, Italy); Panserin
601 medium was from PAN Biotech (Aidenbach, Germany); cell culture RPMI
1640 medium and propidium iodide were from Invitrogen-Thermo Fisher Scientific
Inc. (Carlsbad, USA); cryovials were from Microbank, BioMérieux (Marcy-I'Etoile,
France); CellTiter-Glo® was from Promega (Madison, USA); cell culture inserts
were from Ibidi (Planegg, Germany); human dermal fibroblasts were from Cell
Application Inc (San Diego, USA); plan flour fluorescent microscope was from
Nikon (Minato, Japan); HQ40d model oxymeter was from Hach Lange (Derio,
Spain); Ultra-Turrax SG215 homogenizer was from IKA (Staufen, Germany);
Delsa Nano C analyzer was from Beckman Coulter (Brea, USA); Synergy HT
microplate reader was from Bio-Tek Instruments (Winooski, USA); optical
microscope AE31 was from Motic (Xiangan Qu, China); optical microscope XDS-
3FL Optika (Ponteramica, Italy); Philips TEM CM10 was from Philips (Eindhoven,
The Netherlands); Olympus Fluoview 200 laser scanning confocal system and
inverted IX70 Olympus microscope was from Olympus America Inc. (Center
Valley, USA); LSM710 inverted confocal laser scanning microscope equipped with
a Plan-Neofluar 63x1.4 oil objective was from Zeiss (Oberkochen, Germany). For
statistical analysis and scientific graphing: software SPSS 16.0 for Windows was
from SPSS Inc. (Chicago, USA) and software Graphpad Prism version 6.00 for
Windows was from Graphpad Software (San Diego, USA).
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3.2.Methods

3.2.1. Nanobubble and nanodroplet preparation

In order to prepare cOLNB and cOLND formulations, a pre-emulsion was obtained
adding 300 mL of an ethanol solution containing Epikuron® 200 and 1% wi/v
palmitic acid to PFP (for nanobubbles) or DFP (for nanodroplets) under magnetic
stirring. After addition of 4.8 mL of phosphate buffered saline (PBS), the system
was homogenised for 2 min using an Ultra-Turrax SG215 homogenizer.
Thereafter, oxygen was added to the suspension for 2 min. Then, 0.139 % w/v
aqueous solution of MW or LW chitosan was added drop-wise under magnetic
stirring. To produce cOFNBs and cOFNDs the addition of oxygen was skipped.
Similarly, OSS was prepared without adding any polysaccharides or
fluorocarbons. For selected experiments, nanobubbles and nanodroplets were
conjugated with 10% or 7% fluorescein isothiocyanate (FITC) solution overnight
(confocal microscopy studies on human cells and on microbial cells, respectively).
The composition of nanobubble, nanodroplet and OSS formulations is reported in
Table 2.

3.2.2. Nanobubble and nanodroplet characterisation
The average diameters, polydispersity indexes and zeta potentials of the
nanobubbles and nanodroplets were determined by dynamic light scattering, as

described previously?°®2043263%  Briefly,

a monochromatic light source (laser ray)
was shot through a polarizer into each sample, previously diluted in de-ionised
water before measurement. The scattered light then went through a second
polarizer where it was collected by a photomultiplier and the resulting image
(speckle pattern) was projected onto a screen. This process was repeated at short
time intervals and the resulting set of speckle patterns were analyzed by an
autocorrelator comparing the intensity of light at each spot over time. The most
important use of the autocorrelation function (also known as photon correlation
spectroscopy) is its use for size determination. The polydispersity index indicates

the size distribution within a nanobubble/nanodroplet population.
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Ingredients cOLNBs cOFNBs cOLNDs cOFNDs (01513
(% wiv)
chitosan 0.139 0.139 0.139 0.139 -
PFP 7011 7011 - - -
DFP - - 6868 6868 -
palmitic 0.015 0.015 0.015 0.015 0.015
acid
Epikuron® 0.051 0.051 0.051 0.051 0.051
200
PVP 0.070 0.070 0.070 0.070 0.070
ethanol 3.989 3.989 3.989 3.989 3.989
filtered PBS 88.868 88.868 88.868 88.868 88.868
0, YES NO YES NO YES

Table 2. Composition of nanobubble, nanodroplet, and OSS formulations. * O, is merely
indicated for its presence or absence in the solution (YES or NO), as it was addd in excess to
reach saturation.



For the zeta potential determination, samples from each formulation were placed
in an electrophoretic cell, where an electric field of 15 V/cm was applied. Each
sample was analysed at least in triplicate. The measured electrophoretic mobility
was converted into zeta potential value using the Smoluchowsky equation*®. The
morphology of nanodroplet and nanobubble formulations was assessed by optical
microscopy and by transmitting electron microscopy (TEM), as described
previously?®®264:326:33¢ - Nanobubble and nanodroplet suspensions were dropped

onto a Formwar-coated copper grid and air-dried before observation.

3.2.3. In vitro determination of oxygen release from nanodroplets
In vitro oxygen release from MW and LW cOLND formulations was investigated
using the dialysis bag technique. The donor phase, consisting of 3 mL of MW or
LW cOLND formulation, was placed in a dialysis bag (cellulose membrane,
molecular weight of 12—14,000 Da), hermetically sealed and immersed in 45 mL of
the receiving phase. The receiving phase consisted of hypoxic 0.9% (w/v) NaCl
(saline) solution. The oxygen concentration of the receiving phase was previously
reduced (0.5 mg/L) with a N, purge in order to mimic hypoxic conditions. Then, the
oxygen release kinetics from MW or LW cOLND into the receiving phase was
monitored for 6 hours, using an oximeter, displaying an accuracy of 0.01 mg/L.
The oxymeter was calibrated in air, waiting for stable temperature and humidity

conditions to be reached before each measurement.

3.2.4. Nanobubble and nanodroplet sterilisation
Nanobubble and nanodroplet formulations were sterilised through UV-C exposure
for 20 min. Thereafter, UV-C-treated materials were incubated with cell culture
RPMI 1640 medium in a humidified COy/air-incubator at 37° C up to 72 h, not
displaying any signs of microbial contamination when checked by optical
microscopy. UV-C-sterilised samples underwent further analyses to exclude ozone
and singlet oxygen generation by spectrophotometric assay and EPR studies,
respectively. No ozone was detected in nhanobubble and nanodroplet formulations
after UV-C sterilisation (data not shown). Moreover, UV-C sterilisation procedure

was not accompanied by ROS production (data not shown).
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3.2.5. Human cells, bacteria, and yeasts

HaCaT cell line, immortalised from a 62-year old Caucasian male donor**°, was
used as source of human keratinocytes. HDF cell line of normal healthy human
foreskin or adult skin was used as source of human dermal fibroblasts**°. HMEC-
1, a long-term cell line of dermal microvascular endothelial cells immortalized by
SV 40 large T antigen®" was used as source of human endothelium. HaCaT cells
were grown as monolayers in Dulbecco’s Modified Eagle Medium - high glucose
(DMEM HG) supplemented with 10% foetal bovine serum (FBS), 100 U/ml
penicillin, 100 ug/ml streptomycin and 2 mM L-glutamine. HDF cells were grown
as monolayers in DMEM supplemented with 10% foetal calf serum (FCS), 100
U/ml penicillin, 100 yg/ml streptomycin and 2 mM L-glutamine. HMEC-1 cells were
grown as monolayers in MCDB 131 medium supplemented with 10% foetal calf
serum (FCS), 10 ng/ml of EGF, 1 pg/ml of hydrocortisone, 2mM L-glutamine, 100
units/ml of penicillin, 100 pg/ml of streptomycin and 20 mM HEPES buffer, pH 7.4.
Cells were grown in a humidified COx/air-incubator at 37° C.

Clinical strains of MRSA, S. pyogenes, C. albicans and C. glabrata from human
ulcerated wounds were cultured at 37° C. Bacteria were cultured on Mannitol salt
agar and Todd Hewitt agar, respectively. Both yeasts were cultured on Sabouraud
dextrose agar. Young colonies (18-24 h) were picked up to approximately 3-4
McFarland standard and inoculated into cryovials containing both cryopreservative
fluid and porous beads to allow microorganisms to adhere. After inoculation,
cryovials were kept at -80° C for extended storage.

3.2.6. Confocal microscopy analysis on human keratinocytes
HaCaT cells (6x10” cells/ml) were seeded and incubated under normoxic condition
(20% Oy) in humidified CO»/air-incubator at 37° C overnight. Then, cells were left
untreated or treated with 10% v/v FITC-labelled MW cOLNB or cOLND
suspensions for 24 hours in normoxia. After incubation with FITC-labelled
nanobubbles, human cells were fixed with 1% paraformaldehyde (PFA) PBS
solution for 15 min. Then cells were incubated with 15 pug/ml PI to visualise nucleic
acids. Alternatively, after incubation with FITC-labelled nanodroplets, cells were
incubated with 4',6-diamidino-2-phenylindole (DAPI) staining to visualise cells
nuclei. Confocal images were acquired by a LSM710 inverted confocal laser

scanning microscope equipped with a Plan-Neofluar 63x1.4 oil objective that
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allowed a field view of at least 5 cells. A wavelength of 488 nm was used to detect
MW cOLNBs and MW cOLNDs, and of 460 nm to detect the labelled nuclei. The
acquisition time was 400 ms. Confocal images were taken using FITC and TRITC

filters.

3.2.7. Adenosine triphosphate assay
The CellTiter-Glo® Luminescent Cell Viability Assay is a homogeneous method of
determining the number of viable cells in culture based on quantification of
detected adenosine triphosphate (ATP), an indicator of metabolically active cells.
Briefly, cells were seeded in multi-wells in their supplemented cell culture medium
and incubated in a humidified COy/air-incubator at 37° C overnight to allow the
cellular adhesion. The day after, cells were incubated in absence or presence of
10% v/iv MW cOLNBs/cOFNBs (only HaCaT cells) either in normoxic (20 % O5) or
hypoxic (1 % O,) conditions, in a humidified CO/air-incubator at 37° C. After 24 h,
cells reached about 90% of confluence and CellTiter-Glo® Luminescent Cell

Viability Assay was performed following manufacturer’s instructions.

3.2.8. Lactate dehydrogenase assay
The potential cytotoxic effects of nanobubbles and nanodroplets were measured
as the release of lactate dehydrogenase (LDH) from cells into the extracellular
medium. Cells were seeded in 6 multiwell plates (1.5 x 10° cells/ml) in their
supplemented cell culture medium and incubated in a humidified CO,/air-incubator
at 37° C overnight to allow cellular adhesion. The day after, cells were incubated in
absence or presence of 10% viv MW cOLNBs/cOFNBs (HaCaT cells only), MW
cOLNDs/cOFNDs (HaCaT, HDF, and HMEC-1 cells), and LW cOLNDs/cOFNDs
(HaCaT, HDF, and HMEC-1 cells) either in normoxic (20 % O,) or hypoxic (1 %
O,) conditions, in a humidified COy/air-incubator at 37° C. After 24 h, cells (~ 5 x
10° cells/ml of culture medium) reached about 90% of confluence and 1 ml of cell
supernatants were collected and centrifuged at 13000g for 30 min. Cells were
washed with fresh medium, detached with scraper, washed with PBS,
resuspended in 1 ml of 82.3 mM triethanolamine solution, pH 7.6 (TRAP), and
sonicated on ice with a 10s burst. Five ul of cell lysates and 50 pl of cell
supernatants were diluted with TRAP and supplemented with 0.5 mM sodium

pyruvate and 0.25 mM nicotinamide adenine dinucleotide reduced form (NADH)
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(300 pl as a final volume). The reaction was monitored by measuring the
absorbance at 340 nm (37° C) with Synergy HT microplate reader. After
determining the intracellular and extracellular LDH activities, expressed as umol of
oxidized NADH/min/well, cytotoxicity was eventually calculated as the net ratio

between extracellular and total (intracellular + extracellular) LDH activities.

3.2.9. 3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide assay

Cell viabilty was evaluated wusing 3-(4,5-dimethylthiazol- 2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Cells were seeded in 96 multiwell
plates (10° cells/ml) in their supplemented cell culture medium and incubated in a
humidified CO/air-incubator at 37° C overnight to allow cellular adhesion. Then,
cells were incubated in their supplemented medium for 24 h without or with 10%
v/v. MW cOLNBs/cOFNBs (only HaCaT cells), MW cOLNDs/cOFNDs (HaCaT,
HDF, and HMEC-1 cells), and LW cOLNDs/cOFNDs (HaCaT, HDF, and HMEC-1
cells) either in normoxic (20 % O,) or hypoxic (1 % O,) conditions, in a humidified
CO./air-incubator at 37° C. After 24 h, cells (~ 1.6 x 10° cells/ml of culture
medium) reached about 90% of confluence. Medium was discarded and 20 pl of 5
mg/ml MTT in PBS were added to cells for 3 additional hours at 37° C. After plate
centrifugation and cell supernatant discarding, the dark blue formazan crystals
were dissolved using 100 ul of sodium dodecyl solphate (SDS). The plates were
read on Synergy HT microplate reader at a test wavelength of 550 nm and at a
reference wavelength of 650 nm. Data are expressed as percentage of viability.

