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Abstract

The wound healing process begins immediately after an injury has occurred and aims to restore the
structure and function of the damaged tissue. It is a very well regulated process with a well-defined
timing were four steps can be distinguished: hemostasis, inflammation, proliferation and remodeling.
Defects that affect one of this steps lead to wound healing problems. Examples of such problems are

keloid and hypertrophic scars, wound breakdown, chronic-wound, anastomosis wound dehiscence etc

(2).

The research activity of this thesis was focused on bottom-up design, production and characterization
of biomaterials in the form of medical devices (patches) for biomedical applications. More specifically,
both a biomaterial for colorectal anastomosis after colorectal cancer resection, and a biomaterial for
chronic non-healing wounds have been designed and developed, by exploiting the same manufacturing

strategy.

In the first part of the work, the research has been mainly aimed to obtain a device for the treatment
of colorectal anastomosis. This study was part of the scientific activity forecasted by the European
project AnastomoSEAL (FP7, c.n.280929). The project aim was to prevent the anastomosis leakage (a
defect of the intestinal wall at the anastomotic site leading to a communication between the intra- and
extraluminal compartments) by wrapping the anastomosis with a patch capable to promote the healing
of the wound. For this reason, specific biomolecules were chosen as biomaterial components. Alginate
was selected for its ability to form gels thus providing the physical matrix; Hyaluronic Acid (HA) was
chosen for its ability to stimulate wound healing (2); Butyric acid was chosen since recent data
demonstrated its beneficial effect on colorectal anastomosis in rat models (3). The last two components

have been also chemically combined in the Hyaluronic Acid Butyric ester (HABut) molecule (4).

Patches with alginate and HA were produced by using various polymer concentrations, HA with
different molecular weights, and different alginate types (algal sources) in order to fine-tune the
composition and the performances for the final application. Moreover, in vitro biological tests were
performed on the patch components (raw materials): the effects on cell viability, proliferation and

extracellular matrix production were studied on primary human fibroblasts and on a normal-derived



colonocyte cell line. Additional biological in vitro tests were conducted in order to study more in depth

the effect of butyrate on colonocytes.

The obtained in vitro data enabled the selection of the best performing formulation and lead to the

decision to exclude the use of HABut and butyrate from the medical device.

The second part of the work was focused on a biomaterial for chronic non-healing wounds treatment.
Chronic non-healing wounds are defined as wounds that do not heal in eight weeks and are
characterized by a prolonged inflammation, excess of proteolytic enzymes, reduced cell proliferation

and migration, and infections which further sustains these deregulations (5,6).

For the development of a medical device for chronic non-healing wounds application alginate and HA
were also chosen. Moreover, silver nanoparticles (nAgs) were chosen for their antibacterial and anti-
inflammatory activity, and for their ability to inhibit proteolytic enzymes. nAgs are produced in wet
conditions from silver nitrate and reducing compounds in the presence of the biopolymer Chitlac as

dispersion agent, as already described by Travan et al (7).

A foamed biomaterial was prepared in order to increase the ratio surface/volume and therefore to
enhance the bacterial exposure to nAg. The foamed membrane has been obtained by using hydroxy-
methyl-2-propyl cellulose (HPMC), a cellulose water soluble derivative already employed for this

purpose in many biomedical and pharmaceutical applications(8).

The HPMC-foamed membrane was characterized by structural, mechanical and biological analysis:
scanning electron microscopy (SEM) and tensile strength measurement were performed. Reswelling
kinetics, Water-Vapor transmition rate, and silver release were studied. The activity against bacterial
biofilms, the toxicity on eukaryotic cells and the influence of the patches on wound closure in
fibroblasts and keratinocytes were assessed. The inhibition properties of the Chitlac-nAgs colloidal

solution on matrix metalloproteinases (MMPs) activity were tested.

The overall data confirmed that the biomaterial obtained is a promising material for the chronic non-

healing wound application.



Riassunto

Il processo di guarigione della ferita inizia immediatamente dopo il verificarsi di un infortunio e mira a
ripristinare la struttura e la funzione del tessuto danneggiato. Si tratta di un processo molto ben
regolato e con una tempistica ben definita dove e possibile distinguere quattro fasi: I'emostasi,
I'inflammazione, la proliferazione ed il rimodellamento. Difetti che interessano uno di queste fasi
portano a ferite problematiche. Esempi di tali problemi sono cicatrici cheloidi e ipertrofiche, rottura

della ferita, ferite croniche e deiscenza della ferita anastomotica ecc (1).

L'attivita di ricerca di questa tesi e focalizzata sulla progettazione, produzione e caratterizzazione di
biomateriali in forma di dispositivi medici (membrane) per applicazioni biomediche. Pil
specificamente, sia un biomateriale per I'anastomosi colorettale dopo resezione del cancro colorettale,
e un biomateriale per ferite croniche sono stati progettati e sviluppati, sfruttando la stessa strategia di

produzione.

Nella prima parte del lavoro, la ricerca ¢ stata rivolta prevalentemente ad ottenere un dispositivo per
il trattamento dell’anastomosi colorettale nell’lambito dell'attivita scientifica prevista dal progetto

europeo AnastomoSEAL (FP7, c.n.280929).

Lo scopo del progetto era quello di prevenire la deiscenza dell’anastomosi (un difetto della parete
intestinale a livello del sito anastomotico che porta ad una comunicazione tra i compartimenti intra- ed
extra-luminali) avvolgendo I'anastomosi con una membrana in grado di promuovere la guarigione della
ferita. Per questo motivo, biomolecole specifiche sono state selezionate come componenti del
biomateriale. L’alginato ¢ stato scelto in quanto in grado di formare idrogeli fornendo cosi la matrice
fisica per il biomateriale; I’acido ialuronico (HA) é stato scelto in quanto stimolante della guarigione
delle ferite (2); L’acido butirrico € stato scelto in quanto recenti dati di letteratura riportano un effetto
positivo di tale molecola in modelli animali di anastomosi colorettale(3). Questi ultimi due componenti
sono stati anche combinati chimicamente insieme nella molecola dell’estere butirrico dell’acido

ialuronico (HABut) (4).



Membrane contenenti alginato e HA sono state prodotte utilizzando diverse concentrazioni di
polimero, HA con diversi pesi molecolari, e diversi tipi di alginato (da diverse fonti algali) al fine di
ottimizzare la composizione e le prestazioni per I'applicazione finale. Inoltre, test biologici in vitro sono
stati eseguiti sulle singoli componenti della membrana: gli effetti sulla vitalita cellulare, la proliferazione
e la produzione di matrice extracellulare sono stati studiati su fibroblasti umani primari e su una linea
cellulare derivata da colonociti normali. Ulteriori test biologici in vitro sono stati condotti al fine di

studiare pil in profondita |'effetto del butirrato sui colonociti.

| dati ottenuti dai test in vitro hanno permesso di selezionare la formulazione migliore e hanno portato

alla decisione di escludere I'utilizzo del HABut e del butirrato all’interno del dispositivo medico.

La seconda parte del lavoro e stata rivolta al disegno e produzione di un biomateriale per il trattamento

delle ferite croniche.

Le ferite croniche sono ferite che non riescono a guarire in otto settimane e sono caratterizzate da una
inflammazione prolungata, eccesso di enzimi proteolitici, ridotta proliferazione e migrazione cellulare,

e infezioni che ulteriormente sostengono queste complicanze(5)(6).

Per lo sviluppo di un dispositivo medico pe il trattamento delle ferite croniche, alginato e HA sono stati
scelti come componenti del biomateriale. Inoltre, le nanoparticelle d'argento (nAg) sono state scelte
per la loro attivita antibatterica e antinfiammatoria, e per la loro capacita di inibire gli enzimi
proteolitici. Le nAg sono state prodotte in condizioni umide a partire da nitrato d'argento e composti
riducenti in presenza del biopolimero Chitlac come agente disperdente, come gia descritto da Travan

etal (7).

Un materiale schiumato & stato preparato in modo da aumentare il rapporto superficie / volume e
quindi migliorare l'esposizione batterica delle nAg. Il biomateriale schiumato é stato ottenuto
utilizzando idrossi-metil-2-propil cellulosa (HPMC), un derivato della cellulosa solubile in acqua gia

impiegata per questo scopo in molte applicazioni biomediche e farmaceutiche(8).

La membrana schiumata attraverso l'utilizzo dellHPMC & stata caratterizzata mediante analisi
strutturale, meccanica e biologica: la microscopia elettronica a scansione (SEM) e la misura della
resistenza alla trazione sono state utilizzate. La cinetica di reidratazione, la velocita di trasmissione di

vapore acqueo, e il rilascio d'argento sono stati studiati. L'attivita contro biofilm batterici, la tossicita



su cellule eucariotiche e l'influenza delle membrane sulla chiusura della ferita in fibroblasti e
cheratinociti sono state valutate. Le proprieta della soluzione colloidale Chitlac-nAgs di inibire I'attivita

delle metalloproteinasi di matrice (MMP) sono state testate.

Complessivamente, i dati ottenuti confermano che il materiale ottenuto € un materiale promettente

per il trattamento delle ferite croniche.



1. Introduction

1.1. Wound healing

Wounds can occur as part of a disease process or have an accidental or intentional etiology.

Immediately after the wound is established, the wound healing process begins.

Wound healing is a process that regards all tissues and consists in the restoration of structure and
function of the injured tissue. There are common characteristics for the different tissues, while some
others are tissue-specific and depend on the location, function and structure of the tissue. Healing
depends on extension of the injury, distance from wound edges, underlying co-morbidities, and
infections, or post-surgical wound dehiscence.

Generally, the wound healing process is an organic process were normally four phases are identified:
hemostasis, inflammation, tissue formation or proliferation and remodeling. Disorders that affect one
of these steps can lead to anomalous healing like keloid, fibrotic and chronic (non-healing) wounds
(9,10).

Cell-cell interactions, cell-matrix interactions and interactions through soluble factors such as cytokines
and growth factors are involved in the healing cascade. The timing of each step is finely regulated and
depends on the time needed for the different biological processes (like signal transduction, production
of cytokines and growth factors) to occur. For example, the activation of platelets is an immediate
process, while the migration of skin keratinocytes and fibroblast has a lag face given by the necessity
of changing protein expression at the adhesion level (5).

Immediately after the wound has occurred, the broken blood vessels constrict through contraction of
the smooth muscle layer that is present around the vessel wall. This is followed by the formation of a
fibrin-rich clot that physically protects the wound and the underlying capillaries and serves as a

provisional matrix for cell migration.

Platelets are present in the blood clot and begin to degranulate, by acting as reservoir of different
biological factors that give rise to the healing cascade: cytokines and chemoattractive factors that recall
neutrophils and macrophages, endothelial cells, smooth muscle cells and fibroblasts. Serous fluid leak

produces wound edema since at this point vessels are more permeable in order to permit migration of
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monocytes into the wound site. In parallel, coagulation and complement cascade are activated by

platelet degranulation (11,12).

Neutrophils and macrophages (activated monocytes) are responsible for the inflammatory stage that
has the aim of preventing infections. These cells clean the wound from detriments and bacteria and
produce other growth factors and cytokines that continue the wound repair signal (5).

A protracted inflammation can lead to extensive tissue damage and delayed proliferation thus resulting
in the formation of a chronic wound.

During the proliferative phase, the provisional matrix is slowly replaced by a collagen-rich matrix
synthesized by fibroblasts. Moreover, angiogenesis occurs together with collagen deposition, wound
contraction and restoration of the epithelial barrier. The newly formed capillaries are highly permeable

and thus further contribute to the edema formation.

Collagen production during the proliferative phase is very important as it correlates to tissue strength
and the absence of a wound ridge given by newly formed collagen correlates with risk of dehiscence.

At the same time, if the production of collagen is excessive a hypertrophic scar is formed (13).

Migration and proliferation of endothelial cells, fibroblasts and epithelial cells are important aspects of
the tissue formation stage. In the ultimate phases, the excessive unnecessary cells (immune cells,
fibroblasts, myofibroblasts and endothelial cells) are eliminated by apoptosis (14). A lower
vascularization and a continuous remodeling of the extracellular matrix characterize this stage.

Remodeling stage deficiencies can lead to wound breakdown or to keloid and hypertrophic wounds.

The result of the remodeling is a change in composition of the extracellular matrix (e.g. in the skin
granulation tissue prevails collagen Il while at the end of the wound healing prevails collagen I) that

augments the wound tensile strength.

Adult wound healing occurs through scaring with exceptions such as the healing of the liver. In lower

vertebrates and early fetal wounds, healing occurs through regeneration.

There are several known factors affecting wound healing like nutritional status, hypoxia, smoking,
immunosuppression (both natural, e.g. related to HIV or drug-induced), chronic disease that affect

oxygenation, immune response, age, surgical techniques, and genetics (e.g. in keloid disease) (15).
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1.1.1. Healing in general surgery wounds

Wounds produced by general surgery go through the same healing steps of the spontaneous and
accidental wounds, but the magnitude and temporal sequences are measurably different (16).
Moreover, the site of the wound is important: for example urethral wounds go through extended

duration of each phase (17).

Dehiscence of wounds is still an important adverse effect of surgery, although there have been major
advances in surgical managements and approaches. Complications of wounds include failure to heal,
infection, and excessive scarring or contracture, and result in prolonged hospitalizations, higher costs

and increased mortality rate (18).

Surgical wounds at high risk of complications include wounds that are in proximity or in contact to
bacterial reach-environments. Among this, bowel anastomosis are at high risk of dehiscence in view of
the tissue function, the shear stress given by intestinal peristalsis, and the presence of bacteria that
normally colonize intestinal lumen. Anastomosis is a term that describes the connection created

between tubular structures, such as blood vessels or loops of intestine (19).