3.2.10. Wound healing assay
Cell abilities to perform wound healing were assessed through a specific in vitro
biological assay, commonly known as scratch assay>*". Briefly, cells were cultured
in their supplemented culturing medium to confluence density. Subsequently, cells
were seeded (3 x 10* cells/ml) in 24 multi-well plate and incubated for 24 h at 37°
C. Then cells were starved with 2% supplemented medium o/n. Subsequently,
cells (2 x 10* cells/insert) were inoculated into cell culture Ibidi inserts, a specific
type of supports composed by a 2-well silicone insert with a defined cell-free gap.
Cells were incubated for 24 h, to allow cellular adhesion. Then, supports were
removed and cells were incubated in absence or presence of 10% viv MW
cOLNB/cOFNB, MW cOLND/cOFND, and LW cOLND/cOFND suspensions or
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OSS in normoxic (20% O,) and hypoxic (1% O,) conditions for 16 h. Live imaging
was then performed using Nikon Plan Fluor fluorescent microscope (magnification
20X). Pictures were taken using Nikon Eclipse TI-E objective. ImageJ (1.48 v) was
used to analyse pictures. Briefly, wound areas were delimited using the free-hand
selection tool; then, the measurement tool was employed to edit the data window

listing the area in um? for each scratch.

3.2.11. Confocal microscopy analysis on bacteria and yeasts
Nanobubbles and nanodroplets were conjugated with 10% FITC solution overnight
and sterilised under UV-C radiation for 20 min.

MRSA and S. pyogenes bacteria (10° CFUs/ml) were incubated without or with
10% v/v FITC-labelled MW cOLNBs/cOFNBs, MW cOLND/cOFNDs, and LW
cOLNDs/cOFNDs for 3 and 24 h with agitation at 37° C. At each incubation time,
bacteria and different formulation suspensions (50 ul) were transferred on glass
slides, heat-fixed, and subsequently stained with 5 pg/ml Pl in humid chamber at
37° C for 15 min. Bacteria were fixed with mounting solution and covered by cover
slips. Confocal fluorescent images were taken using FITC and TRITC filters.

C. albicans and C. glabrata yeasts (10 CFUs/ml) were stained with 10 pg/ml Pl
and incubated without or with 10% v/v FITC-labelled MW cOLNBs/cOFNBs, MW
cOLND/cOFNDs, and LW cOLNDs/cOFNDs for 3 and 24 h with agitation at 37° C.
At each incubation time, 100 ul suspensions from yeasts and different formulations
were transferred on glass slides. Yeasts were fixed with mounting solution and
covered by cover slips. Confocal fluorescent images were taken using FITC and
TRITC filters.

3.2.12. Microbiological assay on bacteria and yeasts
MRSA and S. pyogenes bacteria [10* Colony Forming Units (CFUs)/ml] were
incubated in trypticase soy broth or TODD broth respectively alone (growth
control) or with 10% v/v OSS, 0.139% MW or LW chitosan solution, MW
cOFNB/cOLNB, MW cOLND/cOFND, and LW cOLND/cOFND formulations in
sterile sampling tubes for 2, 3, 4, 6, and 24 h at 37° C. At each incubation time,
serial ten-fold dilutions from each sample were prepared in 0.9% NaCl saline

solution and 100 pl of each dilution was spread on TSA or TODD agar medium to
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determine the number of CFU/ml and incubated in a humidified CO»/air-incubator
at 37° C for 24 h.

C. albicans and C. glabrata yeasts (10> CFUs/ml) were incubated in SAB broth
and experiments were performed as described above for bacteria. At each
incubation time, each dilution was spread on SAB agar medium to determine the
number of CFU/ml and incubated at 37° C for 24 h.

3.2.13. Statistical analysis
Each condition was performed at least in duplicate for every experiment. At least
three independent experiments were performed for every investigational study.
Numerical data are shown as means * standard errors of the means (SEM) for
inferential results or as means + standard deviations (SD) for descriptive results®>>.
Imaging data are shown as representative pictures. All data were analysed for
significance by a one-way analysis of variance (ANOVA) followed by Tukey’s post

hoc test.
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CHAPTER 4.
RESULTS
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4.1. Medium molecular weight chitosan nanobubbles

4.1.1. Medium molecular weight chitosan nanobubble physico-chemical
characterisation

After manufacturing, MW cOLNBs and MW cOFNBs were characterised for
morphology by optical microscopy and TEM, as well as for average diameters,
polydispersity indexes, and zeta potentials by dynamic light scattering.

MW cOLNBs displayed spherical shapes (Fig. 11, panels A and B: optical
microscopy and TEM images, respectively) and sizes in the nanometer range, with
average diameters of 700 nm (Fig. 11, panel C). Moreover, MW cOLNBs
displayed cationic zeta potentials with values around +37 mV. The physico-
chemical characteristics of all nanobubble formulations tested in this study are

summarised in Table 3.
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Fig. 11. Morphology and size distribution of MW cOLNBs. MW cOLNBs were checked for
morphology by TEM and optical microscopy, and for size distribution by dynamic light scattering.
Results are shown as representative images from ten different preparations. Panel A. MW cOLNB
image by TEM. Magnification: 52000X. Panel B. MW cOLNBimage by optical microscopy.
Magnification: 630X. Panel C. MW cOLNBs size distribution by dynamic light scattering.
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Nanocarrier MW cOLNB MW cOFNB
Outher sheII_ MW chitosan MW chitosan
polysaccharide

Inner core PEP PEP
fluorocarbon

Flu_qrocark_)on 32° C 39° ¢
boiling point

Diameter

(nm * SD) 745,20 + 117,89 | 320,40 + 100,90

Polydispersity
index

0,19

0,10

Zeta potential
(mV = SD)

+ 39,20 + 1,00

+ 38,65 + 1,00

Table 3. Physico-chemical characterisation of MW cOLNBs and MW cOFNBs.
MW cOLNB/cOFNB formulations were characterised for diameters, polydispersity index, and zeta
potential by dynamic light scattering. Results are shown as means + SD from ten different
preparations for each formulation.
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4.1.2. Mechanical interaction between medium molecular weight chitosan oxygen-
loaded nanobubbles and human keratinocytes

The mechanical interaction between MW cOLNBs and human keratinocytes was
investigated through analysis by confocal microscopy. HaCaT cells (6x10*
cells/ml) were left untreated or treated with 10% v/v FITC-labelled MW cOLNBs
under normoxic conditions. After 24 h, human keratinocytes were fixed and then
incubated with Pl to visualise nucleic acids.

As shown in Fig. 12 (panel f), MW cOLNBs were avidly internalised by human
keratinocytes.
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Figure 12. MW cOLNB internalisation by human keratinocytes. HaCaT cells (6x104 cells/ml)
were left untreated or treated with FITC-labelled MW cOLNBs for 24 h in normoxia (20% O,). After
Pl staining, cells were checked by confocal microscopy. Results are shown as representative
images from three independent experiments. Panels a-c (red, green, merged): control cells; panels
d-f (red, green, merged): OLNB-treated cells. Red: cell nuclei after PI staining. Green: FITC-
labelled MW cOLNBs. Magnification: 60X.
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4.1.3. Biocompatibility of medium molecular weight chitosan nanobubbles with
human keratinocytes

The biocompatibility of MW cOLNBs and cOFNBs with normoxic and hypoxic
human keratinocytes was evaluated by using a series of complementary
biochemical assays. In particular, cell metabolic activity was measured by ATP
assay, treatment cytotoxicity was analysed by LDH assay, and cell viability was
checked by MTT assay. HaCaT cells (5 x 10° cells/ml for ATP studies, 5 x 10°
cells/ml for LDH studies, and 1.6 x 10° cells/ml for MTT studies) were incubated for
24 h in presence or absence of 10% v/iv MW cOLNBs or cOFNBs either in
normoxic (20 % O,) or hypoxic (1 % O;) conditions.

As shown in Fig. 13 (results from ATP (A), LDH (B), and MTT (C) assays,
respectively), hypoxia displayed significant toxicity, affecting HaCaT cell
metabolism and viability. However, the values obtained upon MW cOLNB
treatment either in normoxia or in hypoxia were not significantly different in
comparison with their respective controls. A slight toxicity of MW cOFNDs was
observed after measuring LDH release, but was not confirmed by ATP and MTT

assays.

69



20000 [mEwormox
A B c
120 4 MWromoxia
[ ypoxia
140+ [ W Normoxia
15000+ 100 -: Hyporia
*
- 80+
o : * >
= -
—1 10000 2 604 g
14 g 2z N *
s 3
9 s
40 4 5
5000
20
* O
> *
o] mim =] W)
0- ctrl cOLNBs  cOFNBs ol cOLNBs COFNBs
ctrl cOLNBs COFNBs

Fig. 13. Effects of hypoxia and MW chitosan nanobubbles on human keratinocyte viability.
HacCaT cells (5 x 10° cells/ml for ATP studies, 5 x 10° cells/ml for LDH studies, and 1.6 x 10°
cells/ml for MTT studies) were left untreated or treated with MW cOLNBs and MW cOFNBs for 24 h
in normoxia (20% O,, black columns) or hypoxia (1% O,, white columns). After collection of cell
supernatants and lysates, ATP production was measured through ATP assay (panel A), cytotoxicity
percentage through LDH assay (panel B), and cell viability percentage was measured through MTT
assay (panel C). Results are shown as means + SEM from three independent experiments. Data
were also evaluated for significance by ANOVA: * vs normoxic control cells: p<0.05; ° vs hypoxic
control cells: p<0.05.
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4.1.4. Effects of hypoxia and medium molecular weight chitosan nanobubbles on
the migration of human keratinocytes

HaCaT cell abilities to migrate and to promote wound healing under hypoxic
conditions after treatment with nanobubbles, as well as OSS, was evaluated
through scratch assay. Cells (3 x 10° cells/ml) were allowed to grow within cell
culture well inserts purposely made to generate a standardised cell-free gap within
the well for 24 h. Then, cells were incubated in absence or presence of 10% v/v
MW cOLNBs, MW cOFNBs and OSS in normoxic and hypoxic conditions for 16 h.
As shown in Fig. 14, hypoxia slowed down the migration of human keratinocytes
with respect to normoxic conditions. Additional treatment with MW cOLNBSs fully
abrogated hypoxia-dependent dysregulation of cell migration, whereas MW
cOFNBs and OSS did not.
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Fig. 14. Effects of hypoxia and MW chitosan nanobubbles on the migration and wound
healing abilities of human keratinocytes. HaCaT cells (3 x 10° cells/ml) were seeded in two
confluent monolayers, divided by a scratch of 500 um, and incubated for 16 h in normoxia (20%
0O,) or hypoxia (1% O,) with/without 10% v/v MW cOFNBs, MW cOLNBs or OSS. Thereafter,
scratch lengths were photographed and measured. Panel A: representative images. Panel B:
means + SEM of scratch lengths. Results are from three independent experiments performed in
triplicates. Data were also evaluated for significance by ANOVA: * vs normoxic untreated cells:
p<0.01; ° vs hypoxic untreated cells: p<0.01.
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4.1.5. Mechanical interaction between medium molecular weight chitosan
nanobubbles and MRSA bacteria

The mechanical interaction between MW cOLNBs or cOFNBs and MRSA bacteria
was investigated through analysis by confocal microscopy. MRSA bacteria (10°
CFU/ml) were left untreated or treated with 10% v/v FITC-labelled MW cOLNBSs or
OFNBs under normoxic conditions. After 3 h and 24 h, bacteria were fixed and
stained with PI.

After 3 hours of incubation, nanobubbles seemed to physically interact with MRSA
wall (data not shown). Even after 24 hours of incubation, both MW cOLNBs and
cOFNBs appeared to still adhere to the bacterial wall, without being internalised by
MRSA (Fig. 15).

73



Pl FITC MERGE

MRSA

MRSA
+

cOLNBs

MRSA
+

cOFNBs

Fig. 15. MW chitosan nanobubble adhesion to MRSA bacterial wall. MRSA bacteria
(109 CFUs/ml) were left alone or incubated with 10% v/v FITC-labelled MW cOLNBs/cOFNBs for
24 h. After staining bacteria with PI, confocal fluorescent images were taken using FITC and TRITC
filters. Data are shown as representative images from three independent experiments.
Magnification: 100X. Red: PI. Green: FITC.
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4.1.6. Antibacterial activity of medium molecular weight chitosan nanobubbles on
MRSA bacteria
The antibacterial properties of MW chitosan nanobubbles against MRSA were
evaluated through a microbiological assay. MRSA bacteria (10* CFUs/ml) were
incubated alone or in presence of 10% v/v OSS, free MW chitosan solution
(0.139% m/v), MW cOFNBs, or MW cOLNBs. The bacterial growth was monitored
for 2, 3,4, 6 and 24 h.
As shown in Fig. 16, both MW cOLNBs and MW cOFNBs, as well as free MW
chitosan solution, significantly inhibited MRSA growth up to 6 hours of incubation,
especially between 4 and 6 hours, whereas OSS did not affect MRSA growth. At
these observational timepoints, no significant differences were observed among
treatments with MW cOLNBs, MW cOFNBs, and chitosan alone. The bacterial
growth did not appear to be affected by any treatments after 24 h of incubation.
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Fig. 16. Antibacterial activity of MW chitosan nanobubbles on MRSA bacteria. MRSA bacteria
(10* CFUs/ml) were incubated alone or with 10% v/v OSS, free MW chitosan solution (0.139% m/v),
MW cOFNB suspension, or MW cOLNB suspension in sterile conditions at 37°C and their growth
was monitored for 2, 3, 4, 6 and 24 h. At each incubation time, the samples were spread on TSA
agar medium to determine the CFUs/ml. Results are shown as means + SEM from three
independent experiments and expressed as Log CFUs/ml. Data were evaluated for significance by
ANOVA: vs controls: 3-4 h, ** p<0.01; 6 h, *** p=0.0001.
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4.1.7. Mechanical interaction between medium molecular weight chitosan
nanobubbles and C. albicans yeasts

The mechanical interaction between MW cOLNBs or cOFNBs and C. albicans
yeasts was investigated through analysis by confocal microscopy. C. albicans
yeasts (108 CFUs/ml) were left untreated or treated with 10% v/iv FITC-labelled
MW cOLNBs or MW cOFNBs under normoxic conditions. After 3 h and 24 h,
yeasts were fixed and stained with PI.

As shown in Fig. 17, both formulations appeared to have been avidly uptaken and
internalised by yeasts already at the earlier observational time-point (3 h).
Consistently, cOLNB/OFNB internalisation by yeasts was also observed at the

later time-point (24 h) of incubation (data not shown).
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Fig. 17. MW chitosan nanobubble internalisation by C. albicans yeasts. C. albicans yeasts
(108 CFUs/ml) were left alone or incubated with 10% v/v FITC-labelled MW cOLNBs or cOFNBs for
3 h. After staining yeasts with PI, confocal fluorescent images were taken using FITC and TRITC
filters. Data are shown as representative images from three independent experiments.
Magnification: 100X. Red: PI. Green: FITC.
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4.1.8. Antifungal activity of medium molecular weight chitosan nanobubbles on
C. albicans yeasts

The antifungal properties of MW chitosan nanobubbles against C. albicans were
evaluated through a microbiological assay. C. albicans yeasts (10°> CFUs/ml) were
incubated alone or in presence of 10% v/v OSS, free MW chitosan solution
(0.139% m/v), MW cOFNBs, or MW cOLNBs. The fungal growth was monitored
for 2, 3,4, 6 and 24 h.

As shown in Fig. 18, both MW cOLNBs and MW cOFNBs, as well as free MW
chitosan solution, significantly inhibited C. albicans growth up to 24 hours of
incubation, with no significant differences being observed among these three
treatments at any observational timepoints. On the contrary, OSS did not affect

fungal growth at any times.
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Fig. 18. Antifungal activity of MW chitosan nanobubbles on C. albicans yeasts. C. albicans
yeasts (10° CFUs/ml) were incubated alone or with 10% v/v OSS, free MW chitosan (0.139% m/v)
solution, MW cOFNB suspension, or MW cOLNB suspension in sterile conditions at 37°C and their
growth was monitored for 2, 3, 4, 6 and 24 h. At each incubation time, the samples were spread on

SAB agar medium to determine the CFUs/ml. Results are shown as means = SEM from three
independent experiments and expressed as Log CFUs/ml. Data were evaluated for significance by
ANOVA: vs controls: 2 h, * p<0.05; 3-6 h, *** p=0.0001; 4 h, **** p<0.0001; 24 h, ** p<0.01.
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4.2. Medium molecular weight chitosan nanodroplets

4.2.1. Medium molecular weight chitosan nanodroplet physico-chemical
characterisation

After manufacturing, MW cOLNDs and MW cOFNDs were characterised for
morphology by optical microscopy and TEM, as well as for average diameters,
polydispersity indexes, and zeta potentials by dynamic light scattering.

MW cOLNDs displayed spherical shapes (Fig. 19, panel A and B: optical
microscopy and TEM images, respectively) and sizes in the nanometer range, with
average diameters of 700 nm (Fig. 19, panel C). Moreover, MW cOLNDs
displayed cationic zeta potentials with values around +35 mV. The physico-
chemical characteristics of MW nanodroplet formulations tested in this study are

summarised in Table 4.
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Fig. 19. Morphology and size distribution of MW cOLNDs. MW cOLNDs were checked for
morphology by TEM and optical microscopy, and for size distribution by dynamic light scattering.
Results are shown as representative images from ten different preparations. Panel A. MW cOLND
image by TEM. Magnification: 15 500X. Panel B. MW cOLNDs image by optical microscopy.
Magnification: 630X. Panel C. MW cOLND size distribution by dynamic light scattering.
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Nanocarrier MW cOLND MW cOFND
Outher sheII_ MW chitosan MW chitosan
polysaccharide

Inner core DEP DEP
fluorocarbon

Flu_qrocark_)on 51° C 51° C
boiling point

Diameter

(nm * SD) 726,55 + 123,07 | 332,70 + 101,10

Polydispersity
index

0,24

0,11

Zeta potential
(mV = SD)

+ 35,38 £1,00

+ 34,97 +1,00

Table 4. Physico-chemical characterisation of MW cOLNDs and MW cOFNDs.
MW cOLND/cOFND formulations were characterised for diameters, polydispersity index, and zeta
potential by dynamic light scattering. Results are shown as means = SD from ten different
preparations for each formulation.
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4.2.2. In vitro oxygen release from medium molecular weight chitosan oxygen-
loaded nanodroplets

In vitro oxygen release from MW cOLND formulations was monitored by an
oxymeter up to 6 h through dialysis bag technique.

At the initial observational timepoint (O min), the oxygen concentration in the
receiving saline solution was previously reduced to 0.5 mg/L, to mimic sever
hypoxic conditions. Already after 15 minutes, MW cOLNDs proved to be able to
release oxygen into the environment and the oxygen concentration in the hypoxic
solution reached the value of 3.5 mg/L. For all the observational period (6 h),
oxygen delivery from MW cOLNDs continuously increased as well as related
oxygen concentration in the receiving solution (up to ~ 6 mg/L). MW cOLNDs
effectively released clinically oxygen amounts in a time-sustained manner in vitro.

These results are shown in Fig. 20.
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Fig. 20. In vitro oxygen release from MW cOLNDs. Oxygen release from MW cOLNDs were
monitored for 15, 30, 45, 60, 120, 180, 240, 300, and 360 min by an oxymeter through dialysis bag
technique. The donor solution (consisting of 3 ml of MW cOLNDSs) was placed in a dialysis bag
sealed and immersed in 45 ml of the receiving saline solution (oxygen concentration at 0 min = 0.5
mg/L). Results are shown as means + SEM from three independent experiments.
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4.2.3. Mechanical interaction between medium molecular weight chitosan oxygen-
loaded nanodroplets and human keratinocytes

The mechanical interaction between MW cOLNDs and human keratinocytes was
evaluated using a confocal microscopy approach. HaCaT cells (5x10° cells/ml)
were left untreated or treated with 10% v/v FITC-labelled MW cOLNDs for 24 h
under normoxic conditions. After incubation, keratinocytes were incubated with
DAPI staining to visualise nucleic acids.

As shown in Fig. 21 (panel f), MW cOLNDs were avidly uptaken by human
keratinocytes.
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Fig. 21. MW cOLND internalisation by human keratinocytes. Human cells (5x10° cells/ml) were
left untreated or treated with FITC-labelled MW cOLNDs for 24 h in normoxia (20% O,). After DAPI
staining, cells were checked by confocal microscopy. Results are shown as representative images
from three independent experiments. Panels a-c (blue, green, merged): control cells; panel d-f
(blue, green, merged): MW OLND-treated cells. Blue: cell nuclei after DAPI staining. Green: FITC-
labelled MW cOLNDs. Magnification: 63x.
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4.2.4. Biocompatibility of medium molecular weight chitosan nanodroplets with
human keratinocytes

The biocompatibility of MW cOLNDs and cOFNDs with normoxic and hypoxic
human keratinocytes was evaluated through LDH and MTT assays. In particular,
treatment cytotoxicity was analysed by LDH assay while cell viability was checked
by MTT assay. Briefly, HaCaT cells (5 x 10° cells/ml for LDH studies, 1.6 x 10°
cells/ml for MTT studies) were incubated for 24 h alone or in presence of 10% v/v
MW cOFNDs or MW cOLNDs either under normoxic (20% 0O;) and hypoxic (1%
O,) conditions.

As shown in Fig. 22, MW cOFNDs strongly reduced viability of cells, either in
normoxic or hypoxic conditions. In contrast, MW cOLNDs did not reduce human
keratinocytes viability while MW cOFNDs were toxic (~50%) to human
keratinocytes, either in normoxia or hypoxia.
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Fig. 22. Effects of hyé:)oxia and MW chitosan nanodroplets on human keratinocyte viability.
HaCaT cells (5 x 10° cells/ml for LDH studies and 1.6 x 10° cells/ml for MTT studies) were left
untreated or treated with MW cOFNDs and MW cOLNDs for 24 h in normoxia (20% O,, black
columns) or hypoxia (1% O,, white columns). After collection of cell supernatants and lysates,

cytotoxicity percentage was measured through LDH assay (panel A), whereas cell viability
percentage was measured through MTT assay (panels B). Results are shown as means+ SEM
from three independent experiments. Data were also evaluated for significance by ANOVA: * vs
normoxic control cells: p<0.05; ° vs hypoxic control cells: p<0.05.
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4.2.5. Biocompatibility of medium molecular weight chitosan nanodroplets with
human fibroblasts

MW chitosan nanodroplet biocompatibility with normoxic and hypoxic human
fibroblasts was evaluated through LDH and MTT assays. In patrticular, treatment
cytotoxicity was analysed by LDH assay while cell viability was checked by MTT
assay. Briefly, HDF cells (5 x 10° cells/ml for LDH studies, 1.6 x 10° cells/ml for
MTT studies) were incubated for 24 h alone or in presence of 10% viv MW
cOLNDs or cOFNDs in normoxia (20% O,) and hypoxia (1% O,).

Hypoxia did not significantly affect HDF cell viability. MW cOLNDs, as well as MW
cOFNDs, did not display any significant toxicity on human fibroblasts either under
normoxic or hypoxic conditions. These data were confirmed by both assays (Fig.
23, panel A and B). Even more so, the treatment with MW OLNDs promoted a
reduction of cytotoxicity compared to untreated fibroblasts under hypoxic
conditions (Fig. 23, panel A).
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Fig. 23. Effects of hypoxia and MW chitosan nanodroplets on human fibroblast viability.
HDF cells (5 x 10° cells/ml for LDH studies, 1.6 x 10° cells/ml for MTT studies) were left untreated
or treated with MW cOLNDs and MW cOFNDs for 24 h in normoxia (20% O,, black columns) or
hypoxia (1% O,, white columns). After collection of cell supernatants and lysates, cytotoxicity
percentage was measured through LDH assay (panel A), whereas cell viability percentage was
measured through MTT assay (panels B). Results are shown as means+ SEM from three
independent experiments. Data were also evaluated for significance by ANOVA: ° vs hypoxic
control cells, p<0.05.
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4.2.6. Biocompatibility of medium molecular weight chitosan nanodroplets with
human endothelium
The biocompatibility of MW cOLNDs and MW cOFNDs on human HMEC-1
endothelium was investigated through LDH and MTT studies. In particular,
treatment cytotoxicity was analysed by LDH assay while cell viability was checked
by MTT assay. Human endothelium (5 x 10° cells/ml for LDH assay, 1.6 x 10°
cells/ml for MTT assay) was incubated for 24 h without or with 10% v/iv MW
cOLNDs or MW cOFNDs either in normoxic (20% O>) or in hypoxic conditions (1%
0y).
According to results from analysis by LDH assay (Fig. 24, panel A), hypoxia mildly
compromised the health of control cells, although it did not affect total cell viability,
as emerged from investigation by MTT assay (Fig. 24, panel B). The treatment
with MW cOFNDs appeared to be more toxic to cells compared to controls and
reduced their viability strongly, both in normoxia and hypoxia. MW cOLNDs
appeared less toxic than MW cOFNDs, however the presence of oxygen within the
nanodroplets was not sufficient to counteract the loss of viability induced by
nanodroplets themselves.
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Fig. 24. Effects of hypoxia and MW chitosan nanodroplets on human endothelium viability.
HMEC-1 endothelium (5 x 10° cells/ml for LDH studies, 1.6 x 10° cells/ml for MTT studies) were left
untreated or treated with MW cOLNDs and MW cOFNDs for 24 h in normoxia (20% O,, black
columns) or hypoxia (1% O,, white columns). After collection of cell supernatants and lysates,
cytotoxicity percentage was measured through LDH assay (panel A), whereas cell viability
percentage was measured through MTT assay (panels B). Results are shown as means+ SEM
from three independent experiments. Data were also evaluated for significance by ANOVA: * vs
normoxic control cells: p<0.05; ° vs hypoxic control cells, p<0.05.
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4.2.7. Effects of hypoxia and medium molecular weight chitosan nanodroplets on
the migration of human keratinocytes

The migration and related wound healing abilities of HaCaT cells treated with MW
nanodroplets or OSS under hypoxic conditions was evaluated through scratch
assay. Cells (3 x 10° cells/ml) were allowed to grow within cell culture inserts
purposely made to generate a standardised cell-free gap within the well for 24 h.
Then, cells were incubated in absence or presence of 10% v/iv MW cOFNDs, MW
cOLNDs and OSS in normoxic and hypoxic conditions for 16 h.