In gastrointestinal anastomosis, collagen is one of the most important molecules for the healing, since
the tensile strength of the anastomosis derives mainly from collagen fibrils located within the
submucosal layer. During the first days after the anastomosis is performed, collagen is degraded by
collagenases at the wound site and consequently the anastomotic strength within the first days is
dependent on the suture- or staple-holding capacity of existing collagen. Than fibroblasts and smooth

muscle cells synthesize new collagen (20-23).
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Inflammation Proliferation

Remodelling

Figure 1.1: Healing of the gastrointestinal anastomosis follows the classical steps of wound healing. Here are
reported the inflammation, proliferation and remodeling phases. Reprinted from Journal of Surgical Research , Vol
187, Issue 1, Rijcken E., Sachs L., Fuchs T., Spiegel H., Neumann P., Pages No. 202-210, Copyright (2014), with
permission from Elsevier. (24).
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The most frequent and severe complication of intestinal anastomosis is the anastomotic leakage (AL).
AL occurs when no proper and rapid healing of the intestinal tissue takes place at the site of the
anastomosis. The frequency and consequences of anastomotic failure vary according to the site within
the gastrointestinal tract (25). AL after rectal surgery occurs significantly more frequently than AL in
other parts of the intestinal tract and the incidence is directly related to the distance of the resection
from the anal verge. There is no clear explanation for this augmented risk but it could be connected to
a technically more challenging location for the surgical procedure with subsequent local tissue trauma,

increased tension, or poor blood supply (26).

Bacteria that contribute to proteolytic environment can influence the outcome of the anastomosis

since antibiotic therapy before surgery was demonstrated to reduce the risk of AL (27).

AL can lead to generalized peritonitis, anastomotic strictures, fecal incontinence and abdominal

reoperation (28,29).

In the anastomosis performed after tumor resections, the neoadjuvant therapy is an additional risk
factor for AL (30). At the same time, some studies show that AL is associated to a decrease in long-term

survival (31).

1.1.2. Healing in chronic wounds

One of the major complications of the skin wounds are chronic non-healing wounds which include burn

wounds, venous leg ulcers, diabetic foot ulcers, arterial insufficiency and pressure ulcers (32).

The clinical importance in terms of numbers and cost of chronic non-healing wounds is very high since
this disease is correlated to other age-related pathologies, which are foreseen to increase because of
the increasing life expectancy. It is also a great problem in terms of life quality since it is both a physically

and psychologically debilitating disease.

Chronic non-healing wounds have been defined as wounds that do not heal in eight weeks due to
impaired wound healing. Age, vascular disease, low oxygen pressure, immobility, size of wound and
duration before treatment, pain and presence of infection are considered risk factors for chronic non-

healing wounds (33,34).
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The cascade of events that leads to a non-healing wound is not well defined, although several
characteristics of the impaired healing have been described among which a prolonged inflammation
(6), aninhibited proliferative activity, a defective migration of keratinocytes, and a modified fibroblasts

function (35,36).

The presence of 15% of senescent fibroblasts in the wound is supposed to be the turning point from a
normal healing wound to a chronic non-healing wound. Senescent fibroblasts cause defects on the
extracellular matrix (ECM) because they produce higher levels of proteolytic enzymes and decreased
levels of Matrix Metalloproteinases’ (MMPs) inhibitors causing an uncontrolled proteolytic activity. In
addition, also neutrophils and macrophages produce different proteases which are expressed at high

levels in chronic wounds (37-39).

Levels of MMPs in chronic wounds are elevated 30 times the levels in acute wounds and MMPs’ levels
decrease when there is a progression from a non-healing to a healing phase of the wound. MMPs are
very important for wound healing as they generate the way for cell migration and permit modification
or remodeling of ECM. When these molecules are overexpressed, cell migration is hampered and there

is excessive destruction of ECM with subsequent tissue demolition.

MMPs’ inhibitors and growth factors are cleaved due to the high proteolytic activity, resulting in their
inactivation. The cleavage of components of the ECM also occurs and further sustains MMPs’ activity
since fragments generated from ECM cleavage attract more neutrophils that in turn produce other

proteolytic enzymes (40).

Often in chronic non-healing wounds, an inadequate tissue oxygenation is present, which lower the
killing capacity of polymorphonuclear leukocytes (PMNs) and thus favors bacterial infection. In
addition, the necrotic hypoxic tissue becomes an optimal environment for bacterial growth (41).

In chronic wounds the risk of tumor development, such as squamous cell carcinoma, is higher than in
normal skin. Since MMPs have been associated to tumorigenesis, invasion and metastasis, their
overexpression can partially justify the increased risk of squamous cell carcinoma in chronic leg ulcers
(42). Moreover, the production of proteolytic enzymes occurs also by biofilms that can be often found

in chronic-wounds.
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Figure 1.2: Comparing normal and chronic wounds. Chronic wounds are characterized by prolonged
inflammation and infection, delayed epithelialization, impaired fibroblasts migration and synthesis of
extracellular matrix, increased proteolytic activity, decreased growth factor levels, and impaired angiogenesis.
Reprinted with permission from Turner and Badylak 2015 (43).
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Bacteria isolated from chronic wounds are mainly Staphylococcus, Enterococcus and Pseudomonas
(44). Planktonic bacteria are very different from bacteria present into biofilms for structure, gene
expression, interaction with the host and antibiotic resistance. James et al. found that biofilms were
present in 60% of chronic skin wounds and only in 6% of acute wounds. Bacterial biofilms can be

constituted by a single or multiple bacterial species; normally two to five of them are present (44,45).

Bacterial biofilms are composed of bacteria immersed in a matrix composed by polysaccharides,
proteins and bacterial extracellular DNA (46). Bacteria have several additional characteristics as
compared to the planktonic counterparts, such as higher anti-biotic resistance, higher resistance to
immune response (47-49), production of proteolytic enzymes (50), and capability to activate

endogenous proteases (51).

Moreover, a study in a biofilm-inoculated diabetic mouse model showed that the presence of the

biofilm avoided the wound healing process (52).
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1.2. Wound care

Understanding the molecular mechanisms and the etiology of wound dehiscence is an important issue
for wound treatment. Primary objectives in wound management are to reduce the risk of infection,

while optimizing local conditions to help the healing process.

1.2.1. Wound care in intestinal anastomosis

After the resection of a tract of bowel, in order to join the two ends together, the surgeons can choose
among hand sewing, stapling of the anastomosis or compression rings. Several studies showed no
significant differences among these techniques. Moreover, any difference was proven also between
laparoscopic or open approach in terms of AL incidence. Very often surgeons perform a diverting stoma
as a prophylaxis for AL or a fecal diversion after AL has occurred often resulting in a permanent stoma

(53,54).

Different studies on risk factors, surgical techniques and prevention, evidence that the incidence of AL
over the last three decades was not reduced. The diagnosis of AL is still a problem since it is generally
detected from 5 to 12 days after surgery (55,56). Moreover, no unique definition of anastomotic

leakage is used (25). Thus, AL rates among the different studies are highly variable.

Management of AL depends on the clinical picture of the patient since it can go from the absence of
symptoms to life-threatening septic shock (57). Antibiotic therapy is administered in presence of signs

of sepsis. Some cases require reintervention with formation of a new anastomosis.

Buttressing intestinal anastomosis has shown positive effects on different animal models. Several
materials, such as fibrin glue and omental pedicle grafts, were tested in clinical trials but did not show

improvement on AL. (58,59)

At present, there are no efficient treatments to prevent AL.
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1.2.2. The AnastomoSEAL project

The AnastomoSEAL project (FP7-NMP-2011-SMALL — c.n. 280929; http://www.anastomoseal.eu) is a

European project which is focused on the prevention of the anastomotic leakage after colorectal cancer

resection.

According to World Health Organization (WHO) colorectal cancer is the third most common cancer in

men and the second in women (http://globocan.iarc.fr/). The therapy of colorectal cancer is surgical

and consist on the removal of the affected intestine and the conjunction of the two healthy ends by an
anastomosis. As mentioned in the previous paragraph, these anastomosis have a higher risk for AL than

anastomosis performed in the upper parts of the gastrointestinal tract.

The AnastomoSEAL project aims to develop an engineered bioresorbable biomaterial capable of
promoting a safe anastomosis during the critical period of tissue healing without causing adverse
reactions. The proposed solution is to design a biomaterial in form of a patch inserted by the surgeon
after the anastomotic procedure which wraps around the sutured tissue to promote physiological

processes of tissue regeneration.

SeEPL

y Tumor \/ Anastomosis /  Patch

Figure 1.3: The AnastomoSEAL project: wrapping of colorectal anastomosis with a patch that should promote
healing.
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The idea for the production of the biomaterial was the use of natural polysaccharides alginate and
hyaluronic acid (HA) and butyrate. Hyaluronic acid butyric ester HABut is used a a vehicle for butyrate

delivery.

The project involves different partners, both from universities and companies. The components of the

AnastomoSEAL consortium are listed below:

1. Univesity of Trieste (Trieste, Italy)

2. Maastricht University — Medical Center (Maastricht, The Netherlands)
3. FMC BioPolymer — NovaMatrix (Sandvika, Norway)

4. Sigea S.R.L. (Trieste, Italy)

5. Rescoll (Bordeaux, France)

6. Impuls (Gdansk, Poland)

The AnastomoSEAL project began in may 2012 and was concluded on may 2015.
1.2.3. Wound care in chronic non-healing wounds

For pathologies-associated wound dehiscence, it is important to treat directly the causes of the disease.
For example, compression therapy is effectively used for venous ulcers, were chronic wounds are
caused by an improper blood flow due to venous valves insufficiency. Compression counteracts the

venous hypotension, and helps a correct blood flow.

Removal of damaged and necrotic tissue and management of tissue exudate, by using absorbent
dressing, topical antimicrobial agents and compression therapy, and reduction of treatment-related
pain associated to the dressing change are important aspects of the therapy. Antibiotic therapy is
necessary when an infection is present. The selection of the best treatment has to be done for each

patient, taking into account the quality of life (6,60).

The standard for wound care consists in swabbing for infection, cleaning, dressing, and debridement.
Debridement of the wound aims to eliminate all avital tissue and expose the healthy perfused tissue
that is required for the wound to heal. In addition, it removes most of the bacterial contamination.
There are different types of debridement: the most used are surgical (by using traditional surgery) and

biosurgical debridement (by using fly maggots, ultrasound plasma or laser). Negative pressure-vacuum
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wound therapy is also used. It consists in applying suction to the tissue by using a pump generated

negative pressure (61).

Passive debridement can be achieved with the use of hydrogels and hydrocolloids that maintain a moist
environment, with consequent hydration and autodigestion of necrotic tissue by endogenous enzymes.

After wound bed preparation, different approaches are used to stimulate wound healing. (60)

Skin autografting (both split-thickness autograft and cultured epithelial cell autograft) is limited by
availability of donor sites and the outcome is inversely proportional to age. Moreover, the time
required for preparation, the susceptibility to infection, and the necessity of an intact basal membrane
limits the use of autografts. Human fibroblasts from the foreskin of neonates, bilayered tissue
(keratinocytes and fibroblasts in a type | collagen matrix) were tested but this grafts cannot survive

more than few weeks when placed in chronic wounds (34,62).

The moist environment created by hydrogels, hydrocolloids, polyurethane films and foams was shown

to accelerate re-epithelialization, without favoring infections.

Currently there are many wound dressings available to the market. The choice is really hard and usually
based on the wound stage and the exudate amount. The most common available wound dressing are

made of alginate, hyaluronic acid, cellulose, collagen, chitosan, and their derivatives.

The wound dressing should avoid both desiccation of the wound and excess of exudate. A desiccated
wound is painful while an excess of exudate causes maceration of the wound margins, thus slowing
down the healing process. A balance between liquid absorption, Water-vapor transmition and
capability to retain water is required for this function. The dressing should be permeable to oxygen,
water vapor and carbon dioxide, easy to apply and remove, biocompatible, hypoallergenic, non-toxic,
and available in sterile packaging. It should conform to body contours since wounds are irregular. It
may be cut to size or available in a variety of shape and sizes. In addition it should give mechanical
protection, create a barrier against microorganisms, and possibly control bacterial contamination and

infection (33).
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1.3. Biopolymers for wound healing

The International Union of Pure and Applied Chemistry (IUPAC) defines biopolymers as

macromolecules formed by living organisms (63).

Biopolymers are generated from bacteria, fungi, plants, animals that are all renewable sources. They
are easily biodegradable because of the oxygen and nitrogen atoms found in their structural backbone

and are converted in CO,, water, biomass, humid matter, and other natural substances (64).

In order to be used in biomedical applications biopolymers should be biocompatible, biodegradable to
non-toxic products, non-immunogenic, processable to different shapes, and should have good
mechanical properties and bioactivity. Moreover should be cost-effective and easy to use. Different
biopolymers can be combined together to improve the wound healing properties of a medical device.
The choice should be based on the location and intrinsic characteristic of the wound. For example, for
chronic wounds an optimal gaseous exchange and a moist environment are necessary, while in some

internal surgery procedures (e.g. liver) hemostatic properties are sought.

Biopolymers are divided in three groups: proteins, nucleic acids and polysaccharides. All of these
categories are studied or in use, but nucleic acids are less used for wound healing applications.
Nevertheless, there are also animal studies for their use in chronic wounds in the form of topical gene

therapy based on the introduction on the wound site of the genes for growth factors (65).

Growth factors in the proteic form have been proposed and several randomized trials have been made,
but only EGF (Neoderm™, Trimedicale) and PDGF (Regranex™, Janssen-Cilag) are commercially
approved growth factors (66,67). Probably, the reason why growth factor have not shown to make a
great difference in the treatment of chronic wounds is that they are cleaved by MMPs that have an
excessive activity in chronic wounds (40)The mostly used protein-derived wound care products are
based on collagen and its denatured form found in gelatin. Collagen is characterized by high tensile
strength, affinity with water, can be processed in different forms and has hemostatic properties.
Collagen dressings are in the form of sponges, membrane sheets, powder, and injectable gels. Their
applications vary from hemostasis on liver and spleen surgery, vehicles for transportation of cultured
skin cells or drug carriers for skin replacement, and bone substitutes (64). Also gelatin has good

hemostatic properties and is used as tissue adhesive and for wound dressings.
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Tachosil® (Nycomed) is a product used in internal surgery that is made of equine collagen, bovine
thrombin, bovine aprotinin, and human fibrinogen and has very good outcome in liver open surgery

but not laparoscopy (68).

Among protein biopolymers, fibrin is also used mainly as sealant systems in general surgery

applications. (69).

Polysaccharides are most commonly used for wound healing products. Among the most used
polysaccharides are alginate, chitosan, hyaluronic acid (HA) and cellulose derivatives, all of which have

hemostatic properties.

Cellulose is obtained by both plants and bacteria, is a highly hydrophilic material that can be produced
in any shape and size. There are different products made of cellulose or oxidized cellulose for skin grafts

and for other wound types such as surgical wounds (70).

The polysaccharides of interest for this thesis: both natural (alginate and HA), and modified (Chitlac and

HA butyric ester) will be described more in depth in the following paragraphs.

1.3.1. Alginate

Alginate is an abundant natural polysaccharide found in brown algae. Although the almost totality of
alginate commercially used today is extracted from brown algae belonging to the class of Phaeophyceae
(such as Laminaria hyperborea and Macrocistis pyrifera), it can be synthesized in large quantities also

from bacteria belonging mainly to the genera Azotobacter and Pseudomonas (71,72).

Alginate is a linear binary copolymer of (1-4)-linked B-D-mannuronic acid (M) and a-L-guluronic acid
(G) residues (Figure 1.4 A). Alginate is firstly produced as a polymer composed of mannuronic acid that
is than partially converted into guluronic acid by epimerases. The content in M and G units depend on
the origin of the alginate (Table 1.1). Alginate is composed of a pattern of blocks where homopolymeric
blocks of G residues (G-blocks), homo-polymeric blocks of M residues (M-blocks) and blocks with
alternating sequence of M and G units (MG-blocks) coexist. Thus to describe the alginate molecule the

monomer composition alone is not sufficient (73).
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Figure 1.4: A) 3-D-mannuronic acid (M) and a-L-guluronic acid (G) in the Alginate chemical and block structures;
B) ionically crosslinked alginate and C) chemically crosslinked alginate with Poly(ethylene glycol) diamine. Adapted
from (74).

NMR spectroscopy analysis of alginate has shown no regular repeating unit (75). The functional
properties of alginate are primarily influenced by the G content, the G-block length and the molecular

weight (MW).

Physical or chemical crosslinking strategies are used to obtain alginate hydrogels (figure 1.4 B and C).

The most peculiar property of alginate, as well as the most exploited, is the ability to form temperature-
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independent ionotropic gels by external or internal gelation. lonic crosslinking is achieved in presence

of divalent cations like calcium, strontium and barium.

Algal Species Fe Fm Fee Fmm  Femme  Feae \[S1
Laminaria hyperborean (stipe) 0.63 0.37 0.52 0.26 0.11 0.48 15
Laminaria hyperborean (leaf) 0.49 0.51 0.31 0.32 0.19 0.25 8
Macrocystis pyrifera 0.42 0.58 0.20 0.37 0.21 0.16 6
Laminaria digitata 0.41 0.59 0.25 0.43 0.16 0.20 6
Lessonia nigrescens 0.41 0.59 0.22 0.40 0.19 0.17 6
Ascophyllum nodosum 0.41 0.59 0.22 0.38 0.21 0.13 5
Laminaria japonica 0.35 0.65 0.18 0.48 0.17 -

Durvillaea antarctica 0.32 0.68 0.16 0.51 0.17 0.11 4

Table 1.1: Alginates from different algal species and their composition in M and G residues. Fs = fraction of G
residues; Fae = fraction of G dimers; Fesce = fraction of G trimers; Fu = fraction of M residues; Fmm = fraction of M
dimers; Femme = fraction of mixed sequence of G and M; Ne>1 = average length of G blocks. Data taken from (76).

External gelation strategies are used mainly for encapsulation of cells or microbeads synthesis and

consist in dropping alginate solutions or alginate drops in solutions containing bivalent cations.

Internal gelation strategies are mainly based on the use of divalent cation salts of low solubility (such
as calcium carbonate and calcium sulfate), which are slowly released by mild acidic conditions formed
in presence of glucone-6-lactone (GDL). Thereby homogeneous hydrogels are obtained through

internal gelation.

Unlike what was believed in the past, recent experiments suggest that the G blocks are not the only
ones responsible for the formation of the junctions, but they can be formed also between MG / MG

blocks and between GG / MG blocks (77).

Once in contact with tissues, an exchange between divalent cations present in the hydrogel and
monovalent cations (such as Na*) present in the environment leads to a progressive and slow

degradation of the ionically crosslinked hydrogel (74).

Mechanical properties of alginate hydrogels can be modulated by changing parameters like MW,

concentration, algal source, chemical modifications, and the type of the crosslinking (78).
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Hydrogels, membranes, micro- and nano-spheres, microcapsules, sponges, foams, and fibers can be
prepared by using alginate and are exploited in several biomedical applications: for impression making
in the dental clinic, as thickener or gelling agent in food as well as in formulations for gastric reflux

prevention, in drug delivery applications (79,80), and in the bone tissue engineering field (81).

In wound dressings, alginate is widely used due to its hemostatic properties, its great capability to
absorb water, to provide a moist wound environment, to absorb proteinases and to reduce pain (64).
Two of the main factors affecting pain at dressing change are adherent products and drying of
dressings. Alginate can be removed by rinsing with saline solution, does not adhere to the tissue and
remains moist. For these reasons alginate hydrogels are considered among the less painful in dressing

change (82).

Alginate is used in different wound types from general surgery wounds to severe skin wounds. It is
available in several forms that go from simple calcium alginate dressings such as Kaltostat® (ConvaTec)
and AlgiCell® (Derma Sciences) to composite dressings such as Sorbsan Plus (calcium alginate and
viscose, Aspen medical) and silver containing dressings such as Acticoat® (alginate dressing with

nanocrystalline silver, Smith&Nephew).

1.3.2. Hyaluronic acid

Hyaluronic acid (HA), or hyaluronan, is a non-sulfated glycosaminoglycan (GAG) that is abundant in the

human body especially into the ECM were it has structural functions.

HA was isolated for the first time in 1934 by Meyer and Palmer from the vitreous humor of the eye. It
is a linear, unbranched polysaccharide composed of a repeating disaccharide unit of N-acetyl-D-
glucosamine (GIcNAc) and D-glucuronic acid (GlcA). Figure 1.5. shows the structure of the HA chain
were disaccharide units are linked by B 1->3 bonds. HA has a negative charge at neutral pH due to the

carboxyl group that is present at each disaccharide-repeating unit (83).

HA synthesized from the human body is characterized by high MW (more than 2 000 000). The synthesis
occurs at the inner face of the plasma membrane by enzymes called HA synthases and then
translocated by the same enzymes into the extracellular matrix. HA has a high turnover rate: in the
local tissue it is mainly internalized by endocytosis mediated by CD44 and then subjected to enzymatic

degradation by hyaluronidases which produce HA of lower MW.
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Figure 1.5: chemical structure of hyaluronic acid and disaccharide repeat block of N-acetyl-D-glucosamine
(GIcNAc) and D-glucuronic acid (GIcA).

Several binding proteins, besides CD44, have been identified also into the intracellular environment

that makes this molecule a potential signaling molecule.

HA synthesis, degradation, and signaling are regulated during the cell cycle and has important roles in
this process. Lee and Spicer suggest that HA plays an important role in mitosis by maintenance of cell
shape and volume or through microtubule-associated functions. Moreover, in the physiological
environment HA is involved in several biological functions like cell growth, differentiation, migration,

adhesion, angiogenesis and immune response.

In literature, opposite biological effects of HA are reported, and are ascribed to the dimensions in terms
of MW. In general, HA of low MW stimulates angiogenesis, inflammation, and proliferation whereas
HA of high MW has anti-angiogenetic and anti-inflammatory effects. However, HA used in the different
studies are of different MW and with a wide distribution of MW that makes difficult to distinguish the

real effect of specific molecular sizes (84).

HA has also scavenging properties given by its ability to absorb reactive oxygen species (ROS) that

consequently generate HA fragments.

HA has an important role in wound healing: the inhibition of the signaling through its receptors leads

to aberrant healing (85-87).
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HA is widely used in the biomedical field. Viscosurgery (e.g. eye surgery for cataract),
viscosupplementation (injection in synovial fluid) and esthetic medicine (wrinkle filling) exploit the

capacity of HA to entrap water and its ability to maintain tissue structure.

HA is also used for drug delivery, in tissue engineering and wound repair. Dry fibers, gels, microgranules
and spray of HA are available for wound healing application. The capacity of HA to induce wound
healing are related to its ability to induce cell migration and proliferation, angiogenesis and his effects

on inflammation. In addition HA has hemostatic ability (88).
1.3.3. Hyaluronic Acid Butyric ester

Hyaluronic acid butyric ester (HABut) is a chemically modified HA in which butyrate molecules are

linked to the polysaccharide hydroxyls by means of ester bonds (4).

HqC—»

Figure 1.6: Schematic representation of the HABut chain.

HABut can be synthesized by using HA with different MW and with different degree of substitutions
(DS). Properties such as water solubility, chain mobility, binding on the cell membrane receptors and
the enzymatic degradation kinetics by hyaluronidases are dependent on MW and DS. HABut was shown

to be internalized into tumor cell lines, where butyrate can be released, through the HA receptor CD44

(4).

Previous literature work reported that HABut is an effective drug delivery system for butyrate since it
was shown that HABut exhibits antiproliferative activity superior to that of the butyrate alone on

different malignant cell lines derived from breast, pancreas, lung and liver tumors (4,89,90).
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Butyric acid is a small chain fatty acid produced in the intestinal lumen by anaerobic bacteria
fermentation of alimentary fibers and is immediately absorbed and used as a source of energy by
colonocytes. It has a half-life in the range of few minutes (91,92) and this limits its use as a potential

drug or alimentary supplement.

Butyrate is an inhibitor of Histone Deacetylases (HDAC) causing a hyperacetylation of histones, an
aspecific mechanism of modification of gene expression. Consequently, the effects of butyrate depend
on the genetic asset of cells and cell types. Several effects of butyrate have been reported and vary

among the different cells.

Butyrate was shown to have several positive effects on the intestine environment. It contributes to the
protective effects of dietary fiber against intestinal diseases. Butyrate was reported to control the
homeostasis of colon tissue by acting on proliferation, differentiation, inflammation and apoptosis, and
at the same time, it enhances intestinal defenses (mucine expression, antimicrobial peptides
production, and reduces permeability of the intestinal barrier)(93). In the field of bowel surgery

butyrate has shown positive effects on the intestinal anastomotic healing (3).

On the other hand, butyrate was reported to inhibit colon cancer cell growth. The opposite effects of
butyrate on healthy and tumor cells (also called “butyrate paradox”) may be explained by the
“Warbung effect”. The Warbung effect states that there are differential energy producing routes
between healthy and cancer cells. Cancer cells produce energy mainly by glycolysis followed by
anaerobic fermentation (were pyruvate is converted to lactic acid) in cytosol while normal cells have a
low rate of glycolysis followed by oxidative phosphorylation (oxidation of pyruvate) in mitochondria
were butyrate is metabolized. The Warbung effect leads to an accumulation of butyrate into the cancer

cells but not into the healthy ones (94,95).

Several studies exist for the use of butyrate in diseases like Immune Bowel Diseases (such as Chron’s
disease and Ulcerative colitis), hemoglobinopathies, genetic metabolic diseases, hypercholesterolemia,

ischemic stroke, obesity and insulin resistance as well as in tumor therapy (96,97).

1.3.4. Chitosan and Chitlac

Chitosan is a linear binary copolymer of (1->4)-linked D-glucosamine and N-acetyl-D-glucosamine

obtained from chitin, a hydrophobic polymer composed mainly by N-acetyl-D-glucosamine found in the
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exoskeleton of crustaceans and cell wall of fungi and yeast. In the process of chitin deacetylation,
typically under alkaline conditions, when the glucosamine content reaches about 50% or higher, the
polymer becomes soluble in aqueous acidic medium and is called chitosan. Its properties depend on
the acetylation degree (DA), the distribution of acetyl groups, MW, pH and ionic strength of the solvent
(98).

The presence of the amino group and the positive charges give to the chitosan molecules fascinating
properties, among these chitosan bears antibacterial, antifungine and antiviral activity, has the ability
to coordinate and chelate metal ions and is able to interact with negatively charged polyelectrolytes
through electrostatic interactions. In addition, chitosan is non-toxic, biocompatible, and biodegradable,

has low allergenicity and is the second most abundant polysaccharide in nature behind only cellulose.