As shown in Fig. 25, hypoxia slowed down the migration of human keratinocytes
with respect to normoxic conditions. Additional treatment with MW cOLNDs fully
abrogated hypoxia-dependent dysregulation of cell migration, whereas MW
cOFNDs and OSS did not.
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Fig. 25. Effects of hypoxia and MW chitosan nanodroplets on the migration and wound
healing abilities of human keratinocytes. HaCaT cells (3 x 10° cells/ml) were seeded in two
confluent monolayers, divided by a scratch of 500 ym, and incubated for 16 h in normoxia (20%
0O,) or hypoxia (1% O,) with/without 10% v/iv MW cOFNDs, MW OLNDs or OSS. Thereatfter,
scratch lengths were photographed and measured. Panel A: representative images. Panel B:
means + SEM of scratch lengths. Results are from three independent experiments performed in
triplicates. Data were also evaluated for significance by ANOVA: * vs normoxic untreated cells:
p<0.01; ° vs hypoxic untreated cells: p<0.01.
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4.2.8. Effects of hypoxia and medium molecular weight chitosan nanodroplets on
the migration of human fibroblasts

The migration and related wound healing abilities of human fribroblasts treated
with MW nanodroplets or OSS under hypoxic conditions was evaluated through
scratch assay. Cells (3 x 10° cells/ml) were allowed to grow within cell culture
inserts purposely made to generate a standardised cell-free gap within the well for
24 h. Then, fibroblasts were incubated in absence or presence of 10% viv MW
cOLNDs, MW cOFNDs, and OSS in normoxic and hypoxic conditions for 16 h.

As shown in Fig. 26, hypoxia slowed down the migration of HDF cells with respect
to normoxic conditions. Additional treatment with MW cOLNDs fully abrogated
hypoxia-dependent dysregulation of cell migration, whereas MW cOFNDs and
OSS did not.
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Fig. 26. Effects of hypoxia and MW chitosan nanodroplets on the migration and wound
healing abilities of human fibroblasts. HDF cells (3 x 10° cells/ml) were seeded in two confluent
monolayers, divided by a scratch of 500 pm, and incubated for 16 h in normoxia (20% O) or
hypoxia (1% O,) with/without 10% v/v MW cOLNDs, MW cOFNDs or OSS. Thereafter, scratch
lengths were photographed and measured. Panel A: representative images. Panel B: means +
SEM of scratch lengths. Results are from three independent experiments performed in triplicates.
Data were also evaluated for significance by ANOVA: * vs normoxic untreated cells, p<0.01.
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4.2.9. Effects of hypoxia and medium molecular weight chitosan nanodroplets on
the migration of human endothelium

The effects of hypoxia and MW chitosan nanodroplets on the migration and related
wound healing abilities of HMEC-1 cells were evaluated through scratch assay.
HMEC-1 cells (3 x 10° cells/ml) were allowed to grow within cell culture inserts
purposely made to generate a standardised cell-free gap within the well for 24 h.
Then, cells were incubated in absence or presence of 10% v/iv MW cOLNDs, MW
cOFNDs, and OSS in normoxic and hypoxic conditions for 16 h.

Hypoxia strongly compromised the migration abilities of HMEC-1 and OSS did not
alter significantly the values obtained from normoxic and hypoxic controls.
However, as already described in paragraph 4.2.6, further treatments with MW
cOLNDs or MW cOFNDs strongly affected cell viability. Due to the high
percentage of cell mortality, wound healing properties could not be analysed in
those samples. For this reason, no data are shown here. Nevertheless, the effects
of hypoxia and OSS on HMEC-1 migration are going to be shown in the third and
last part of the Results section. If interested in checking them now, the reader
might well choose to jump momentarily to paragraph 4.3.8 and then come back
here to go on with the reading.
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4.2.10. Mechanical interaction between medium molecular weight chitosan
nanodroplets and MRSA bacteria

The mechanical interaction between MW cOLNDs or MW cOFNDs and MRSA
bacteria was investigated through analysis by confocal microscopy. MRSA
bacteria (10° CFU/ml) were incubated without or with 10% v/v FITC-labelled MW
cOLNDs or MW cOFNDs under normoxic conditions. After 3 h and 24 h, bacteria
were fixed and stained with PI.

After 3 hours of incubation, nanodroplets seemed to physically interact with MRSA
wall (data not shown). Even after 24 hours of incubation, MW cOLNDs, as well as
MW cOFNDs, appeared to still adhere to the bacterial wall, without being uptaken
by MRSA (Fig. 27).
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Fig. 27. MW chitosan nanodroplet adhesion to MRSA bacterial wall. MRSA bacteria
(109 CFUs/ml) were left alone or incubated with 10% v/v FITC-labelled MW cOLNDs or MW
cOFNDs for 24 h. After staining bacteria with PI, confocal fluorescent images were taken using
FITC and TRITC filters. Data are shown as representative images from three independent
experiments. Magnification: 100X. Red: PI. Green: FITC.
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4.2.11.  Antibacterial activity of medium molecular weight chitosan nanodroplets
on MRSA bacteria

The antibacterial properties of MW chitosan nanodroplets against MRSA were
evaluated through a microbiological assay. MRSA bacteria (10* CFU/ml) were
incubated without or with 10% v/v OSS, free MW chitosan solution (0.139% m/v),
MW cOFNDs, and MW cOLNDs. The bacterial growth was monitored for 2, 3, 4, 6
and 24 h.

As shown in Fig. 28, bacterial growth was significantly inhibited by both MW
cOLNDs and MW cOFNDs, as well as by free MW chitosan solution but not by
OSS, up to 6 hours of incubation, more notably at 6 hours. At these observational
timepoints, no significant differences were observed among treatments with MW
cOLNDs, MW cOFNDs, and chitosan alone. After 24 hours, any treatments did not
affect bacterial growth.
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Fig. 28. Antibacterial activity of MW chitosan nanodroplets on MRSA bacteria. MRSA bacteria
(10* CFUs/ml) were incubated alone or with 10% v/v OSS, free MW chitosan solution (0.139% m/v),
MW cOFND suspension, and MW cOLND suspensions in sterile conditions at 37°C and their
growth was monitored for 2, 3, 4, 6 and 24 h. At each incubation time, the samples were spread on
TSA agar medium to determine the CFUs/ml. Results are shown as means + SEM from three
independent experiments and expressed as Log CFUs/ml. Data were evaluated for significance by
ANOVA: vs controls: 3 h, ** p<0.01; 4 h, * p<0.05; 6 h, *** p=0.0001.
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4.2.12. Mechanical interaction between medium molecular weight chitosan
nanodroplets and S. pyogenes bacteria

The mechanical interaction between MW cOLNDs or MW cOFNDs and S.
pyogenes bacteria was investigated through analysis by confocal microscopy. S.
pyogenes bacteria (10° CFU/mI) were incubated without or with 10% v/v FITC-
labelled MW cOLNDs or MW cOFNDs under normoxic conditions. After 3 h and 24
h, bacteria were fixed and stained with PI.

As shown in Fig. 29, both formulations appeared to have been uptaken and
internalised by bacteria already at earlier observational time-point (3 h).
Consistently, MW cOLND/cOFND internalisation by S. pyogenes bacteria was also

observed at the later time-point (24 h) of incubation (data not shown).
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Fig. 29. MW chitosan nanodroplet internalisation by S. pyogenes bacteria. S. pyogenes
bacteria (10g CFUs/ml) were left alone or incubated with 10% v/v FITC-labelled MW cOLNDs or
MW cOFNDs for 3 h. After staining bacteria with PI, confocal fluorescent images were taken using
FITC and TRITC filters. Data are shown as representative images from three independent
experiments. Magnification: 100X. Red: PI. Green: FITC.
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4.2.13.  Antibacterial activity of medium molecular weight chitosan nanodroplets
on S. pyogenes bacteria

The antibacterial properties of MW chitosan nanodroplets against S. pyogenes
bacteria were evaluated through a microbiological assay. S. pyogenes bacteria
(10* CFU/mI) were incubated without or with 10% viv OSS, free MW chitosan
solution (0.139% m/v), MW cOFNDs and MW cOLNDs. The bacterial growth was
monitored for 2, 3, 4, 6 and 24 h.

As shown in Fig. 30, both MW cOLNDs and MW cOFNDs, as well as free MW
chitosan solution, significantly inhibited S. pyogenes growth up to 24 hours of
incubation, with no significant differences being observed among these three
treatments at any observational timepoints. On the contrary, OSS did not affect

bacterial growth at any times.

105



. ctrl
0SS
10 [ chitosan 0.139% (MW)
[] coFnps (Mw)
[X] cOLNDs (mw)
8 -
* %
. *
— T * o
E 6. N7 )
B 6 * % * -?T
> - R BT
8 * % EE?‘%
S 4- =22
|
2 -
0 -
2h 3h 4h 6h 24 h
Incubation time

Fig. 30. Antibacterial activity of MW chitosan nanodroplets on S. pyogenes bacteria.

S. pyogenes bacteria (10* CFUs/ml) were incubated alone or with 10% v/v OSS, free MW chitosan
solution (0.139% m/v), MW cOFND suspension, and MW cOLND suspension in sterile conditions
at 37°C and their growth was monitored for 2, 3, 4, 6 and 24 h. At each incubation time, the
samples were spread on TODD agar medium to determine the CFUs/ml. Results are shown as
means + SEM from three independent experiments and expressed as Log CFUs/ml.Data were
evaluated for significance by ANOVA: vs controls: 2-3-4-6-24 h, * p<0.05.
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4.2.14.  Mechanical interaction between medium molecular weight chitosan
nanodroplets and C. albicans yeasts

The mechanical interaction between MW cOLNDs or cOFNDs and C. albicans
yeasts was investigated through analysis by confocal microscopy. C. albicans
yeasts (108 CFUs/ml) were left untreated or treated with 10% v/iv FITC-labelled
MW cOLNDs or MW cOFNDs under normoxic conditions. After 3 h and 24 h,
yeasts were fixed and stained with PI.

As shown in Fig. 31, both formulations appeared to have been avidly uptaken and
internalised by yeasts already at the earlier observational time-point (3 h).
Consistently, cOLND/OFND internalisation by yeasts was also observed at the

later time-point (24 h) of incubation (data not shown).
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Fig. 31. MW chitosan nanodroplet internalisation by C. albicans yeasts. C. albicans yeasts
(108 CFUs/ml) were left alone or incubated with 10% v/v FITC-labelled MW cOLNDs or MW
cOFNDs for 3 h. After staining yeasts with PI, confocal fluorescent images were taken using FITC
and TRITC filters. Data are shown as representative images from three independent experiments.
Magnification: 100X. Red: PI. Green: FITC.
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4.2.15.  Antifungal activity of medium molecular weight chitosan nanodroplets
on C. albicans yeasts

The antifungal properties of MW chitosan nanodroplets against C. albicans were
evaluated through a microbiological assay. C. albicans yeasts (10°> CFUs/ml) were
incubated alone or in presence of 10% v/v OSS, free MW chitosan solution
(0.139% m/v), MW cOFNDs, or MW cOLNDs. The fungal growth was monitored
for 2, 3,4, 6 and 24 h.

As shown in Fig. 32, both MW cOLNDs and MW cOFNDs, as well as free MW
chitosan solution, significantly inhibited C. albicans growth up to 24 hours of
incubation, more notably between 4 and 6 hours of treatments. On the contrary,

OSS did not affect fungal growth at any times.
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Fig. 32. Antifun%al activity of MW chitosan nanodroplets on C. albicans yeasts.

C. albicans yeasts (10° CFUs/ml) were incubated alone or with 10% v/v OSS, free MW chitosan
(0.139% m/v) solution, MW cOFND suspension, and MW cOLND suspension in sterile conditions
at 37°C and their growth was monitored for 2, 3, 4, 6 and 24 h. At each incubation time, the
samples were spread on SAB agar medium to determine the CFUs/ml. Results are shown as
means + SEM from three independent experiments and expressed as Log CFUs/ml. Data were
evaluated for significance by ANOVA: vs controls: 2 h, * p<0.05; 3-6 h, *** p=0.0001; 4 h, ****
p<0.0001; 24 h, ** p<0.01.
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4.2.16. Mechanical interaction between medium molecular weight chitosan
nanodroplets and C. glabrata yeasts

The mechanical interaction between MW cOLNDs or cOFNDs and C. glabrata
yeasts was investigated through analysis by confocal microscopy. C. glabrata
yeasts (108 CFUs/ml) were left untreated or treated with 10% v/iv FITC-labelled
MW cOLNDs or MW cOFNDs under normoxic conditions. After 3 h and 24 h,
yeasts were fixed and stained with PI.