These characteristics make chitosan a very interesting molecule to use in several applications such as
purification of wastewaters from heavy metals, dyes and organic compounds, as drug carries or
excipient in the pharmaceutical field, as scaffold for bone tissue engineering, cartilage and nerve

regeneration, and in the treatment of several diseases such as obesity and cardiovascular diseases (99).

Chitosan is used as wound dressings in emergency bleeding control and chronic wounds as it has
hemostatic ability, absorbs wound exudate, enhances wound healing and has antimicrobial activity

(100).

Several polymers are derived from chitosan by modification on three positions: the free amine groups
on deacetylated units and the hydroxyl groups on the C3 and C6 carbons of both acetylated and
deacetylated units. The scopes of these modifications are the improvement of its solubility and the

widening of its applications (101).

Chemical derivatization based on the reactivity of the amine groups include acylation (102), alkylation

(103), carboxymethylation (104) and quaternarization (105).

In 1984 Yalpani (106) described the modification of insoluble chitosan to soluble derivatives by
chemical bonding of lactose and several other carbohydrates to the 2-amino functions of chitosan.
These reactions lead to strong modifications of the physico-chemical and biological property of the

polycation.
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The lactitol derivative of chitosan was later named chitlac (CTL)(107). The properties of CTL depend on
the properties of the chitosan used and the number of lactose moieties grafted to the NH; group of the

polymer.
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Figure 1.7: Chemical structure of chitosan and Chitlac

At variance with chitosan, CTL is soluble in water at pH 7.4 and it is miscible with other negatively
charged polyanions in physiological conditions. CTL, alginate and/or hyaluronan can be mixed together
under proper experimental conditions and give rise to soluble complexes by interpolymer electrostatic

interactions (108-110).

Chitlac bears a biologically active molecule since the galactose pendant groups are recognized by
galectins, a family of soluble proteins able to recognize and bind to glycans and mediate several cellular
functions (such as apoptosis, splicing, cellular adhesion)(111). CTL induces osteoblast and chondrocyte

aggregation through a mechanism that involves Galectin-1 (107,112,113).
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The addition of the lactitol moieties on the backbone preserves the ability of chitosan to coordinate
metal ions. Chitlac was used as a stabilizing polymer for the synthesis of silver nanoparticles (nAgs)
from silver nitrate in the presence of a reducing agent as reported by Travan et al. The mechanism
involved in the stabilization of nAgs is due to coordination of metal ions by nitrogen atoms and a steric

hindrance of the lactitol side chain that further protect the nanoparticles (7).

1.4. Biomaterials with antibacterial activity for wound healing

The loss of tissue integrity and the presence of necrotic tissue provide a favorable environment for
bacterial growth. Thus, the wound is potentially at risk of infection, an important complication of all
wounds. Infection originates from bacteria present in the environment, surrounding skin, and
endogenous mucous membranes (gastrointestinal, oropharyngeal and genitourinary tract). Wounds
that are in proximity or in contact with one of these sources as well as chronic wound, are at higher risk

of infection (114).

Broad-spectrum antibiotic prophylaxis is routinely administered when surgery involves disruption of

mucosal surfaces (115). Also infected chronic wounds require broad-spectrum antibiotics.

Systemic antibiotic administration has several negative effects like allergic reactions, disturbance of the
normal intestinal flora, as well as induction of resistance and a reduced concentration in the site of
infection. Acquisition of drug resistance occurs in a very short time since bacteria evolve rapidly, thus

invalidating even the best antibiotic (116-118).

In the recent years, a lot of research has been focused on new broad-spectrum antimicrobial agents
that can be efficient also into biofilms, and with low propensity to induce resistance. Several studies
are focused on optimization of existing biomaterials to prevent bacterial adhesion and biofilm
formation (e.g. antibacterial coatings for orthopedic biomaterials and catheters)(119), research for
optimization of drug delivery, development of new antibiotic systems and biomaterials bearing

antibacterial activity. Several biomaterials with antibacterial activity are already in use.
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A first step of improvement in comparison to classic antibiotic therapy are biomaterials containing
antibiotics for topical treatment that avoid several drawbacks of systemic administration but not

acquisition of resistance from bacteria.

Many resources are focused on new antimicrobial compounds among which nanoantibiotics.
Nanoantibiotics are defined as nanomaterials with intrinsic antimicrobial activity or that serve as
vehicle for antimicrobial compounds by ameliorating their safety and effectiveness. The advantage of
nanoantibiotics is connected to their mechanism of action, which involves multiple biological pathways
thus rendering more difficult the acquisition of resistance. Moreover, they offer improved solubility,
sustained and controlled release, improved patient-compliance, minimized side-effects, enhanced

cellular uptake and long term stability even at high temperatures (120,121).

Nanoantibiotics are based on biopolymers (such as chitosan and antimicrobial peptides), carbon
nanomaterials, surfactant-based nanoemulsions and metal or metal oxides (e.g. zinc, titanium, gold
and silver)(120). In particular silver nanoparticles are very effective against microorganisms. The
antibacterial activity of silver nanoparticles was shown to be shape-dependent and size-dependent

(122,123).

Several wound dressings containing silver as silver nitrate, silver sulfadiazine, and nanocrystalline silver
are already in commerce. Silver is a broad-range antibacterial agent that bears also anti-viral and anti-
fungine activity. The use of silver into wound dressings is efficient against infections but cytotoxicity is

an important drawback of these biomaterials (124).

A strategy for minimizing cytotoxicity is the entrapment of the nanoparticles into the biomaterial.
Travan et al. have reported the use of non-cytotoxic round-shape and well dispersed silver
nanoparticles embedded into CTL-alginate hydrogels. The production process of the silver
nanoparticles (nAgs) requires the chemical reduction of silver ions to zeroth-valent metal nanoparticles
in the presence of Chitlac polymer as stabilizing agent and ascorbic acid as reducing agent. The
antibacterial activity against both Gram + and Gram - bacteria seems to be related to membrane

damage, probably due to interaction of silver with thiol groups present at membrane level (7).
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Figure 1.8: reaction of the synthesis of the colloidal suspension of silver nanoparticles (red) in the presence of a
lactose (blue) modified Chitosan named Chitlac (CTL).

CTL-nAg was used also as a coating for methacrylic thermosets for dental and orthopedic applications,
fiber reinforced composites or nanocomposite scaffolds for bone implants and for chitosan membranes
for chronic wounds. In these preparations embedded nanoparticles resulted with an efficient

antibacterial activity and no cytotoxicity against eukaryotic cells (125-128).
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2. Aim of the study

Although wound healing is a very finely regulated process which normally succeeds in the repair of the
damages tissue, wound healing defects are still very common. Treatment of wound defects are based

on the type of the defect and the site of the wound.

In this scenario, wound healing products (medical devices) that are thought specifically for the desired

application are needed.

The study aims to develop and characterize novel bottom-up designed biomaterials for two biomedical
applications, namely colorectal anastomosis and chronic non-healing wounds, by the use of the same

manufacturing technology.

Several products are already available for wound healing. However, intestinal anastomosis healing is
very difficult, and no efficient biomaterials exist for this application. In the case of chronic skin wounds,
several products exist among which silver-based products. Many of these products are toxic towards

eukaryotic cells, and not enough studies on their toxicity exist.

The biomaterial for colorectal anastomosis is based on the polysaccharides alginate and hyaluronic acid
and will be called AnastomoSEAL patch since it was developed in the framework of the AnastomoSEAL

project.

The biomaterial for the chronic non-healing wound application is based on alginate, hyaluronic acid

and silver nanoparticles entrapped into a lactose —modified chitosan (Chitlac).
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3. Materials and methods

3.1. Materials

Chitlac (lactose — modified chitosan, CAS registry number 85941-43-1) was synthesized starting from
commercial chitosan from Sigma-Aldrich (degree of acetylation 18 %) as reported by Donati et al (107).
The composition of Chitlac was determined by means of *H-NMR and resulted to be: glucosamine
residues 20 %, N-acetyl-glucosamine 18 % and 2-(lactit-1-yl)-glucosamine 62 %. The relative MW of
Chitlac is around 1.5 x 10°.

HA of MW = 65 000 was obtained by degradation of HA 240 000; HA of MW= 800 000 and 1 500 000

were kindly provided by Novamatrix/FMC Biopolymer (Sandvika, Norway).

HA of MW~240 000 (Phylcare Sodium Hyaluronate extra LW) and Hyaluronic acid butyric ester (HABut),

Degree of substitution DS = 0.3, 1.0 and 1.8) were kindly provided by Sigea S.r.l. (Trieste, ltaly).

Fluoresceinamine, 1-ethyl-3-[3-(dimethylamino)propyllcarbodiimide hydrochloride (EDC), N-

hydroxusuccinimide (NHS) were purchased from Sigma.

Alginate from Laminaria hyperborea (Alginate Pronova UP LVG; MW= 120 000; fraction of guluronic
residues, Fg = 0.69; fraction of guluronic diads, Fes = 0.59; number average of G residues in G-blocks,
Ne>1 =16.3) was kindly provided by by Novamatrix/FMC Biopolymer (Sandvika, Norway). Alginate from
Macrocystis pyrifera (M. Pyr.,, MW = 160 000; Fs = 0.42; Fee = 0.21; Ng>1 = 5) was kindly provided by

Prof. Gudmund Skjak-Braek, Institute of Biotechnology, University of Trondheim (NTNU) (Norway).

Calcium carbonate (CaCOs), D-Gluconic acid &-lactone (GDL), glycerol (ReagentPlus® = 99.0%), sodium
butyrate, C1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC), N-
hydroxusuccinimide (NHS), fluoresceinamine, 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), ethylenediaminetetraacetic acid tetra sodium salt (EDTA), Mitomycin C, 2-(N-
Morpholino)ethanesulfonic acid (MES), sodium chloride (NaCl), sodium bicarbonate (NaHCOs),
hydrochloric acid (HCI), silver nitrate (AgNOs), ascorbic acid, bicinconinic acid, Copper (Il) sulfate

solution, MTT formazan powder [1-(4, 5-dimethylthiazol-2-yl)-3,5-diphenylformazan], glucose,
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ethanol and Hanks’ Balanced Salt solution (HBSS, product code H8264), phosphate buffered saline
(PBS), Luria Bertani (LB) broth, LB Agar and Brain Heart Infusion (BHI) broth were purchased from
Sigma-Aldrich (Chemical Co. U.S.A).

Hydroxy-methyl-2-propyl cellulose (HMPC, CAS number 9004-65-3, Pharmacoat 603, substitution type
2910) was purchased by Shin-Etsu (Tokyo, Japan).

Dulbecco’s Modified Eagle’s Medium high glucose and fetal bovine serum were from Euroclone (Italy).
AlamarBlue® Cell Viability Reagent, Medium106 and Low serum Growth supplement were purchased
from Life Technologies. MMP activity assay Kit (Fluorimetric-Green), MMP-9 and MMP-2 recombinant

enzymes were from Abcam?®.

All other chemicals and reagents were of the highest purity grade commercially available.

Simulated Body Fluid (SBF) was prepared according to the procedure reported by Kokubo (129).

3.2. Polysaccharide labeling

The labeling with fluoresceinamine of HA, HABut and alginate (to obtain HA-Fluo, HABut-Fluo, alginate-

Fluo) was done according to the protocol reported elsewhere (130).

Briefly, NHS and EDC ([EDC]/[PolymRU] = 1.5; [NHS]/[EDC] = 1; were PolymRU refers to the polymer
repeating units) were added to the polysaccharide solution (3 g/L) in MES buffer (50 mM, pH 5.5)
containing 10 % ethanol. A solution of fluoresceinamine in ethanol was added to label 1/500 of the

available carboxyl groups of alginate and 1/250 of the available carboxyl groups of HA or HABut.

The solutions were stirred overnight in the dark at room temperature, dialyzed against 0.05 M NaHCOs;
(2 shifts), 0.05 M NaCl (2 shifts) and abundantly against deionized water (until the conductivity at 4°C
was below 2 pS). The pH was adjusted to 7.4; solution was filtered through 0.45 um Millipore filters

and then freeze-dried.
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3.3. Production of Chitlac - coordinated silver nanoparticles

Silver nanoparticles were produced in presence of Chitlac and ascorbic acid as reported by Travan et al
(7). Briefly, different quantities of CTL were dissolved in deionized water. Then AgNOs and ascorbic acid
were added in different concentrations. Ascorbic acid concentration was used in a molar concentration
equal to half of the concentration of AgNOs. The solution was incubated overnight at room temperature
in the dark and subsequently stored at 4°C. In order to select the best performing CTL-nAg, solutions
with 1 g/L, 2 g/L, 4 g/L, 8 g/L and 10 g/L CTL in combination with 1 mM, 2 mM, 4 mM, 8 mM and 10

mM AgNOs were synthesized..

For the production of the CTL-nAg colloidal system to be used for patch production, the combination

4 g/L CTL, 2 mM AgNOs and 1 mM ascorbic acid was selected.

3.4. Plasmon resonance peak analysis of silver nanoparticles

The solutions were diluted 1:20 or 1:40 and UV-visible spectra was measured with scan speed of 300

nm/min using a Cary 400 spectrophotometer.

3.5. AnastomoSEAL patch production

The AnastomoSEAL patch was obtained in the form of a membrane through a multistep process.

The first step was the internal gelation of a mixture of alginate, HA and glycerol (final concentration 5%
V/V) used as a plasticizing agent. The gelation was obtained by the addition of CaCO; and glucono-6-
lactone (GDL). The ratio CaCO; / GDL was 0.5 for each formulation studied; suspensions of CaCOs
corresponding to [Ca?*] 20 mM or 50 mM were used. Immediately after GDL addition, the solution was

poured into a Petri dish and incubated overnight at room temperature.