As shown in Fig. 33, both formulations appeared to have been avidly uptaken and
internalised by yeasts already at the earlier observational time-point (3 h).
Consistently, cOLND/OFND internalisation by yeasts was also observed at the

later time-point (24 h) of incubation (data not shown).
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Fig. 33. MW chitosan nanodroplet internalisation by C. glabrata yeasts. C. glabrata yeasts
(108 CFUs/ml) were left alone or incubated with 10% v/v FITC-labelled MW cOLNDs or MW
cOFNDs for 3 h. After staining yeasts with PI, confocal fluorescent images were taken using FITC
and TRITC filters. Data are shown as representative images from three independent experiments.
Magnification: 100X. Red: PI. Green: FITC.
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4.2.17.  Antifungal activity of medium molecular weight chitosan nanodroplets
on C. glabrata yeasts

The antifungal properties of MW chitosan nanodroplets against C. glabrata were
evaluated through a microbiological assay. C. glabrata yeasts (10°> CFUs/ml) were
incubated alone or in presence of 10% v/v OSS, free MW chitosan solution
(0.139% m/v), MW cOFNDs, or MW cOLNDs. The fungal growth was monitored
for 2, 3,4, 6 and 24 h.

As shown in Fig. 34, both MW cOLNDs and MW cOFNDs, as well as free MW
chitosan solution, significantly inhibited C. albicans growth up to 24 hours of

incubation. On the contrary, OSS did not affect fungal growth at any times.

113



. ctrl
0ss
10 - [] chitosan 0.139% (Mw)
CcOFNDs (MW)
[3 cOLNDs (MW)
8
E
3 © _
§ hd » . . . } :
o 4 L]
- N ;i N
| N /
2 ; N\ //>
7 N
5 %
0 -
2h 3h 4h 6h 24 h
Incubation time

Fig. 34. Antifungal activity of MW chitosan nanodroplets on C. glabrata yeasts.

C. glabrata yeasts (10° CFUs/ml) were incubated alone or with 10% v/v OSS, free MW chitosan
(0.139% m/v) solution, MW cOFND suspension, and MW cOLND suspension in sterile conditions
at 37°C and their growth was monitored for 2, 3, 4, 6 and 24 h. At each incubation time, the
samples were spread on SAB agar medium to determine the CFUs/ml. Results are shown as
means + SEM from three independent experiments and expressed as Log CFUs/ml. Data were
evaluated for significance by ANOVA: vs controls: 2-3-4-6-24 h, * p<0.05.
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4.3. Low molecular weight chitosan nanodroplets

4.3.1. Low molecular weight chitosan nanodroplet physico-chemical
characterisation

After manufacturing, LW cOLNDs and LW cOFNDs were characterised for
morphology by optical microscopy and TEM, and for average diameters,
polydispersity indexes, and zeta potentials by dynamic light scattering.

LW cOLNDs displayed spherical shapes (Fig. 35, panel A and B: TEM and optical
microscopy images, respectively) and sizes in the nanometre range, with average
diameters of 400 nm (Fig. 35, panel C). Furthermore, LW cOLNDs displayed
cationic zeta potentials with values around +30 mV. The physico-chemical
characteristics of LW chitosan nanodroplet formulations tested in this study are

summarised in Table 5.
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i
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Fig. 35. Morphology and size distribution of LW cOLNDs. LW cOLNDs were checked for
morphology by TEM and by optical microscopy, and for size distribution by dynamic light scattering.
Results are shown as representative images from ten different preparations. Panel A. LW cOLND
image by TEM. Magnification: 28 500X. Panel B. LW cOLNDs image by optical microscopy.
Magnification: 600X. Panel C. LW cOLND size distribution by dynamic light scattering.
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Nanocarrier LW cOLND LW cOFND
g;t;]se;ciﬁrli de LW chitosan LW chitosan
Inner core

fluorocarbon DFP DFP
Fluorocarbon o o
boiling point s1°C S1°C
(Dr:;mftseé) 44380+ 2860 | 414,30 +33.80

Polydispersity
index

0,23

0,24

Zeta potential
(mV = SD)

+ 29,00 £ 1,00

+ 29,50 + 1,00

Table 5. Physico-chemical characterisation of LW cOLNDs and LW cOFNDs.
LW cOLND/cOFND formulations were characterised for diameters, polydispersity index, and zeta
potential by dynamic light scattering. Results are shown as means = SD from ten different
preparations for each formulation.
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4.3.2. In vitro oxygen release from low molecular weight chitosan oxygen-loaded
nanodroplets

In vitro oxygen release from LW cOLND formulations was monitored by an
oxymeter up to 6 h through dialysis bag technique.

At the intial observational timepoint (O min), the oxygen concentration in the
receiving saline solution was previously reduced to 0.5 mg/L, to mimic sever
hypoxic conditions. Already after 15 minutes, LW cOLNDs proved to be able to
release oxygen into the environment and the oxygen concentration in the hypoxic
solution reached the value of ~ 3 mg/L. For all the observational period (6 h),
oxygen delivery from LW cOLNDs continuously increased as well as related
oxygen concentration in the receiving solution (up to ~ 6 mg/L). LW cOLNDs
effectively released clinically oxygen amounts in a time-sustained manner in vitro.

These results are shown in Fig. 36.
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Fig. 36. In vitro oxygen release from LW cOLNDs. In vitro Oxygen release from LW cOLNDs
were monitored for 15, 30, 45, 60, 120, 180, 240, 300, and 360 min by an oxymeter through
dialysis bag technique. The donor solution (consisting of 3 ml of LW cOLNDs) was placed in a
dialysis bag sealed and immersed in 45 ml of the receiving saline solution (oxygen concentration at
0 min = 0.5 mg/L). Results are shown as means + SEM from three independent experiments.
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4.3.3. Biocompatibility of low molecular weight chitosan nanodroplets with human
keratinocytes

The biocompatibility of LW cOLNDs and LW cOFNDs with HaCaT keratinocytes
was challenged through LDH and MTT assays. LW chitosan nanodroplet toxicity
was analysed by LDH assay while cell viability was checked by MTT assay.
Briefly, HaCaT cell line (5 x 10° cells/ml for LDH studies, 1.6 x 10° cells/ml for MTT
studies) was incubated for 24 h in absence or in presence of 10% v/v LW cOLNDs
and LW cOFNDs under normoxic (20% O,) and hypoxic (1% O,) conditions.
Hypoxia didn’t influence viability of untreated human keratinocytes, as shown in
Fig. 37 (panel B). LW cOLNDs and LW cOFNDs were not toxic to HaCaT cells
either in normoxia or hypoxia (Fig. 37, panel A). These results are not totally
confirmed by MTT assay. LW cOLNDs and LW cOFNDs reduced HaCaT
keratinocyte viability in hypoxic condition (Fig.37, panel B).
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Fig. 37. Effects of hypoxia and LW chitosan nanodroplets on human keratinocyte viability.

HaCaT cells (5 x 10° cells/ml for LDH studies, 1.6 x 10° cells/ml for MTT studies) were left
untreated or treated with LW cOLNDs and LW cOFND for 24 h in normoxia (20% O,, black

columns) or hypoxia (1% O,, white columns). After collection of cell supernatants and lysates,

cytotoxicity percentage was measured through LDH assay (panel A), whereas cell viability

percentage was measured through MTT assay (panels B). Results are shown as means+ SEM
from three independent experiments. Data were also evaluated for significance by ANOVA: ° vs
hypoxic control cells, p<0.05.
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4.3.4. Biocompatibility of low molecular weight chitosan nanodroplets with human
fibroblasts
LW chitosan nanodroplet biocompatibility with normoxic and hypoxic human
fibroblasts was evaluated through LDH assay and MTT assay. In particular,
treatment cytotoxicity was analysed by LDH assay while cell viability was checked
by MTT assay. HDF cells (5 x 10° cells/ml for LDH studies, 1.6 x 10° cells/ml for
MTT studies) were incubated for 24 h without or with 10% v/v LW cOLNDs and
LW cOFNDs under normoxic (20% O,) and hypoxic (1% O) conditions.
Hypoxia did not influence the viability of untreated or treated HDF cells. LW
cOLNDs and LW cOFNDs were not toxic to HDF cells in both conditions. These
data are confirmed by both studies as shown in Fig. 38, panel A and B. Additional
treatments with LW OLNDs and LW cOFNDs reduced cytotoxicity to fibroblasts
compared to cytotoxicity related to untreated fibroblasts under hypoxic conditions
(Fig. 38, panel A).
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Fig. 38. Effects of hypoxia and LW chitosan nanodroplets on human fibroblast viability.
HDF cells (5 x 10° cells/ml for LDH studies, 1.6 x 10° cells/ml for MTT studies) were left untreated
or treated with LW cOLNDs and LW cOFNDs for 24 h in normoxia (20% O,, black columns) or
hypoxia (1% O,, white columns). After collection of cell supernatants and lysates, cytotoxicity
percentage was measured through LDH assay (panel A), whereas cell viability percentage was

measured through MTT assay (panels B). Results are shown as means+ SEM from three

independent experiments. Data were also evaluated for significance by ANOVA: ° vs hypoxic
control cells, p<0.05.

123



4.3.5. Biocompatibility of low molecular weight chitosan nanodroplets with human
endothelium

The biocompatibility of LW cOLNDs and LW cOFNDs with human HMEC-1 cell
line was evaluated through LDH and MTT assays. In particular, treatment
cytotoxicity was analysed by LDH assay while cell viability was checked by MTT
assay. Endothelium (5 x 10° cells/ml for LDH assay, 1.6 x 10° cells/ml for MTT
assay) was incubated for 24 h without or with 10% v/v LW cOLNDs and LW
cOFNDs both in normoxic (20% O) and hypoxic (1% O) conditions.

According to results from analysis by LDH assay (Fig. 39, panel A), hypoxia mildly
compromised the health of control cells, although it did not affect total cell viability,
as emerged from investigation by MTT assay (Fig. 39, panel B). The treatment
with LW cOFNDs appeared to be more toxic to cells compared to controls and
reduced strongly their viability, both in normoxia and hypoxia. Encouragingly, LW
CcOLNDs appeared less toxic than LW cOFNDs, and the presence of oxygen within
the nanodroplets seemed to be sufficient to counteract the loss of viability induced

by nanodroplets themselves.
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Fig. 39. Effects of hypoxia and LW chitosan nanodroplets on human endothelium viability.
HMEC-1 endothelium (5 x 10° cells/ml for LDH studies, 1.6 x 10° cells/ml| for MTT studies) were left
untreated or treated with LW cOLNDs and LW cOFNDs for 24 h in normoxia (20% O, black
columns) or hypoxia (1% O,, white columns). After collection of cell supernatants and lysates,
cytotoxicity percentage was measured through LDH assay (panel A), whereas cell viability
percentage was measured through MTT assay (panels B). Results are shown as means+ SEM
from three independent experiments. Data were also evaluated for significance by ANOVA: * vs
normoxic control cells: p<0.05; ° vs hypoxic control cells p<0.05.
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4.3.6. Effects of hypoxia and low molecular weight chitosan nanodroplets on the
migration of human keratinocytes

The migration (and related wound healing abilities) of HaCaT cells treated with LW
nanodroplets, as well as OSS, was evaluated through scratch assay under
hypoxic conditions. Cells (3 x 10° cells/ml) were allowed to grow within cell culture
inserts purposely made to generate a standardised cell-free gap within the well for
24 h. Then, human keratinocytes were incubated in absence or presence of 10%
v/v LW cOLNDs, LW cOFNDs and OSS in normoxic and hypoxic conditions for 16
h.

As shown in Fig. 40, hypoxia slowed down the migration of human keratinocytes
with respect to normoxic conditions. Additional treatment with LW cOLNDs fully
abrogated hypoxia-dependent dysregulation of cell migration, whereas LW
cOFNDs and OSS did not.
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Fig. 40. Effects of hypoxia and LW chitosan nanodroplets on the migration and wound
healing abilities of human keratinocytes. HaCaT cells (3 x 10° cells/ml) were seeded in two
confluent monolayers, divided by a scratch of 500 pm, and incubated for 16 h in normoxia (20%
0O,) or hypoxia (1% O,) with/without 10% v/v LW cOLNDs, LW OFNDs or OSS. Thereafter, scratch
lengths were photographed and measured. Panel A: representative images. Panel B: means +
SEM of scratch lengths. Results are from three independent experiments performed in triplicates.
Data were also evaluated for significance by ANOVA: * vs normoxic untreated cells: p<0.01; ° vs
hypoxic untreated cells: p<0.01.
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4.3.7. Effects of hypoxia and low molecular weight chitosan nanodroplets on the
migration of human fibroblasts

The effects of hypoxia and LW chitosan nanodroplets, as well as OSS, on the
migration (and related wound healing abilities) of hypoxic human fibroblasts were
evaluated through scratch assay. Cells (3 x 10° cells/ml) were allowed to grow
within cell culture inserts purposely made to generate a standardised cell-free gap
within the well for 24 h. Then, HDF cells were incubated in absence or presence of
10% v/v LW cOLNDs, LW cOFNDs, and OSS in normoxic and hypoxic conditions
for 16 h.

As shown in Fig. 41, hypoxia slowed down the migration of human fibroblasts with
respect to normoxic conditions. Additional treatment with LW cOLNDs fully
abrogated hypoxia-dependent dysregulation of cell migration, whereas LW
cOFNDs and OSS did not.
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Fig. 41. Effects of hypoxia and LW chitosan nanodrogolets on the migration and wound
healing abilities of human fibroblasts. HDF cells (3 x 10> cells/ml) were seeded in two confluent
monolayers, divided by a scratch of 500 ym, and incubated for 16 h in normoxia (20% O,) or
hypoxia (1% O,) with/without 10% v/v LW cOLNDs, LW OFNDs, and OSS. Thereafter, scratch
lengths were photographed and measured. Panel A: representative images. Panel B: means +
SEM of scratch lengths. Results are from three independent experiments performed in triplicates.
Data were also evaluated for significance by ANOVA: * vs normoxic untreated cells p<0.01; ° vs
hypoxic untreated cells: p<0.01.
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4.3.8. Effects of hypoxia and low molecular weight chitosan nanodroplets on the
migration of human endothelium
The migration (and related wound healing abilities) of human endothelium treated
with MW nanodroplets, as well as OSS, was evaluated through scratch assay
under hypoxic conditions. HMEC-1 cells (3 x 10° cells/ml) were allowed to grow
within cell culture inserts purposely made to generate a standardised cell-free gap
within the well for 24 h. Then, cells were incubated in absence or presence of 10%
v/v LW cOLNDs, LW cOFNDs, and OSS in normoxic and hypoxic conditions for 16
h.
As shown in Fig. 42, hypoxia strongly slowed down the migration of human
HMEC-1 cells with respect to normoxic conditions. Additional treatment with LW
cOLNDs fully abrogated hypoxia-dependent dysregulation of cell migration,
whereas LW cOFNDs and OSS did not.
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Fig. 42. Effects of hypoxia and LW chitosan nanodroplets on the migration and wound
healing abilities of human endothelium. HMEC-1 endothelium (3 x 10° cells/ml) were seeded in
two confluent monolayers, divided by a scratch of 500 um, and incubated for 16 h in normoxia
(20% O,) or hypoxia (1% O,) with/without 10% v/v LW cOLNDs, LW OFNDs or OSS. Thereatfter,
scratch lengths were photographed and measured. Panel A: representative images. Panel B:
means + SEM of scratch lengths. Results are from three independent experiments performed in
triplicates. Data were also evaluated for significance by ANOVA: * vs normoxic untreated cells:
p<0.01; ° vs hypoxic untreated cells: p<0.01.
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4.3.9. Mechanical interaction between Ilow molecular weight chitosan
nanodroplets and MRSA bacteria

The mechanical interaction between LW cOLNDs or LW cOFNDs and MRSA
bacteria was investigated through analysis by confocal microscopy. MRSA
bacteria (10° CFU/mI) were incubated without or with 10% v/v FITC-labelled LW
CcOLNDs or LW cOFNDs under normoxic conditions. After 3 h and 24 h, bacteria
were fixed and stained with PI.

As shown in Fig. 43, both formulations appeared to have been avidly uptaken and
internalised by bacteria already at the earlier observational time-point (3 h).
Consistently, LW cOLND/OFND internalisation by bcteria was also observed at the

later time-point (24 h) of incubation (data not shown).
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Fig. 43. LW chitosan nanodroplet internalisation by MRSA bacteria. MRSA bacteria
(109 CFUs/ml) were left alone or incubated with 10% v/v FITC-labelled LW cOLNDs or LW cOFNDs
for 3 h. After staining bacteria with PI, confocal fluorescent images were taken using FITC and
TRITC filters. Data are shown as representative images from three independent experiments.
Magnification: 100X. Red: PI. Green: FITC.
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4.3.10.  Antibacterial activity of low molecular weight chitosan nanodroplets on
MRSA bacteria
The antibacterial properties of LW chitosan nanodroplets against MRSA were
evaluated through a microbiological assay. MRSA bacteria (10* CFU/ml) were
incubated without or with 10% v/v free LW chitosan solution (0.139% m/v), LW
cOFNDs, and LW cOLNDs. The bacterial growth was monitored for 4, 6, and 24 h.
As shown in Fig. 44, both LW cOLNDs and LW cOFNDs significantly inhibited
bacterial growth up to 6 hours of incubation. At these observational timepoints,
significant  differences were observed among treatments with LW
cOLNDs/cOFNDs and chitosan alone. LW cOLNDs and cOFNDs seem to be more

effective against bacteria than LW chitosan solution.
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Fig. 44. Antibacterial activity of LW chitosan nanodroplets on MRSA bacteria. MRSA bacteria
(104 CFUs/ml) were incubated alone or with 10% v/v OSS, free LW chitosan solution (0.139% m/v),
LW cOFND suspension, and LW cOLND suspensions in sterile conditions at 37°C and their growth
was monitored for 4, 6, and 24 h. At each incubation time, the samples were spread on TSA agar
medium to determine the CFUs/ml. Results are shown as means + SEM from three independent
experiments and expressed as Log CFUs/ml. Data were evaluated for significance by ANOVA: vs
controls: 4-6 h, * p<0.0001; vs LW chitosan solution: 4-6 h, ° p<0.05.
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4.3.11. Mechanical interaction between Ilow molecular weight chitosan
nanodroplets and S. pyogenes bacteria

The mechanical interaction between LW cOLNDs or LW cOFNDs and S.
pyogenes bacteria was investigated through analysis by confocal microscopy. S.
pyogenes bacteria (10° CFU/mI) were incubated without or with 10% v/v FITC-
labelled LW cOLNDs or LW cOFNDs under normoxic conditions. After 3 h and 24
h, bacteria were fixed and stained with PI.

As shown in Fig. 45, both formulations appeared to have been uptaken and
internalised by bacteria already at earlier observational time-point (3 h).
Consistently, LW cOLND/cOFND internalisation by S. pyogenes bacteria was also

observed at the later time-point (24 h) of incubation (data not shown).
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Fig. 45. LW chitosan nanodroplet internalisation by S. pyogenes bacteria. S. pyogenes
bacteria (109 CFUs/ml) were left alone or incubated with 10% v/v FITC-labelled LW cOLNDs or LW
cOFNDs for 3 h. After staining bacteria with PI, confocal fluorescent images were taken using FITC
and TRITC filters. Data are shown as representative images from three independent experiments.

Magnification: 100X. Red: PI. Green: FITC.
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4.3.12.  Antibacterial activity of low molecular weight chitosan nanodroplets on
S. pyogenes bacteria

The antibacterial properties of LW chitosan nanodroplets against S. pyogenes
bacteria were evaluated through a microbiological assay. S. pyogenes bacteria
(10* CFU/mI) were incubated without or with 10% v/v free LW chitosan solution
(0.139% m/v), LW cOFNDs and LW cOLNDs. The bacterial growth was monitored
for 4 and 24 h.

As shown in Fig. 46, both LW cOLNDs and LW cOFNDs significantly inhibited S.
pyogenes growth up to 24 hours of incubation, with no significant differences being
observed between these two treatments at this observational timepoints. Moreover,
after 24 h of incubation significant differences were observed between LW
cOLNDs/cOFNDs and LW chitosan alone.
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Fig. 46. Antibacterial activity of LW chitosan nanodroplets on S. pyogenes bacteria.

S. pyogenes bacteria (104 CFUs/ml) were incubated alone or with 10% v/v free LW chitosan
solution (0.139% m/v), LW cOFND suspension, and LW cOLND suspension in sterile conditions at
37°C and their growth was monitored for 4 and 24 h. At each incubation time, the samples were
spread on TODD agar medium to determine the CFUs/ml. Results are shown as means + SEM
from three independent experiments and expressed as Log CFUs/ml.Data were evaluated for
significance by ANOVA: vs controls: 24 h, * p<0.01; vs LW chitosan solution: 24 h, ° p<0.0001.
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4.3.13. Mechanical interaction between Ilow molecular weight chitosan
nanodroplets and C. albicans yeasts

The mechanical interaction between LW cOLNDs or cOFNDs and C. albicans
yeasts was investigated through analysis by confocal microscopy. C. albicans
yeasts (10® CFUs/ml) were left untreated or treated with 10% v/v FITC-labelled LW
cOLNDs or LW cOFNDs under normoxic conditions. After 3 h and 24 h, yeasts
were fixed and stained with PI.

As shown in Fig. 47, both formulations appeared to have been avidly internalised
by yeasts already at the earlier observational time-point (3 h). Consistently,
cOLND/OFND internalisation by yeasts was also observed at the later time-point

(24 h) of incubation (data not shown).
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Fig. 47. LW chitosan nanodroplet internalisation by C. albicans yeasts. C. albicans yeasts
(108 CFUs/ml) were left alone or incubated with 10% v/v FITC-labelled LW cOLNDs or LW cOFNDs
for 3 h. After staining yeasts with PI, confocal fluorescent images were taken using FITC and
TRITC filters. Data are shown as representative images from three independent experiments.
Magnification: 100X. Red: PI. Green: FITC.
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4.3.14.  Antifungal activity of low molecular weight chitosan nanodroplets on
C. albicans yeasts

The antifungal properties of LW chitosan nanodroplets against C. albicans were
evaluated through a microbiological assay. C. albicans yeasts (10°> CFUs/ml) were
incubated alone or in presence of 10% v/v free LW chitosan solution (0.139%
m/v), LW cOFNDs, or LW cOLNDs. The fungal growth was monitored for 4, 6 and
24 h.

Results are showed in Fig. 48. LW cOLNDs, LW cOFNDs, and free LW chitosan
solution significantly inhibited fungal growth up to 24 hours of incubation, with free
chitosan appearing less effective than nanodroplets at earlier timepoints. No
significant differences among nanodroplet treatments were observed at any

observational timepoint.
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Fig. 48. Antifungal activity of LW chitosan nanodroplets on C. albicans yeasts.
C. albicans yeasts (10° CFUs/ml) were incubated alone or with 10% v/v free LW chitosan (0.139%
m/v) solution, LW cOFND suspension, and LW cOLND suspension in sterile conditions at 37°C and
their growth was monitored for 4, 6 and 24 h. At each incubation time, the samples were spread on
SAB agar medium to determine the CFUs/ml. Results are shown as means = SEM from three
independent experiments and expressed as Log CFUs/ml. Data were evaluated for significance by
ANOVA: vs controls, 4-6-24 h, *** p<0.0001.
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4.3.15. Mechanical interaction between low molecular weight chitosan
nanodroplets and C. glabrata yeasts

The mechanical interaction between LW cOLNDs or cOFNDs and C. glabrata
yeasts was investigated through analysis by confocal microscopy. C. glabrata
yeasts (10® CFUs/ml) were left untreated or treated with 10% v/v FITC-labelled LW
cOLNDs or LW cOFNDs under normoxic conditions. After 3 h and 24 h, yeasts
were fixed and stained with PI.

As shown in Fig. 49, both formulations appeared to have been avidly uptaken and
internalised by yeasts already at the earlier observational time-point (3 h).
Consistently, cOLND/OFND internalisation by yeasts was also observed at the

later time-point (24 h) of incubation (data not shown).
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Fig. 49. LW chitosan nanodroplet internalisation by C. glabrata yeasts. C. glabrata yeasts
(108 CFUs/ml) were left alone or incubated with 10% v/v FITC-labelled LW cOLNDs or LW cOFNDs
for 3 h. After staining yeasts with PI, confocal fluorescent images were taken using FITC and
TRITC filters. Data are shown as representative images from three independent experiments.
Magnification: 100X. Red: PI. Green: FITC.
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4.3.16. Antifungal activity of low molecular weight chitosan nanodroplets on
C. glabrata yeasts

The antifungal properties of LW chitosan nanodroplets against C. glabrata were
evaluated through a microbiological assay. C. glabrata yeasts (10°> CFUs/ml) were
incubated alone or in presence of 10% v/v free LW chitosan solution (0.139%
m/v), LW cOFNDs, or LW cOLNDs. The fungal growth was monitored for 4, 6 and
24 h.