The second step consisted of a freeze-casting procedure: the hydrogel was stepwise cooled by
immersion in a liquid cryostat (VWR international) containing ethyleneglycol in water 3:1 as refrigerant

fluid. Temperature was decreased stepwise from +20°C to -20°C by 5°C steps with 30 min intervals for
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equilibration. Subsequently the frozen hydrogels were dried under vacuum using a Single-Chamber

Freeze-Dryer (Christ Alpha 1-2 LDplus).

Several membrane formulations were prepared as reported hereafter:

Patch A: Alginate (L. hyp.) 15 g/L, CaCO3 20 mM, GDL 40 mM, glycerol 5% v/v;

Patch B: Alginate (L. hyp.) 15 g/L, HA (800 000) 15 g/L, CaCO3 20 mM, GDL 40 mM, glycerol 5%
v/v;

Patch C: Alginate (L. hyp.) 20 g/L, HA (240 000) 15 g/L, CaCO3; 20 mM, GDL 40 mM, glycerol 5%
v/v;

Patch D: Alginate (L. hyp.) 15 g/L, HA (240 000) 15 g/L, CaCO5; 20 mM, GDL 40 mM, glycerol 5%
v/v;

Patch E: Alginate (L. hyp.) 15 g/L, HA (240 000) 15 g/L, CaCO3; 50 mM, GDL 100 mM, glycerol 5%
v/v.

Patch F: Alginate (L. hyp.) 15 g/L, CaCO3 50 mM, GDL 100 mM, glycerol 5% v/v;

Patch G: Alginate (L. hyp.) 15 g/L, HA (800 000) 15 g/L, CaCO3 50 mM, GDL 40 mM, glycerol 5%
v/v;

Patch H: Alginate (M. pyr.) 15 g/L, HA (240 000) 15 g/L, CaCO3; 20 mM, GDL 40 mM, glycerol 5%
v/v;

Patch I: Alginate (M. pyr.) 15 g/L, HA (240 000) 15 g/L, CaCO3; 50 mM, GDL 100 mM, glycerol 5%
v/v;

Patch J: Alginate (M. pyr.) 15 g/L, CaCO3; 50 mM, GDL 100 mM, glycerol 5% v/v;

Patch K: Alginate (L. hyp.) 15 g/L, NaCl 75 mM, CaCO; 50 mM, GDL 100 mM, glycerol 5% v/v;
Patch L: Alginate (L. hyp.), HA (240 000) 10 g/L, CaCO3 50 mM, GDL 100 mM, glycerol 5% v/v;

3.6. Production of chronic non-healing wound membranes

The multistep process employed for the production of chronic non-healing wound membranes is very

similar to the one used for the AnastomoSEAL patches although different Alginate / HA ratios were

used and the system Chitlac-nAg was added in the formulation. HPMC was used as a foaming agent in

order to obtain a foamed membrane so increasing the surface/volume ratio of the material
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Alginate from Laminaria hyperborea and HA of MW = 240 000 were mixed in 8:4 ratio until complete
dissolution. Then HEPES buffer was added to a final concentration of 0.01 M. CTL-nAg solution was then
added by dripping. The CTL-nAg used for all the membranes was obtained from CTL 4 g/L, AgNO3; 2 mM

and 1 mM ascorbic acid.

The foaming agent (HPMC) was added to the polymer solutions and immediately after GDL was added;

the solution was foamed with a foam maker for 30 seconds and then poured into a Petri dish.

Several formulations were prepared as reported hereafter:

e Formulation A: Alginate 8 g/L, CaCO3 20 mM, GDL 40 mM, glycerol 5 % v/v;

e Formulation B: Alginate 8 g/L, HPMC 4 g/L, CaCO3; 20 mM, GDL 40 mM, glycerol 5 % v/v;

e Formulation B-2: Alginate 8 g/L, HPMC 4 g/L, CaCO3 20 mM, GDL 40 mM;

e Formulation C: Alginate 8 g/L, HPMC 6 g/L, CaCO3 20 mM, GDL 40 mM, glycerol 5 % v/v;

e Formulation D: Alginate 8 g/L, CTL-nAg, CaCO3 20 mM, GDL 40 mM, glycerol 5 % v/v;

e Formulation E: Alginate 8 g/L, CTL-nAg, HPMC 4 g/L, CaCOs; 20 mM, GDL 100 mM, glycerol 5 %
v/v;

e Formulation E-2: Alginate 8 g/L, CTL-nAg, HPMC 4 g/L, CaCO; 20 mM, GDL 100 mM, glycerol 5
% v/v;

e Formulation F: Alginate 8 g/L, CTL-nAg, HPMC 6 g/L, CaCOs; 20 mM, GDL 40 mM, glycerol 5 %
v/v;

e Formulation G: Alginate 8 g/L, HA 2 g/L, HPMC 4 g/L, CaCO3; 20 mM, GDL 40 mM, glycerol 5 %
v/v;

e Formulation G-2: Alginate 8 g/L, HA 2 g/L, HPMC 4 g/L, CaCO3; 20 mM, GDL 40 mM;

e Formulation H: Alginate 8 g/L, HA 4 g/L, HPMC 4 g/L, CaCO3 20 mM, GDL 40 mM, glycerol 5 %
v/v;

e Formulation H-2: Alginate 8 g/L, HA 4 g/L, HPMC 4 g/L, CaCO3 20 mM, GDL 40 mM;

e Formulation I: Alginate 8 g/L, HA 6 g/L, HPMC 4 g/L, CaCO; 20 mM, GDL 40 mM, glycerol 5 %
v/v;

e Formulation I-2: Alginate 8 g/L, HA 6 g/L, HPMC 4 g/L, CaCO3 20 mM, GDL 40 mM;

e Formulation J: Alginate 8 g/L, HA 2 g/L, CTL-nAg, HPMC 4 g/L, CaCO; 20 mM, GDL 40 mM,
glycerol 5 % v/v;

e Formulation J-2: Alginate 8 g/L, HA 2 g/L, CTL-nAg, HPMC 4 g/L, CaCO3 20 mM, GDL 40 mM;
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e Formulation K: Alginate 8 g/L, HA 4 g/L, CTL-nAg, HPMC 4 g/L, CaCO3 20 mM, GDL 40 mM,
glycerol 5 % v/v;

e Formulation K-2: Alginate 8 g/L, HA 4 g/L, CTL-nAg, HPMC 4g/L, CaCO3 20 mM, GDL 40 mM;

e Formulation L: Alginate 8 g/L, HA 6 g/L, CTL-nAg, HPMC 4 g/L, CaCO3; 20 mM, GDL 40 mM,
glycerol 5 % v/v;

e Formulation L-2: Alginate 8 g/L, HA 6 g/L, CTL-nAg, HPMC 4 g/L, CaCOs; 20 mM, GDL 40 mM;

e Formulation M: Alginate 8 g/L, HA 4 g/L, CTL 4 g/L, HPMC 4 g/L, CaCO; 20 mM, GDL 40 mM,
glycerol 5 % v/v;

e Formulation M-2: Alginate 8 g/L, HA 4 g/L, CTL 4 g/L, HPMC 4 g/L, CaCOs 20 mM, GDL 40 mM;

Alginate, CaCOs and GDL concentrations were maintained constant.

3.7. Quantification of HA and alginate release from the patch

Since both HA and alginate are chiral molecules and absorb in the UV range, circular dichroism was

used for the quantification of HA and alginate released.

Simultaneous quantification of both polymers is possible since their CD spectra are different in the 230-
200 nm interval of wavelength, with a maximum difference at 210 nm. Moreover, for both polymers
ellipticity is directly proportional to their concentration (131). Following the Lambert-Beer law,

ellipticity of the sample at a certain wavelength is proportional to its concentration:
I=[9]*lx*c

Were: 9 is reduced ellipticity in mdeg*cm?/g,
| is the optical path in cm

cis the concentration in g/L.

The hypothesis was that the mixture ellipticity ([J] . ) — with unknown fraction of HA and alginate but
known total quantity of polymers — was equal to the sum of the ellipticity of each polymer multiplied

to the fraction of the polymer (F) according to the equation:
[ﬁ]rec = Falg * [ﬁ]alg + Fpp* [0]HA
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were Fya=1-Fyq

This equation was solved for a range of wavelengths of 205-215 nm.

For the quantification of HA and alginate released, patches of 3.5 cm of diameter were immersed in 10

mL of MQ water or SBF for selected time intervals.

Then the supernatants were collected and dialyzed for two days against 0.1 M HCI (4 shifts) in order to
remove Ca?* ions. Dialysis was performed then against deionized water until the conductivity of the
solution at 4°C was below 4 uS. The solution was collected and pH set at 7.2. Dialyzed supernatant was
then freeze-dried and the mixture of lyophilized polymers was weighted in order to obtain the total
mass of released polymers. A solution of 0.1 g/L of the mixture was prepared and the spectra were
obtained by a Jasco J-700 spectropolarimeter and a quartz cell with 1 cm optical length. The following
setup was used: bandwidth, 1 nm; time constant, 2 s; scan rate, 20 nm/min. Spectra were recorded for
the wavelengths in the range of 205-250 nm, at room temperature and with acquisition step of 0.2 nm.
For every sample four acquisitions were performed. Raw data were normalized by the concentration

of the polymeric solution, and they were expressed as percentage of released polymer.

3.8. Fluorescent microscopy of hydrogels

For the study of the distribution of the polysaccharides into the hydrogel, HA-fluo and Alginate-fluo
(labelled with fluoresceinamine) were used for biomaterial production. After gelation, hydrogels were
sectioned and the fluorescent signal was acquired on the cross section surfaces (xy plane) from edge

to edge of the samples.

Fluorescence was acquired with a Nikon Eclipse C1 confocal microscope system on a Nikon TE-2000U
inverted by the use of a 20X objective and Aex 488 nm and Aem 515/30 nm. Image data analysis was

done using software Image J (http://rsb.info.nih.gov/ij/index.html; NIH, Bethesda, USA) in order to

measure the intensity profiles of the fluorescent sections. For each sample, fluorescence intensity was
normalized on the maximum intensity recorded, while the cross section width was normalized on the

hydrogel thickness in order to qualitatively compare the different samples.
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Patch D and Patch E were analyzed after preparation with either labelled alginate or labelled HA. Gels

containing non-labeled polymers were used as negative control.

3.9. Swelling ratio

In order to study the swelling behavior of the freeze-dried materials, they were cut into pieces of 20
mm of diameter, weighted and immersed in 10 mL of HBSS at room temperature. After 1, 2, 10, 30, 45
and 60 minutes biomaterials were blotted for 1 minute on a filter paper and weighted. The swelling
ratio was calculated as the ratio between the weight at time X and the initial dry weight at time 0O,

following the equation:

Weightat time,
Weightat time,

Swelling ratio=

3.10. Scanning Electron Microscopy (SEM)

For the structural analysis of the freeze-casted patches, a Leica-Stereoscan 430i Scanning electron
microscope was used. Patches were sputter-coated with gold and directly visualized at the top view

and cross view.

3.11. Silver release from patches

For the quantification of released silver, pieces of 60 mg of the material with Formulation K were
immersed in 3 mL of HBSS for 2, 24, 72 hours and 7 days. At the defined time, the tested material was
removed from HBSS and 0.5 mL of NH,OH 1 N were added in order to solubilize silver precipitates. The
sample material was washed in 3 mL HBSS for 2 minutes and, after removing, 0.5 mL NaOH 1 N were
added to the solution. Both release-solution and washing-solution were used for the measurement.

The sample with Formulation H (45 mg) was used as negative control.
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Measurements were performed by Electro-Thermal Atomic Absorption Spectrometry (ETAAS) with
Zeeman background correction. A Thermo M series AA spectrometer equipped with a GF95Z Zeeman
Graphite Furnace and a FS95 Furnace Autosampler (Thermo Electron Corporation, Cambridge, UK)
were used for analysis. The obtained values have been compared with a calibration curve calculated
with a standard solution of silver (Silver ICP/DCP-Sigma Aldrich). The limit of detection (LOD) at the
analytical wavelength of 328.1 nm was 0.5 pg/L and the precision of the measurements as repeatability

(RSD%) for the analysis was always less than 5%.

Data analysis was performed by summing the silver found in the release-solution and the washing-
solution. The values were express as percentage of silver released in comparison with the total amount

of silver contained into the tested sample (148 pg/60 mg of patch).

3.12. Water-vapor transmission rate

For determining the ability of the patches to transmit vapor, ASTM E96 standard test method for Water-

Vapor Transmission of materials was used.

Glass bottles with a top closure of 16 mm of diameter were filled with mQ water in order to have 2 cm
of distance between the water and the sample, closed with a round shaped piece of sample of 17 mm
of diameter and sealed laterally with parafilm. The bottle was weighted and incubated for 24 and 48

hours at 32 £ 0.4°C and 45 £ 2% humidity. At the end of the incubation time the bottle was weighted.

Commercially available dressings were used as control materials: Connettivina plus® (Fidia farmaceutici
s.p.a) and Chitoderm™ (Pietrasanta Pharma). Furthermore, not capped bottles and bottles capped with

parafilm were used as control for free evaporation and no evaporation.
Water-vapor transmission rate was calculated according to the formula:

WVTR (g/m?h) _ Waun =Wy
A*24h

were:
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W24 = weight at 24 hours (in grams),
W, = initial weight of the filled and capped bottle (in grams),

A = area of the top closure of the bottle (in m?).