As shown in Fig. 50, LW cOLNDs and LW cOFNDs, as well as free LW chitosan
solution, inhibited C. glabrata growth up to 24 hours of incubation. After 6 hours of
treatment, LW chitosan nanodroplets strongly affected C. glabrata viability

compared to chitosan alone.
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Fig. 50. Antifungal activity of LW chitosan nanodroplets against C. glabrata yeasts.
C. glabrata yeasts (10° CFUs/ml) were incubated alone or with 10% v/v free LW chitosan (0.139%
m/v) solution, LW cOFND suspension, and LW cOLND suspension in sterile conditions at 37°C and
their growth was monitored for 4, 6 and 24 h. At each incubation time, the samples were spread on
SAB agar medium to determine the CFUs/ml. Results are shown as means + SEM from three
independent experiments and expressed as Log CFUs/ml. Data were evaluated for significance by
ANOVA: vs controls: 4 h, *** p<0.0001; 6 h, ** p<0.001; 24 h, * p<0.01.
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CHAPTER 5.
DISCUSSION
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The present work aimed at developing, characterising and testing innovative and
nonconventional platforms of oxygen nanocarriers with antimicrobial effects to
potentially treat infected chronic wounds, an alarmingly spreading condition that
affects worldwide the elderly especially.

The development of dextran- and chitosan- shelled nanobubbles (OLNBs) by our
collaborative research network dates back to 20097°*%**. From 2009 to 2014, a
new platform of nanocarriers, named nanodroplets, was developed and
characterised for its physico-chemical properties. Crucial studies on dextran and
MW chitosan-shelled nanodroplets (OLNDs) were published during 2014 and
2015°%%3% Nanodroplets were also patented in the same period®*®. Based on the
current research interests, we recently aimed at developing nontoxic oxygen
carriers with nanometric dimensions that could be able not only to abrogate
hypoxia-related effects on human cells but also to counteract microbial infections.
At the begining, dextran was employed for shell manufacturing®?®; however the
use of natural antimicrobial polysaccharides, such as chitosan®**, represented the
best option for our goals.

Firstly, MW chitosan nanobubbles (MW cOLNBs) were formulated, characterised
and challenged for their biological effects on human keratinocytes, MRSA bacteria,
and C. albicans yeasts as an effective model of antimicrobial oxygen-based
nanocarrier. Then, MW chitosan nanodroplets (MW cOLNDSs) were prepared and
tested for their biocompatibility and antimicrobial activity not only using the above
mentioned cell types but also expanding the study to additional cell populations
(human dermal fibroblasts, human microvascular endothelium, S. pyogenes
bacteria, and C. glabrata yeasts).

Based on the promising results obtained from MW cOLNDs, deeper investigation
on such a promising platform of oxygen-based nanocarriers was conducted.
Indeed, other biomaterials than MW chitosan were considered for shell
manufacturing in order to improve nanodroplet phisico-chemistry, biocompatibility
and effectiveness. Based on data obtained from preliminary studies on different
chitosan species and derivatives®® [MW, LW, glycol- (G), and methylglycol- (MG)
chitosan], LW chitosan emerged as the best candidate for the abovementioned
parameters and was chosen to be employed for manufacturing the outer shell of

the nanodroplets employed in the present study. Therefore, new LW chitosan-
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shelled nanodroplets were compared to formerly available MW chitosan-shelled
nanodroplets for their biological properties on several human cells and yeasts.

Nanobubbles and nanodroplets were prepared as liquid formulations, suitable for
in vitro studies. All nanocarriers were characterised by a typical shell-core
structure, with a specific oxygen-binding fluorocarbon (PFP for nanobubbles and
DFP for nanodroplets) in the inner core and two alternative chitosan species (MW
chitosan either for nanobubbles or nanodroplets; LW chitosan for nanodroplets
only) in the outer shell. These shell-core structured nanocarriers appear also
suitable for further manipulation to conjugate different molecules such as dyes and
antibiotics or antimycotics®®*264:326.:327.336

The choice of the fluorocarbon to be inserted within the core is crucial, as it can
influence both physico-chemistry and effectiveness of the nanocarrier. The main
advantages of nanobubbles and nanodroplets are related to the presence of PFP
and DFP in the inner core, respectively. Both PFP and DFP are able to easily bind
and release oxygen, greatly improving its delivery into hypoxic environments.
However, PFP skeleton is characterised by twelve fluorine atoms whereas DFP
carbon skeleton is surrounded by ten fluorine and two hydrogen atoms®**. The
advantage of using DFP is related to its ability to establish hydrogen bonds
between hydrogen and oxygen atoms, in addition to dipole-dipole interactions
between fluorine and oxygen atoms that can be also established by PFP. Based
on this fact, oxygen releasing kinetics appear crucial in order to predict in vitro the
effectiveness of formulations on cell cultures.

According to our studies, the replacement of PFP with DFP in the inner core did
not affect nanoparticle stability, as shown by zeta potential values either of
nanobubbles or nanodroplets. Zeta potential is a crucial parameter to predict the
stability of a nanocarrier, as it measures charge repulsion or attraction among
particles. Cationic zeta potentials higher than + 30 mV are usually required for
stability of colloid systems®*®. Moreover, OLNDs have been reported to release in
vitro higher amounts of oxygen in a more time-sustained manner than OLNBs and
0SS°%%3%  Therefore, nanodroplets might be preferred to nanobubbles as a
potential oxygen-based platform to be used in the future.

Clearly, the suitability of nanocarriers for specific applications is related to their

size, composition and charge. In our nanobubbles and nanodroplets, MW chitosan
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was firstly chosen as candidate polysaccharide for the preparation of the outer
shell, due to its biocompatibility and antimicrobial properties®**®. Both MW cOLNBs
and MW cOLNDs displayed nano-dimensions (~700 nm), however only their
oxygen-free counterparts displayed the smallest diameters (~400 nm). Such a
difference in size between oxygen-loaded and oxygen-free formulations appears
as a direct consequence of oxygen presence or absence, respectively. Previous
studies on dextran-shelled nanocarriers already suggested that oxygen in the
inner core can change the interfacial layer structure, modify the surface tension,
and lead to differences in the formulations hydrophobicity®®*%°.

Positive values of charge of about + 40 mV for both nanocarriers confirm the
stability and the presence of chitosan on the shell surfaces. In particular, cationic
nanocarriers seem to be suitable for topical treatments as their positive charges
interact strongly with anionic surface of the skin®*°. In an interesting study by Wu
and colleagues®®, cationic fluorophore PMI-conjugated PS-NHs;" (amino-
functionalised polystyrene latex nanoparticles) displayed brighter fluorescence at
the skin surface than anionic PMI-conjugated PS-CO, (carboxyl-functionalised
polystyrene nanopatrticles).

As mentioned previously, also other chitosan species and derivatives (LW, G, and
MG chitosan) were considered for shell manufacturing®®°. According to the results
obtained from preliminary investigation on the biocompatibility for each
biomaterial, MG chitosan solution strongly reduced by 50% human keratinocyte
viability and for this reason this polysaccharide was excluded from the subsequent
studies. Either LW or G chitosan-shelled OLNDs displayed cationic surfaces and <
500 nm average diameters, with LW chitosan-shelled OLNDs being the smallest
ones and displaying higher stability. Based on these data, LW chitosan emerged
as the best candidate molecule to be compared to MW chitosan for nanodroplet
manufacturing.

Notably, the biocompatibility with human cells represents a crucial issue, since the
potential use in vivo of oxygen nanocarriers is related to their toxicity to eukaryotic
cells. Interestingly, LW chitosan (especially chitosan with molecular weight <
10000 Da) has been reported to be associated with lower toxicity and higher water
solubility compared to chitosan molecules characterised by higher molecular

283

weight®™. Moreover, chitosan antimicrobial activity related to nanocarriers has

been reported to depend on the molecular weight and degree of deacetylation of
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357358 - Eurthermore,

the chitosan employed during formulation manufacturing
chitosan with a proper molecular weight could be effectively employed as a carrier
for renal targeting®° and for oral delivery of paclitaxel*®°. These findings might be
exploited in the future to develop antimicrobial-conjugated LW chitosan
nanodroplets as adjuvant treatment for infected chronic wound management. In
this context, vancomycin-loaded, erythromycin-loaded, and itraconazole-loaded
LW chitosan nanodroplets have been also recently formulated and characterised
by our group, with encouraging preliminary data®***** from biocompatibility studies
and microbiological assays (unpublished data for vancomycin-loaded LW chitosan
nanodroplets).

In the work described here, LW cOLNDs displayed spherical shape, shell-core
structure, and average diameters of ~400 nm. Such sizes were similar to those of
their oxygen-free counterparts and almost half of those previously measured in
MW cOLNB/cOLND formulations. This evidence appears as a crucial element in
the context of developing new effective nanocarriers for gas release. Indeed,
according to the Law of Laplace for spherical surfaces, the difference between the
outer and the inner gas pressure in bubbles (and droplets) is inversely proportional
to their radius: therefore, the smaller the bubble’s radius, the higher the differential
pressure of the gas, and the faster the diffusion of the gas®***. On the other hand,
zeta potential values (+ 30 mV) confirmed LW cOLND stability.

The physico-chemical characteristics of nanocarriers are crucial as they will
influence their interactions with cells. Moreover, during preclinical studies, their
properties will influence the interactions with human skin and the rate and extent
with which nanocarriers will be able to release the associated active molecules

into the stratum corneum.

After manufacturing and physico-chemical characterisation, nanobubbles and
nanodroplets underwent investigation on biocompatibility with human skin cells.
Before any cell treatments, nanobubbles and nanodroplets were sterilised in order
to avoid any contamination on cell cultures. UV-C irradiation was chosen as a
sterilisation method. UV-C rays could alter fundamental cell molecules as DNA,
lipids and protein leading to dramatic toxic effects on cells and pathology
development®®®. Thus, MW cOLNBs, MW cOLNDs, and LW cOLNDs were

checked for ozone and ROS production. The absence of ozone and singlet oxygen
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production appears extremely comforting. Furthermore, nanobubbles and
nanodroplets formulations were incubated up to 72 h in cell culture medium in
order to check the absence of microbial contaminations.

Then, MW cOLNBs, MW cOLNDs, and LW cOLNDs were challenged for their
biocompatibility with human skin cells and for their antimicrobial properties against
selected bacteria and yeasts. Indeed, the main goal was to reach the lowest
toxicity to human cells and the highest toxicity against pathogens. Furthermore,
the concentration of nanocarrier formulations needed to be calibrated in order to
deliver enough oxygen to counteract hypoxia without compromising cell viability. In
a couple of former studies performed by our group, increasing concentrations of
nanocarrier suspensions were tested on human keratinocytes, with 10% v/v
emerging as the most effective and less toxic concentration to be used in the
subsequent experiments®*®3*4. Such a concentration was further validated also on
fibroblasts and endothelial cells by other members of our collaborative network®.
MW cOLNBs were firstly challenged for biocompatibility. HaCaT cell line, which
has been immortalised from a 62-year old Caucasian male donor®*°, was chosen
as a source of human keratinocytes. Keratinocytes are the most represented cells
(> 90%) in the skin epithelium, providing a physical barrier to limit fluid loss and to
protect against pathogens, thus being crucial during all wound healing stages®’.
Interestingly, the production of keratinocytic MMPs, playing crucial roles during
the remodelling phase of wound healing, was demonstrated to be altered by
hypoxia and depend on the donor’s age®*“. Thus, cell type and source appear to
be critical in our context, since hypoxia-associated dermal pathologies are more
common during the elderly. Based on these preconditions, HaCaT cells were
chosen as the best candidate cells among available cell lines for our research
purposes.

As expected, hypoxia affected human keratinocyte viability******%>_ However, MW
cOLNBs were not toxic to HaCaT cells both in normoxic and hypoxic conditions.
These data are in accordance with evidence that perfluorocarbon emulsions are
not toxic to human healthy cells, as erythrocytes for example*®°. Consistently, PFP
was recently reported not to display any toxic effects on human keratinocytes
when employed as inner core molecule of vancomycin-loaded dextran sulphate-
shelled nanobubbles®*’. Moreover, these findings are in line with previous data on

the lack of cytotoxicity effects of chitosan micro/nanobubbles on choriocarcinoma
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. Nevertheless, MW cOFNBs were slightly toxic to hypoxic human
keratinocytes, opposite to MW cOLNBs. This evidence might suggest a protective
role for oxygen, which has already been proposed in other studies on MW
cOLNDs as adjuvant treatment for skin infections®?®. Indeed, oxygen could
counteract through unknown mechanisms the cytotoxicity of chitosan, which has
been reported to vary depending on its molecular weight and degree of
deacetylation®®’. On the other hand, the difference in size between MW cOLNBs
and MW cOFNBs cannot be excluded from the possible factors underlying the
different toxicity of either nanocarrier. Nevertheless, these data showing MW
COLNB biocompatibility with human Kkeratinocytes corroborate the available
evidence on the key role of oxygen in nanobubble manufacturing for potential
topical administration in future preclinical studies.