Four replicates were measured per each sample and the analysis was performed by calculating the

average values and the standard deviations of samples both at 24 and 48 hours.

3.13. Mechanical characterization

Mechanical characterization was done according to ASTM D638 —by using a Universal Testing Machine
(Multitest Mecmesine 2.5-i) with load cell of 100 N. The membranes were carved with a cutter into

dog-bone shape (figure 3.1) and gripped with metallic clamps.
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Figure 3.1: Shape of samples for uniaxial tensile test

Tensile tests were performed at a crosshead speed of 5 mm/min. Tensile stress was calculated dividing
the load by the average original cross sectional area in the gage length segment of the specimen.
Young’s Modulus was calculated as the slope of the linear portion in the stress-strain curve, considering
the deformation range of 1%-3%. For each formulation, 5 replicates were used and the data were

averaged and standard deviations calculated.
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3.14. Antimicrobial tests

To assess the antimicrobial activity of patches three different bacterial strains were used:
Staphylococcus aureus (ATCC® 25923™), Staphylococcus epidermidis (ATCC® 12228™ and
Pseudomonas aeruginosa (ATCC® 27853™). Two different protocols were employed: bacteria

growth inhibition assay and biofilm formation inhibition assay.

3.14.1. Bacteria growth inhibition assay

Patch samples were cut into pieces of 40 mg and sterilized under UV rays. Bacteria were inoculated in
Luria Broth medium (LB) and incubated for 16 hours at 37°C. After 16 h, 500 pL of bacterial suspension
was diluted in 10 mL of broth and grown up for 120 min at 37 °C in order to restore an exponential
growth phase. The optical density at 600 nm was measured in order to assess bacterial concentration.
Bacteria were diluted to 5x10° CFU/mL in 10% (V/V) LB in PBS and 1 mL of bacteria was added to each
sample and incubated for 24 hours at 37°C. Tests were carried out in shaking condition (140 rpm) to
optimize the contact between bacteria and membranes. At the end of the incubation time, bacterial
solutions were diluted in PBS (from 107 to 10°°) and 25 pL of each suspension was spread on LB agar.
After overnight incubation at 37°C, the colony forming units (CFU) were counted. A suspension of

bacteria grown in liquid medium was used as control.
3.14.2. Biofilm formation inhibition assay

Staphylococcus aureus and Pseudomonas aeruginosa were inoculated in Brain Heart Infusion (BHI)
broth plus 3% w/V sucrose and incubated for 16 hours at 37°C. Bacteria were then diluted 1:100 in the
same broth and seeded (300 pL/well) into 24-well plates for 48 hours in static conditions at 37 °C. Broth
was then removed and biofilm was carefully rinsed twice with 100 pL of sterile PBS in order to remove
non-adherent cells. 300 uL of PBS were added to each well and circular specimens of patches (40 mg)
were deposited on the bacterial layer and incubated for 24 hours. MTT assay was performed. MTT stock
solution was prepared by dissolving 5 mg/mL of MTT powder in PBS and sterilized by filtration.
Membranes and PBS were gently removed from the plates and each well was carefully rinsed three
times with 100 pL of PBS. 200 pL of MTT solution (prepared by mixing 0.5 mL of MTT stock solution and
4.5 mL of sterile PBS) were placed into each well and the plates were incubated for 3 h under light-

proof conditions at 37°C. The MTT solution was then gently removed and formazan crystals were
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dissolved by adding 200 uL of DMSO to each well. Plates were stored for an additional 1 h under light-
proof conditions at room temperature and then 80 pL of the solution were transferred into the wells
of a 96-well plate and absorbance was measured using a spectrophotometer (Infinite M200 PRO
NanoQuant, Tecan) at a wavelength of 550 nm. Outcomes were expressed as optical density (0.D.)

units.

For confocal laser scanning microscopy (LSCM) analyses of biofilm, bacteria were seeded on sterile 13
mm tissue culture coverslips (Sarstedt, U.S.A.) inside 24-well plate. After biofilm growth and treatment
with membranes as described above, FilmTracer Live/Dead biofilm viability kit (Invitrogen™) was used
for biofilm staining according to the manufacture’s protocol. Images were acquired using a Nikon
Eclipse Clsi confocal laser scanning microscope with a Nikon Plan Fluor 20X as objective. Resulting
stacks of images were analyzed using Image J software. The ratio between red and green signal was

calculated as:

Red

Green)
Red

Green)

Sample (

Normalized rate =

Control (

were:

Red = mean grey value of the red channel

Green = mean grey value of green channel

3.15. Cell culture

Primary human dermal fibroblasts (HDFa) were purchased from Gibco™. Cells were grown in Medium

106 supplemented with Low serum Growth supplement, 100 U/mL penicillin, 100 pg/mL streptomycin.

Human keratinocyte cell line HaCaT (kindly gifted by Dr. Chiara Florio, University of Trieste) and mouse
fibroblast NIH-3T3 cell line (ATCC® CRL1658) were grown in Dulbecco’s Modified Eagle’s Medium high
glucose, 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin, 100 ug/mL streptomycin and 2

mM L-glutamine.
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Human colonic epithelial cell line NCM356, derived from normal colonic mucosa, was obtained by a
materials transfer agreement with INCELL Corporation, San Antonio, TX. Cells were grown in

M3:BaseA™ (INCELL, St. Antonio, TX) supplemented with 10% fetal bovine serum (FBS).

Cells were maintained at 37°C in a humidified, 5% CO2 environment.

3.16. Cell viability and proliferation assay

Cell viability was determined through Alamar blue assay which is based on the detection of the
metabolic activity of cells. It contains resazurin, a blue non-fluorescent reduction-oxidation indicator
that is reduced to resorufin in the presence of cells. Resorufin is a pink fluorescent product and its

production is proportional to cell metabolism.

Cells were seeded on 96-wells plates: NCM356 cells and NIH3T3 cells were seeded 2 000 cells/well;

HDFa cells and HaCaT cells were seeded 3 000 cells/well.

After adhesion, cells were treated with HA, HABut, butyrate or HPMC dissolved in complete medium
and sterilized by filtration. In the case of butyrate, fresh medium containing butyrate was replaced
every 24 hours since it is rapidly metabolized by cells. At defined times, medium was removed and
replaced with 150 pL Alamar Blue diluted 1:10 in fresh culture medium. Cells were incubated 4 h in the
dark, at 37°C in 5% CO,. 100 pL of the Alamar Blue solution were then transferred in a black 96-well
microtiter plate and fluorescence was measured in a microplate reader (Tecan) at 544/616 nm. Cell

viability was expressed as growth rate (Fluorescence at Day, / Fluorescence at Dayy).

3.17. Biocompatibility test

The biocompatibility of the silver-containing patches (Formulations B-2, E-2, G-2, H-2, I-2, J-2, K-2, L-2,
M-2) was performed according to 1SO10993-5:2009 International Standard specifications by direct-

contact test and by extract test.
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3.17.1. Direct-contact test

Patches were cut using biopsy punches into cylinders of 4 mm of diameter and sterilized under UV-

rays.

HDFa and HaCaT cells were seeded in 24-well plates at a density of 2x10* cells per well and 16 hours
later, individual specimens of the test sample were placed directly on the cell layer for 24 and 72 hours.
Samples were then removed, cells were washed in PBS and 250 pL of Alamar Blue dye diluted 1:10 in
culture medium was added and incubated for 4 hours. 100 pL of Alamar solution were transferred in a
96-well microtiter plate and fluorescence was measured with a microplate reader (Tecan Infinite®
M100 Pro) at Aex 544 nm / Aem 616 Nm. As positive control material, polyurethane films (PU) containing
0.25% zinc dibuthyldithiocarbamate (ZDBC) (6 mm disks) were used (Hatano Research Institute / Food
and Drug Safety Center Reference Material Office - Japan). As negative control material, polystyrene

sheets (PS, 6 mm disks) were used (Wako Pure Chemical Industries).

3.17.2. Extract test

UV-sterilized samples were placed in Dulbecco’s modified Eagle’s medium, 10% FBS, penicillin 100
U/mL, streptomycin 100 pg/mL and L-glutamine 2 mM for 24 h at 37 °C. The ratio between sample
weight and medium volume was 10 mg/mL for the patch with Formulation B-2, 12.5 mg/mL for
Formulation G-2, 15 mg/mL for Formulations E-2 and H-2, 17.5 mg/mL for Formulations I-2 and J-2, 20
mg/mL for Formulations K-2 and M-2, 22.2 mg/mL for Formulations L-2, in order to maintain constant

the weight of alginate for all formulations.

HDFa and HaCaT cells were seeded in 96-well microtiter plates at a density of 3 000 cells/well and after
16 hours treated with the medium containing the components released from specimens . For HaCaT
cells, the extracts containing the components released were used also diluted 1:2 and 1:10 in culture

medium.

After 24 and 72 hours medium was removed and replaced with 120 uL of Alamar Blue dye diluted 1:10
in fresh culture medium. Cells were incubated 4 hours in the dark, at 37°C in 5% CO,. 100 pL of Alamar
Blue solution were then transferred in 96-well microtiter plates and fluorescence was measured in a

microplate reader (Tecan Infinite® M100 Pro) at Aex 544 nm / Aem 616 Nm. As positive control 0,005%
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(V/V) Triton X-100 in culture medium was used and cells grown in flat medium were considered for

positive control. .

3.18. BCA assay for total protein quantification

For total protein quantification cells were washed and lysed with lysis buffer (0.5 mM Tris-HCl pH 6.8,
0.2% N-laurylsarcosine, 0.2 mM PMSF and 2 mM DTT), incubated for 5 minutes at room temperature,

collected and frozen at -20°C.

5 pL of each sample were incubated with 200 uL of BCA mix (50 parts Bicinconinic acid and 1 part of
Copper (ll) sulfate solution) for 20 minutes at 65°C. Absorbance was measures at 544 nm. For the BCA

calibration curve were used 0, 1, 2, 4, 6, 8, 10 ug of bovine serum albumin (BSA).

3.19. Extracellular matrix production

The effects of HA and HABut on extracellular matrix produced by fibroblasts were studied in terms of

Glycosaminoglycans (GAGs) and collagen type | production.

3.19.1. Glycosaminoglycan production by fibroblasts after HA and HABut treatment

For the glycosaminoglycan quantification a colorimetric assay as previously described (132) was used .
The assay is based on the ability of sulfated GAGs to bind the cationic dye 1,9-dimethylmethylene blue
(DMMB)).

HDFa cells were seeded at a density of 5x10* cells/well on 12-wells plate and after 16 hours were

treated with HA (MW=240 000) or HABut (DS=0.3) at the concentrations of 6 g/L and 0.5 g/L.

After 6 days of treatment, cells were washed twice in PBS. Then some samples were used for protein

quantification by BCA method and some samples for GAGs quantification.

For GAGs quantification cells were lysed with 500 uL of lysis buffer (0.2 M sodium phosphate, 0.1 M
sodium acetate, 0.01 M EDTA, 0.005 M cysteine hydrochloride, 1 U/mL papain). After overnight
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incubation at 60°C, cells were collected by centrifugation for 10 minutes at 1.500 rpm. 150 uL of the
supernatant or known quantities of chondroitin sulfate were incubated for 1 hour at room temperature

with 250 plL of dye solution (21 mg/L DMMB, 0.005% ethanol, 2 g/L sodium formate at pH 3.0).

200 pL of mixture were transferred in 96-well plates and read at 544 nm and 620 nm with a microplate

reader (Tecan Infinite® M100 Pro).

For each sample, GAGs quantity (in pg) was normalized to protein content (in pug).

3.19.2. Production of type 1 collagen from fibroblasts after HA and HABut treatment

For collagen quantification an ELISA test was used (MicroVue CICP EIA, QUIDE, USA). It measures the
type | C-terminal collagen propeptide (CICP) released into the culture medium after the cleavage of
collagen during its maturation process. CICP peptide can be used as an indicator of collagen production

since it is proportional to the quantity of collagen produced.

HDFa cells were seeded in 96-wells microplate (5x103% per well). After 16 hours, cells were treated with
HA (MW = 240 000) or HABut (DS = 0.3) at the concentrations of 6 g/L and 0.5 g/L dissolved in culture
medium and sterilized by filtration. After 48 hours, the culture medium was collected and used for the
quantification of the CICP peptide following the manufacturer’s indications. An Alamar blue assay was
performed on the adherent cells. For each sample, collagen quantity (in ng of CICP) was normalized to

Alamar Blue fluorescence intensity.

3.20. Scratch test

HDFa, HaCaT and NCM356 cells were seeded in 6-well plates at a density of 2.5x10°, 3.5 x10° and 8x10°

cells, respectively and incubated at 37°C until reaching a confluent monolayer.

Cells were then treated with HA (MW = 240 000) or HABut (DS = 0.3) at the concentrations 6 g/L and
0.5 g/L or with medium containing components released from the membranes prepared following the
protocol described above for the cytotoxicity extract test. In order to study the contribution of cell
migration on scratch closure, proliferation was blocked by treating the cells also with 1 mg/L Mitomycin

(inhibitory concentration was first evaluated by Alamar blue assay).
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24 hours after treatment cell layers were scratched with a 200 pl pipette tip and the scratch closure
was followed over time through an Olympus CK2 Inverted Microscope (Phase Condenser ULWCD 0.3)
equipped with a camera Canon PowerShot A630. The images of the scratch were acquired over time to
monitor the gap closure. The analysis was performed using software Image J: the region of interest
(ROI) was outlined per each scratch and the percentage of closure over time was plotted. For each

sample, eight images were analyzed (133).

3.21. Flow cytometry analysis for CD44 expression

Flow cytometry was used in order to study the expression of the CD44 receptor in NCM356 cells: 5x10°
cells per sample were collected, washed in PBS and suspended in 0.5% BSA, 0.1%NaNs in PBS. Cells
were then treated with a phycoerythrin-conjugated monoclonal anti-human CD44 antibody
(Immunotools) or with a mouse 1gG2b conjugated with phycoerythrin (Immunotools) for isotype
control, incubated at 4°C for 45 minutes and washed twice in PBS (both antibodies were diluted 1:25 -
1:50). Data were collected with a Cytomics FC500 instrument (Beckman-Coulter Inc, Fullerton, CA, USA)
equipped with an Argon laser (488 nm, 5 mV) and with a standard system configuration for red-filtered
(610 nm, FL3) and green-filtered (525 nm, FL1) fluorescent detection. At least 10 000 events were
acquired for each sample, and stored as listmode files for analysis thereafter. FL1/FL3 histograms were
analyzed with the WinMDI software (Dr. J. Trotter, Scripps Research Institute, La Jolla, CA, USA). Non

treated cells were used as negative control.

3.22. Flow cytometry analysis for HA and HABut binding

Binding and internalization of HA and HABut by HDFa and NCM356 cells was evaluated through

cytofluorimetric analysis of cells treated with HA-Fluo and HABut-Fluo.

Cells were seeded at a density of 5x10* cells/well. After 16 hours, cells were treated with HA-Fluo or
HABut-Fluo 5 g/L dissolved in culture medium and sterilized by filtration. After 24 hours of treatment,

cells were collected by tripsinization and washed twice in PBS.
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Data collection was performed by cytofluorimetry as already described for the CD44 expression test. In
particular, FL1 saved histograms were submitted for the analysis of HA-Fluo and HA-But fluo signals.

Non treated cells were used as negative control.

In order to distinguish between surface binding and cellular internalization of the polymers,

extracellular fluorescence was quenched with Trypan blue (0.5%).

3.23. Flow cytometry analysis of apoptosis

Annexin V/propidium iodide dual fluorescence flow cytometry assay was used to evaluate cellular
apoptosis after incubation with butyrate. UV-irradiated cells were used as apoptosis positive control.
Assay was performed using the Annexin V-FITC Apoptosis Detection kit by Sigma. Cells were treated
with butyrate and after a defined time (48 and 72 hours) were collected by trypsinization and treated

according to the manufacture’s protocol

Data collection was performed by cytofluorimetry how already described for the CD44 expression
assay. In particular, FL3 saved histograms were submitted for the analysis of the cell cycle, performed

by MultiCycle® software.

3.24. Flow cytometry analysis of cell cycle

For cell cycle analysis, NCM356 cells were treated with different concentrations of sodium butyrate in

culture medium and collected by trypsinization after 8, 24 and 48 hours.

The cells were washed with PBS and fixed in 70% ethanol for at least 4 h at 4°C. For staining, fixed cells
were washed twice with PBS and allowed to balance in PBS for 2 h. Pellets were then stained overnight
with a dying mixture (0.5 ml/tube) of PBS solution containing 0.01 mg/mL propidium iodide, 0.25 mg/L
FITC, and 40 mg/L RNase (all from Sigma Chemicals Co.). Data collection was performed by

cytofluorimetry how already described for the CD44 expression assay.
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3.25. Cellular antioxidant activity (CAA) analysis

The intracellular formation of peroxide radicals was detected by the method of Wolfe and Liu (134).
NCM356 cells were seeded at a density of 5x10° cells/well on a 96-well microplate in 100 pl of growth
medium/well. The outside wells of the plate were not used. Twenty-four hours after seeding, the
growth medium was removed, the wells were washed with PBS and, treated for 1 h with butyrate plus
50 uM of 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma) dissolved in culture medium
without FBS. After the indicated period, cells were washed and 5 mM of 2,2'-Azobis(2-amidinopropane)
dihydrochloride (ABAP) (Sigma) dissolved in HBSS was added to the cells. Fluorescence was measured
(Aex = 485 nm, Aem = 528 nm) every 5 min for 1 h at 37 °C in a microplate reader (Tecan Infinite® M100
Pro). Each concentration of butyrate was replicated in six wells. Each plate also included six control and
six blank wells: control wells contained cells treated with the dye (DCFH-DA) and the oxidant (ABAP);
blank wells contained cells treated with DCFH-DA and HBSS without the oxidant. After blank subtraction
from fluorescence readings, the area under the curve of fluorescence versus time was integrated to

calculate the CAA value at each concentration of butyrate as follows:

CAA units (%) = 100 - (JSA/[CA) x 100

where

JSA = the integrated area under the sample fluorescence plot versus time curve

JCA =the integrated area from the control curve.

According to this formula, CAA units for cells treated only with ABAP (control) are equal to zero, for
cells non-treated with ABAP are equal to 100. Quercetin (1 and 5 uM) was used in substitution to

butyrate as positive control for an anti-oxidant activity.

3.26. Treatment of NCM356 cells with sodium butyrate and hydrogen peroxide (H202)

NCM356 cells were seeded at a density of 5x10% cells/well on a 96-well microplate in 200 pl of growth
medium/well. Eighteen hours after seeding, cells were pretreated for 2 h with butyrate and following

with 100 and 300 uM of H,0, for 24 hours. Culture medium was then removed, cells washed in PBS and
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treated for 4 hours with 100 pL of fresh culture medium added with Alamar Blue dye. Fluorescence
emission was measured at 590 nm with excitation wavelength at 530 nm. Results are expressed as

percentage of live cells versus control (cells no treated with H,0,).

3.27. Glutathione-S-Transferase (GST, EC 2.5.1.13) activity assay

The GST activity was determined using 1-chloro-2,4-dinitrobenzene (CDNB) as the substrate as
described elsewhere (135), with some modifications. Briefly, cells were seeded (2x10° cells/well) in a
12-wells plate. After twelve hours, cells were treated with butyrate for a defined time, collected by
tripsinization, and lysed with 200 pl of lysis buffer [50 mM potassium phosphate (pH 7.0), 1 mM EDTA,

and 250 mM sucrose].

The absorbance was read in a Tecan Infinite® M100 Pro plate reader at 340 nm immediately after
preparing the reaction tests and, every minute thereafter to obtain six time points. The linearity of the

reaction was determined by plotting the absorbance values against time.

The change in absorbance (AA340)/minute, in the linear range of the plot, was determined for the

sample and for the blank using the following equation:

A340

final read - initial read

AA340 A340

min reaction time
min

GST specific activity was calculated with the formula:

340, i

min = zmol/mL/min
Venz,, *&.u

where:

V = reaction volume

dil = dilution factor of the original sample
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Venz = Volume of the enzyme sample tested

emm (MM ™cm™?) = extinction coefficient for CONB at 340 nm

GST activity was normalized to total protein content measured using BCA method.

3.28. Catalase (EC 1.11.1.6) assay

Catalase activity was quantified using the Amplex® Red Catalase Assay Kit by Life Technologies. NCM
cells (2x10° cells/well) were seeded in a 12-wells plate and, after adhesion treated with butyrate. After
4, 24, and 48 hours cells were collected and lysed as described for the GST activity assay. Enzyme
guantification was performed following the manufacture’s protocol and its activity was normalized to

protein content measured using BCA method.

3.29. Glutathione reductase (GR) (EC.1.8.1.7) activity assay

NCM356 cells were seeded in 6-well plates (2x10° cells/well) and treated after 18 hours with 0.07, 0.4,
and 1.4 mM of butyrate for 4 and 24 hours. Cells were lysed in PBS supplemented with 250 mM sucrose
and 1 mM EDTA.

The activity of GR was measured by measuring the increase of absorbance at 412 nm caused by the
reduction of DTNB (5-5’-dithiobis(2-nitrobenzoic acid)) in the presence of NADPH and GR. Reaction
mixture was composed by 1 mM oxidize glutathione, 0.75 mM DTNB, 0.1 mM NADPH in 100 mM
potassium phosphate pH 7.5 and 1 mM EDTA. Absorbance was measured immediately after the

addition of NADPH for 120 seconds at intervals of 10 seconds.

The concentration of enzyme was calculated using the formula:

Units _ AAsample B AAolamk
mL EmM >X<Vsample(mL)
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where emv (MM™ecm™) is the extinction coefficient for TNB at 412 nm.

Data are reported as units of enzyme per mg of proteins calculated by BCA method.

3.30. Glutathione peroxidase (GPx) (EC 1.11.1.9) activity assay

For the determination of GPx intracellular activity a method based on the oxidation of glutathione
(GSH) to oxidized glutathione (GSSG) catalyzed by GPx was used. In this experimental protocol,
produced GSSG is then recycled to GSH utilizing glutathione reductase (GR), tert-Butyl hydroperoxide
and NADPH. Reaction mixture was composed by 50 mM Tris HCI, pH 8.0, 0.5 mM EDTA, 0.25 mM
NADPH, 2.1 mM GSH, 0.5 U/ml GR and 0.3 mM tert-Butyl hydroperoxide.

The decrease in absorbance at 340 nm was measure for 60 seconds at intervals of 10 seconds. Units/ml

of GPx was calculated as follow:

AA340,/
6.22*V

— mmol/ min/mL

Data was normalized on protein content (ug) calculated by BCA method.

3.31. Quantitative determination of GSH and GSSG levels

Total (GSH+GSSG), reduced (GSH) and oxidized (GSSG) glutathione was quantified using a colorimetric
assay based on the reduction of 5,5’-dithiobis(2-nitrobenzoic acid) (DNTB) to 2-nitrobenzoic acid (TNB)
by GSH. During the assay, the formed GSSG is recycled to GSH by glutathione reductase and NADPH.
The kinetic of the formation of the yellow product TNB was measured spectrophotometrically at 405
nm at 1 minute intervals for 5 minutes in a 96-wells plate. A standard curve of reduced glutathione was
used to determine the amount of glutathione in the unknown samples. Cells extracts were obtained
washing the cells twice in PBS and lysing them in 5% 5-sulfosalicylic acid (SSA) by two cycles of freeze

(in liquid nitrogen) and thaw (at 37°C). The extracts were then centrifuged at 10 000 x g for 10 minutes.
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The reaction mixture was composed by 95 mM potassium phosphate buffer pH 7,0.95 mM EDTA, 0.038
mg/mL NADPH, 0.031 mg/mL DNTB, 0.115 U/mL glutathione reductase and, 0.24% SSA.

For the quantification of GSSG, extracts were pre-incubated with 2-vynilpiridine for 1 hour at RT. 2-
vynilpiridine was neutralized by the addition of triethanolamine and then samples processed as

described above.

Cellular total GSH and GSSG were calculated using standard curve measurements performed
simultaneously with the samples and expressed as nmoles of glutathione per mL of sample according

to the formula:

A405,.
pl/ min

1 ole standard * ml

nmoles / mL = AA405

3.32. Superoxide dismutase (SOD) (EC 1.15.1.1) activity assay

Cell lysates were prepared as described for GST, catalase and GR. SOD activity was evaluated using the

SOD assay kit by Sigma and the manufacture’s protocol was followed.

SOD specific activity was expressed as units of enzyme per mg of total proteins. Protein concentration

in the samples was determined by BCA method.

3.33. Western blot analysis

For immunoblot analysis cells were washed twice in PBS and homogenized in lysis buffer containing 45
mM Tris-HCl pH 6.8, 0.2% N-laurylsarcosine, 0.2 mM PMSF, 0.2 mM DTT and a protease inhibitor
cocktail (Sigma). Cells lysates were centrifuged at maximal speed, supernatants were collected and
protein concentration determined by BCA assay. Cells lysates (40 ug for each line) were separated on

a 10% SDS-PAGE and transferred to a PVDF membrane. After blocking in PBS supplemented with 4%
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non-fat dry milk, 0.2% BSA, 0.5 M NaCl, Tween-20 0.1%, membrane was incubated with anti-p21 and
anti-p27 antibodies (mouse monoclonal 1gG, BD Bioscence) and with anti-a-actin antibody (rabbit
polyclonal IgG, Sigma). The primary antibodies were counterstained using HRP-conjugated anti-IgG
antibodies (Sigma). Protein bands were visualized by chemioluminescence (ECL-plus, Amersham) after

exposure to X-OMAT films (Eastman Kodak).

Image) software has been used to compare quantitatively the density of western blot bands. Adjusted
density values for p21 and p27 bands were calculated by dividing the relative density of each band by

the relative density of the actin-control band of the same sample.

3.34. Matrix Metalloproteinases activity assay

MMPs activity was determined through MMP Activity Assay Kit (Abcam). A fluorescence resonance
energy transfer (FRET) peptide that is cleaved in presence of MMPs is used. The test was performed

following the manufacture’s protocol.

Purified MMP-2 and MMP-9 (Abcam) were first activated by treatment with 1 mM 4-
Aminophenylmecuric Acetate for 1 h and 2 h respectively and used at 1 U/uL. MMP enzymes present
in HDFa and HaCaT cell lysates were activated with 1 mM 4-Aminophenylmecuric Acetate for 3 hours

at 37°C.

CTL (0.8 and 0.4 g/L) and CTL-nAg (0.8 and 0.4 g/L) were preincubated 20 minutes at RT with MMPs or

cell lysates before addition of substrate solution supplied in the kit (containing the FRET peptide).

Endpoint measurement after 1 h of incubation at RT was performed at Aex 490 nm and Aem 525 nm with

a Tecan Infinite® M100 Pro plate reader.