Thereafter, also MW and LW chitosan nanodroplets were challenged for their
biocompatibility on HaCaT cells. Results obtained with MW chitosan nanodroplets
were similar to those with MW chitosan nanobubbles. Indeed, MW cOLNDs did not
affect the viability of human keratinocytes either in normoxia or in hypoxia, in
contrast with MW cOFNDs, which were mildly toxic. On the other hand, the
presence of LW chitosan in the shell of nanodroplets (either loaded or unloaded
with oxygen) led to enhanced viability of human keratinocytes, confirming the
dependence on chitosan molecular weight in biocompatibility with HaCaT cells*®”’.
Neverteheless, it should be noticed that keratinocytes are usually stronger than
other cells involved in wound healing processes. For this reason, cells studies with
MW and LW nanodroplets were extended to human dermal fibroblasts and
microvascular dermal endothelium (HDF and HMEC-1 cell lines®*%3%").
Encouragingly, MW or LW cOLNDs were not toxic to HDF cells and did not affect
fibroblast viability either in normoxia or in hypoxia. However, biocompatibility
studies on endothelium led to very different results. Hypoxia significantly
compromised the health of endothelial cells, although it did not affect total cell
viability, in line with data from literature®*>°®. However, MW chitosan nanodroplets
strongly reduced endothelial cell viability. On the other hand, LW cOLNDs resulted
significantly less toxic to endothelium compared to MW cOLNDs. These data from
biocompatibility studies suggest that the treatment with LW chitosan nanodroplets

should be preferred to MW chitosan nanocarriers in future studies.
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As a next step, analyses by confocal microscopy were performed to discern the
mechanisms of interaction between our nanocarriers and human cell surfaces (i.e.
lack of contact, adhesion, or internalisation). According to the results, both MW
cOLNBs and MW cOLNDs were avidly uptaken by HaCaT cells after 24 h of
incubation. Studies on the mechanical interaction between LW cOLNDs and
human keratinocytes, as well as all studies on fibroblasts and endothelial cells, are
yet to be performed. Nevertheless, these preliminary data are in line with those
obtained with dextran OLNBs in monkey fibroblastoid kidney cells (Vero)®®, as
well as with dextran OLNDs in human keratinocytes®**, endothelial cells***, and
monocytes®*®. Besides, this approach was also widely chosen also to demonstrate

the accumulation of LW chitosan in renal tubules®®

or chitosan/cyclodextrin
nanoparticles internalisation by epithelial cells calu-3°°.

In general, after interacting with human cells, nanoparticles might be engulfed in
invaginations of the cell membrane and then be internalised by cells through time-,
concentration-, and energy-dependent pinocytic processes®’°. Macropinocytosis,
clathrin-mediated endocytosis, caveolae-mediated endocytosis and mechanisms
independent of clathrin and caveolin are examples of these uptake
mechanisms®*"**"%. These processes can activate several intracellular signalling
pathways, thus paving the way for different cellular fates, from proliferation and
survival to apoptosis and cell death®*”**"*. Chitosan intracellular degradation has
been hypotised to be associated to lysosomes*’>. Specific receptors for chitosan
have not been reported to date, suggesting that the mechanism of chitosan’s
cellular binding might be a nonspecific electrostatic interaction with the negatively
charged cell membrane. Keratinocytes have been reported to expose several
anionic residues on their membranes®’®, with dimensions ranging between 35 and
55 um*’’. Therefore, evidence on MW cOLNB/cOLND cellular internalisation after
adhering on cell plasma membrane is not surprising. Future studies aiming at
elucidating the processes underlying cellular internalisation and trafficking of

nanobubbles and nanodroplets are certainly required.

Cell migration is a critical process during wound healing®’®. Two processes are
essential during wound repair for the lesion to heal successfully. First,
keratinocytes should be able to detach from the underlying basal lamina. Second,

keratinocytes must move and migrate through the new ECM within the wound.

155



This process is facilitated by MMPs and tissue inhibitors of metalloproteinases
(TIMPs)*"®. All these processes are hampered by hypoxia.

In the present study, the effects of hypoxia as well as those of oxygen
nanobubbles and/or nanodroplets on the migration of human Kkeratinocytes,
fibroblasts, and endothelial cells were evaluated in vitro by scratch assay. Hypoxia
strongly impaired wound healing abilities in all three cell populations. However,
either MW cOLNBs or MW cOLNDs restored a normoxia-like migratory phenotype
in hypoxic human keratinocytes. MW cOLNDs also promoted the migration of
hypoxic human fibroblasts. LW cOLNDs appeared to be the more effective
nanocarriers, as they abrogated the effects of hypoxia, thus promoting normoxia-
like migration, in all cell types: keratinocytes, fibroblasts, and endothelial cells.
Interestingly, these effects were neither achieved by nanobubble/nanodroplet
oxygen-free counterparts (OFNBs and OFNDs) nor by OSS, suggesting that not
only oxygen presence was essential, but also its gradual release.

Cell migration during wound closure depends on tight regulation of balances
between MMPs and TIMPs. Indeed, dysregulated MMP/TIMP ratio characterise
chronic non healing wounds®*®*. Normoxic HaCaT cells were shown to release
MMP-2, MMP-9, TIMP-1, and TIMP-2, with hypoxia impairing MMP/TIMP balances
by reducing MMP-2, MMP-9, and TIMP-2 release®**. Interestingly, MW cOLNDs
abrogated hypoxia-dependent dysregulation on MMP/TIMP secretion, an effect
that was specifically due to oxygen delivering abilities of OLNDs***. Additionally,
dextran-shelled OLNDs were reported to restore normoxia-like balances between
MMP-2 and TIMP-2 as well as between MMP-9 and TIMP-1 also in hypoxic

345

human microvascular endothelial cells®**®, human monocytes®*®, and human

placenta explants*'.

Nanobubbles and nanodroplets were also able to interact with microbial cells. MW
cOLNBs, as well as MW cOLNDs, where shown to physically interact with MRSA
bacteria and C. albicans yeasts, although in a different manner. Indeed, both
nanobubbles and nanodroplets just adhered to bacterial cell walls, whereas they
were avidly uptaken only by yeasts. MW cOLNBs and MWCcOLNDs have in
common very similar diameters and the same polysaccharidic shell, therefore it is
not surprising that the outcomes of the mechanical interaction between the

nanocarriers and the cells vary depending on the cell type only. Bacteria present a
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cell wall of peptidoglycans containing multiple glycine residues and lipoteichoic
acids®®*. Although the exact molecular mechanisms have not yet been elucidated,
positively charged chitosan residues (protonated amine groups) may bind to the
negatively charged bacterial surface (lipoteichoic acid in Gram-positive bacteria),
leading to altered membrane permeability®®>. On the other hand, Candida cell wall
is thinner compared to that of bacteria and differs in composition for the presence

of mainly mannoproteins and B-glucans®?

. In particular, Gram-positive bacteria
differ greatly from yeasts in surface structure, and this difference can justify
different interactions between nanocarriers and microbes.

These analyses were expanded to other microbes by using chitosan nanodroplets
only, based on their formerly mentioned advantages in terms of biocompatibility
with human cells. As for C. albicans, MW cOLNDs were also internalised by

C. glabrata yeasts. However, MW cOLNDs were also avidly uptaken by S.
pyogenes bacteria, in contrast to MRSA. Notably, MRSA bacteria are

characterised by a complex cell wall®**

, Whereas S. pyogenes bacteria are
covered by capsules with anti-phagocytic properties®®. Therefore, either
membrane is different in molecular composition, thus possibly justifying different
interactions between chitosan nanocarriers and bacteria. However, the molecular
mechanisms responsible for MW cOLND internalisation by S. pyogenes bacteria
are yet to be elucidated.

When LW chitosan-shelled nanodroplets were employed, they were internalised
by all four microbes (MRSA, S. pyogenes, C. albicans, and C. glabrata).

Based on these data on the physical interactions between nanocarriers and
microbes, adhesion and internalisation were hypothesised to associate with short-
term and long-term antimicrobial effects, respectively. This hypothesis was
generally confirmed by the results obtained from microbiological assays, with one
exception. Indeed, whenever nanobubbles or nanodroplets did adhere to MRSA
cell wall, their antibacterial effects lasted up to 6 hours only. On the contrary, all
tested oxygen nanocarriers displayed long-lasting (up to 24 hours) antimicrobial
effects against S. pyogenes, C. albicans, and C. glabrata upon cell internalisation.
The only exception to this pattern is represented by LW cOLND-treated MRSA: in
this case, the antibacterial effects of nanodroplets lasted for 6 hours only, despite

their internalisation by bacteria.
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Specific adjustments to the protocol for microbiological assays, related to different
characteristics among bacteria and yeasts, did not interfere with the experimental
setting and data comparison among different microbes. Moreover, among the
compounds employed for nanocarrier manufacturing, chitosan is the only molecule
exerting cytostatic activity on microbes. The dependence of the antimicrobial
properties of nanobubbles/nanodroplets on the presence of chitosan in their shells
appears likely, as confirmed by data obtained with free chitosan solution alone,
which were similar. Also, this hypothesis is also confirmed by evidence that the
presence of different fluorocarbons as well as the presence or absence of oxygen
molecules within the core on nanocarriers did not affect the effectiveness of
nanobubbles and nanodroplets.

The mechanisms of interaction between nanodroplets and microbes can also
result in leakage of intracellular constituents causing death of bacteria and yeasts.
From literature on bacteria, experimental data obtained by Helander and
colleagues provided evidence that chitosan disrupts the barrier properties of the
outer membrane of Gram-negative bacteria under specif conditions®°. Jeon and
colleagues demonstrated that chitosan microparticles bactericidal activity is
coupled with the binding activity to OmpA and LPS in E. coli 0157:H7, leading to
cell death, probably via two distinct mechanisms at neutral pH*°. Although the
strongest antimicrobial activity of chitosan was observed at acidic pH, antimicrobial
effects of nanocarrier at neutral pH have been reported, according to data by Jeon
and colleagues, showing that chitosan microparticles still had significant

unexpected antimicrobial activity at pH 7°%

. In this context, Regiel-Futyra and
colleagues described the effects of gold chitosan-based nanocomposites on
S. aureus and P. aeruginosa, observing significant and progressive damage on

the cell wall®®’

. They underlined the importance of direct contact between
materials and bacteria in order to achieve at least bacteriostatic effects.
Furthermore, they stressed the issue that chitosan molecular weight might
influence its different site of interaction with bacterial cells. MW chitosan exerts
bacteriostatic effects which depend on the analysed bacterial strain, due to the
interactions of nanodroplets with bacterial cell wall, according to the fact that
medium molecular weight of the polymer seems to enable only surface

interactions®®,
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As far as it concerns chitosan fungistatic activity, the uptake of chitosan
nanodroplets by yeasts may also cause cell wall permeabilisation resulting from
binding of chitosan nanodroplets to the surface of Candida yeasts. According to
Pena and colleagues, yeast permeabilisation might cause in turn the inhibition of

main metabolic pathways, depriving cells of their energy sources®”.

Specific
binding of nanocarriers to yeasts might promote K" efflux, extracellular acidification,
inhibition of Rb* uptake, increased transmembrane potential difference, and
increased uptake of Ca®*, thus causing the inhibition of some metabolic pathways
such as respiration and fermentation®®. This modifications regarding ion
homeostatis and metabolisms may be likely to occur also with our formulations.
Nevertheless, specific antifungal molecular mechanisms triggered by nanodroplets

are yet to be investigated.
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CHAPTER 6.
CONCLUSION
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In the present study, three different oxygen-based nanocarriers (MW cOLNBS,
MW cOLNDs, and LW cOLNDs) were challenged for their physico-chemical
characteristics, oxygen releasing abilities, mechanical interaction with human and
microbial cells, biocompatibility with human cells, abilities to promote wound
healing, and antimicrobial properties.

Nanobubbles and nanodroplets displayed spherical morphology, cationic surfaces,
and diameters in the nanometer range (with LW cOLNDs being the smallest ones).
However, in vitro oxygen release from OLNDs appeared higher and more
sustained over time than from OLNBs'**'®°, Based on these data, nanodroplets
might be preferred to nanobubbles as an oxygen-releasing platform.

The substitution of MW with LW chitosan in the outer shell did not affect oxygen
release from OLNDs. Additionally, LW cOLNDs displayed lower toxicity to human
cells (especially to endothelium) than MW cOLNDs. Compared to MW cOLNBs
and MW cOLNDs, LW cOLNDs displayed greater effectiveness in promoting
wound healing during hypoxia and in counteracting microbial growth in a long-term
manner as a consequence of early cellular internalisation. Based on these findings,
LW cOLNDs appear to be the most promising oxygen nanocarriers among those
tested as nonconventional and cost-effective antimicrobial and oxygenating
adjuvant treatment in the context of chronic wound managment.

In the future, in vitro studies are going to be performed on co-cultures of wound
healing-related cell populations, which were already tested here singularly.
Preclinical studies will be performed using in vitro models of human reconstructed
epidermis that will be specifically treated with appropriated doses of LW chitosan
nanodroplets. Furthermore, in vivo studies with gel formulations of chitosan
nanodroplets in the absence or presence of US will be encouraged to optimise
nanodroplet delivery throughout the skin. Future researches will aim at improving
the effectiveness of these nanocarrier by drugs conjugation. Antibodies might also
be added during manufacturing in order to enhance specific targeting of the
nanocarriers. Finally, LW chitosan nanodroplets might be coupled with porphyrins
to assess the potential advantages of photodynamic therapies (PDT) in the context

of antimicrobial chronic wound management.
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