3.35. Statistical analyses

Data are expressed as means and standard deviations (st.dv.). Statistical analyses were performed using

Student’s t test, and a p-value < 0.05 was considered statistically significant.
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4. Results part 1: Colorectal anastomosis

4.1. AnastomoSEAL patch preparation

The aim of this part of the work was the production of a patch that could be placed to the colorectal
anastomosis site through both open surgery and laparoscopy. The biomaterial should serve for the

delivery of HA to the wound site and then be degraded within few weeks.

The setting up of the procedure of patch preparation was done as a first part of the work. The
production process requires a two-step preparation with the first step that consists on hydrogel

formation and the second step a freeze-drying procedure to obtain a membrane.
4.1.1. Hydrogel preparation and confocal analysis

The strategy of alginate reticulation by bivalent ions was chosen since it offers the advantage of a
biomaterial that could be degraded in body fluids without releasing harmful substances. At the same
time, alginate forms a stable hydrogel providing the structural matrix that is necessary for the bioactive

component entrapment.

A macroscopically homogeneous solution is obtained when alginate and HA are mixed together in
accordance with what already published (136,137). The gelation of the solution allows obtaining
transparent hydrogels. The hydrogel formation is due to the presence of CaCO3 and GDL which is slowly
hydrolyzed to glucuronic acid once in aqueous solution. The consequent acidification of the solution

causes the release of Ca?* responsible for alginate hydrogel formation through an egg box structure.

The hydrogels resulted apparently homogenous as shown in figure 4.1. The molecular arrangement of
the two polyanions was investigated to evaluate the distribution of the two polysaccharides after gel
formation. Hydrogels produced in presence of fluorescent labelled HA or fluorescent labelled alginate
were studied by confocal laser microscopy in order to spot the localization of the two polymers within
the interpenetrated network. Two different concentrations of the reticulating agent Ca?*, namely 20
mM and 50 mM (Patch A and F), were employed to modulate alginate crosslinking density, which

increases with Ca%* concentration (138). Figures 4.2 b and ¢ show the fluorescence profiles of the two
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polysaccharides. The analysis revealed that HA tends to localize preferentially on the edges of the gel,
since the fluorescence intensity is higher on the gel surfaces, while the minimum intensity corresponds
to the central part of the gel section (Figure 4.1 b). When the concentration of Ca?* increases, this
behaviour becomes more evident. At variance, there are not significant variations in alginate profiles
throughout the hydrogel thickness, regardless Ca%* concentration (Figure 4.1 c). This finding suggests
that the higher is the crosslinking degree of alginate, the higher is the tendency of HA to segregate into
larger domains that preferentially localize on the edges of the hydrogels, while alginate appears

homogeneously distributed within the gel structure.
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Figure 4.1: Alginate-HA hydrogels characterization: a) Macroscopic image of the hydrogel (Patch D); b) Profiles of
HA localization in the cross-section (edge to edge) of hydrogels prepared with different CaCO3z concentrations
(black squares: 20 mM, Patch D); blue circles (50 mM, Patch E); c) Profiles of alginate localization in the cross-
section (edge to edge) of hydrogels prepared with different CaCOz concentrations (black triangles: 20mM,
Formulation D); blue stars (50 mM, Patch E). The profiles reported were chosen as representative trends among 5
replicates. Dotted lines are drawn to guide the eye.

The homogenous distribution of the alginate macromolecules in hydrogels prepared by in situ

reticulation was already reported by Kuo and Mal[47].

Varying the amount of Ca?* results in a different arrangement of the HA chains entrapped within the
polysaccharide matrix; the higher is the amount of Ca?, the higher is the amount of egg-box junctions,
which results in the accumulation of HA on the surfaces of the hydrogels. The influence of calcium was
confirmed also by data on release of polysaccharides from patches that will be discussed on the next

paragraphs.

60



4.1.2. Membrane preparation and morphological analysis

To obtain the AnastomoSEAL patch, the hydrogel was freeze-dried following the protocol described in

paragraph 3.5.

For the freezing of the hydrogels, two conditions were considered: one-step freezing at -80°C and a
temperature controlled freezing from +20°C to -20°C by the use of a cryostat. The results of the two
freezing procedures are shown in figure 4.2: the patch obtained by controlling the freezing temperature
is uniform while the patch obtained by rapid freezing shows a very irregular structure with a radial

pattern probably due to the ice crystals formed rapidly within the gel.

Figure 4.2: Patches obtained by the freeze casting of the hydrogel (Patch E) by the use of a) temperature-controlled
freezing and b) direct freezing at -80°C.

The temperature controlled freezing was selected for patch preparation and, after freeze-drying, a very
flexible patch was obtained (figure 4.3 a). The flexibility is due to the presence of glycerol that acts as
a plasticizer and is an important issue because it permits the introduction of the patch into the site of
anastomosis through laparoscopy, the procedure of choice of surgeons. In addition, the patch can be

easily synthesized or cut in different forms and dimensions.

A morphological analysis of the patch at the microscopic scale was carried out by SEM microscopy
(Figure 4.3 b). SEM analysis highlighted the homogeneous polymeric texture composing the membrane;
the structure is compact and devoid of open pores. Cross section micrographs display an average
thickness of approximately 300 um (Figure 4.3 c); such limited thickness contributes to make the
material suitable to be fold and wrapped by hand and stays within the thickness range of the main

commercial surgical membranes for internal use (139).

61



UNITS

acroscop/c view; b) Top view at SEM;

Figure 4.3: Images of alginate-HA freeze—dled membranes (Ptc D) a)
c) Cross section at SEM.

4.2. Quantification of HA and alginate released from the patches

Release of polymers from the patches in the environment of the anastomosis is a very important
parameter since the coordination between the time for the wound healing process and the release of
the bioactive components is crucial for the functioning of the biomaterial. In literature evaluation of
HA release from scaffolds with alginate/HA was done by using tritiated HA (140). In our laboratory

simpler techniques were fine-tuned since tritiated HA requires a complex preparation.

For the quantification of the released HA, fluorescence spectroscopy was first used by employing HA
labeled with fluoresceinamine. Fluorescence spectroscopy quantification of polymers resulted simpler
and safer than the use of tritiated HA but still requires a lot of time since the reaction for the labeling
of HA is very long and small amounts are produced for every preparation reaction. Moreover, the use
of this technique does not permit contemporary quantification of both alginate and HA from the same

patch (data not shown).

For this reason, Circular dichroism (CD) analysis was considered for polymer quantification. CD is
already used for the determination of alginate composition in terms of mannuronic acid (M), guluronic
acid (G) and their dyads (MM, MG, GG) (141). Since both HA and alginate are chiral molecules and
absorb in the UV range, CD can be used for the quantification of HA and alginate present in a binary

mixture. (131).
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HA and alginate released from patches produced by the use of two CaCOs concentrations (20 and
50mM), two types of alginate (from L. hyperborean and M. pyrifera) and two HAs (with MW = 240 000
and 800 000) were measured by CD. Moreover, analysis were performed also on patches prepared with
different ratio HA/alginate, different concentration of total polysaccharides and on patches produced

in the presence of NaCl. The release was evaluated in both mQ water and SBF buffer.

4.2.1. Influence of calcium concentration

To study the influence of calcium concentration, the release of the polysaccharides was measured from
patches synthesized with L. hyp. and HA with MW of 240 000 while CaCOs; concentration was varied
(20 mM and 50 mM; Patches A and F). The release was measured after immersion of the patch (¢ 35

mm) for 3 hours in water.
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Figure 4.4: Release of alginate and HA expressed as percentage of the total polymer from patches with CaCO3 20
mM (Patch D) and 50 mM (Patch E). The values reported in the graph are the average of three replicates. Data
are mean + st.dv.

Figure 4.4 shows that, in the patch with CaCO3; 50 mM (Patch F), HA is released in a higher percentage
with respect to the patch with CaCO5;20 mM (Patch D). More specifically, there is a release of 84% and
52% for CaCO3; 50 mM (Patch E) and 20 mM (Patch D) respectively. On the other hand, a higher
percentage of alginate is released from the sample with CaC0O3 20 mM (Patch D): more specifically 34%

with respect to 4.6% released from the sample with CaCO350 mM (Patch E).
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The data obtained here are in accordance to what observed from confocal analysis of hydrogels. The
HA gradient (figure 4.1 b) explains why in patches with 50 mM CaCOs (Patch E) the release of HA is
higher than the release from 20 mM CaCOs (Patch D) patches (figure 4.4).

A higher crosslinking density of hydrogels is obtained for higher calcium content. In the presence of
higher calcium, the reticulum of alginate is more rapid and the negative charge of HA may interfere
with the gel formation thus HA tends to be excluded and forms a gradient of distribution. In the
presence of 20 mM CaCOs there is a lower crosslinking density of alginate matrix and a lower

segregation of HA chain. (136,142,143)

The quantification of the alginate released was performed also on control patches without HA (data
not shown): the quantity of alginate released is decreased compared to the sample with HA. Alginate
released from patches with CaCO3;20 mM (Patch A) is 26.6% while from the patches with CaCO3;50 mM
(Patch F) is 3.4%. This data further confirms the hypothesis of the different reticulation between gels

with different calcium concentration.

4.2.2. Influence of the molecular weight of hyaluronic acid

In order to determine the effect of the MW of HA on polymer release, patches (¢ 35 mm) containing
HA 240 000 and 800 000 were used. The release was quantified for samples with CaCO3; 20 mM (Patches
D and B, figure 4.5 a) and 50 mM (Patches E and G, figure 4.5).

Figure 4.5 a shows that HA 800 000 (Patch B) is released in higher quantities compared to the HA 240
000 (Patch D) for the samples with CaCO3; 20 mM. More specifically, 59.5% of HA 800 000 and 32.4% of
HA 240 000 are released. At the same time, the quantity of alginate released from the sample with HA
800 000 (Patch B) is much lower (15.2%) than the alginate released from the sample with HA 240 000
(Patch D; 34%). The lower release of alginate and the higher release of HA 800 000 could be because of
the higher hydrodynamic volume that could hamper the entrapment of the polysaccharide inside the
alginate matrix. For this reason the higher exclusion of HA 800 000 from the gel matrix could facilitate

the interaction between alginate chains thus forming a stronger matrix.
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Figure 4.5: Release of alginate (L.hyp.) and HA 240 000 and 800 000 from patches with a) CaCO3 20 mM (Patches
D and B) and b) 50 mM (Patches E and G). Data are mean #* st.dv with n=3.

There is no significant difference on polymer release when HA 800 000 is used between patches
prepared with 50 mM (Patch G) and 20 mM CaCOs (Patch B). The influence of the MW of HA overrides

the influence of the Ca?* concentration.

Figure 4.5 b shows that for CaCO3 50 mM, HA 240 000 is released in higher quantities (84.3%; Patch E)
than HA 800 000 (64.2%; Patch G). In the case of HA 240 000 and CaCO3; 50 mM (Patch E) the gelation
could be rapid thus resulting in a higher exclusion of HA chains from the alginate matrix while HA 800

000 (Patch G) could slower down the speed of gel formation thus having a lower exclusion of HA chains.

4.2.3. Influence of alginate composition

To study the effect of alginate composition on polymers’ release, two different types of alginate were
used: alginate from Laminaria hyperborea (L. hyp.) and alginate from Macrocystis pyrifera (M. pyr.).
These alginates differ in the dyadic composition and for the length of G blocks and MG blocks were
alginate from L. hyp. has higher G content and longer G blocks. The gel strength is directly related to

the total content of G units and the average length of the G block in the gelling polymer (144).
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Figure 4.6: Release of HA (240 000; 15 g/L) and alginate from patches produced with alginate from Laminaria
hyperborean (L.hyp.; Patches D and E) and Macrocystis pyrifera (M.pyr.; Patches H and 1) prepared with CaCO3 20
mM (a) and CaCO350 mM (b). Data are mean + st.dv with n=3.

In figure 4.6 a can be observed that for samples prepared with CaC0O320 mM (Patches D and H) there
is no significant difference in the release of HA when different types of alginate are used but there is a

lower release of alginate M. pyr. (20.7%) than alginate L. hyp. (34%).

For samples prepared with CaCO; 50 mM (Patches E and I; figure 4.6 b) there is a higher release of
alginate M.pyr. (21.7%) than alginate L.hyp. (4.6%) while HA is released in higher quantities for samples
with alginate L. hyp. (84%) than for samples with alginate M. pyr. (42.5%). This could be due to a
stronger gel formed in the presence of alginate L.hyp. and high calcium content that leads to a higher
exclusion of HA chains and a lower release of alginate chains. Moreover, larger gel pores are found in
hydrogels formed from alginate with higher G content such as L.hyp. were in presence of high calcium

content, lateral association occurs thus forming higher spaces in between the junction zones (76).

When alginate M.pyr.is used, the release of alginate does not have a significant difference for samples
with CaCO; 20 mM (Patch H) and 50 mM (Patch 1) while HA 240 000 is released in higher quantities in
the case of CaCOs; 50 mM (42.5%) than CaCOsz; 20 mM (29.8%). For higher calcium concentrations,

formation of egg-boxes is faster thus causing a small increase on HA exclusion.

66



Release of alginate M.pyr. from a control patch (without HA; Patch J) with CaCOs; 50 mM resulted in the
release of 3% of total alginate (data not shown). This indicates that the addition of HA inside the

alginate M.pyr. gel causes formation of a smaller number of alginate chain interaction.

As mentioned before, for control patch (without HA) of alginate L.hyp., 3.4% of total alginate is released

in presence of CaCO3 50 mM (Patch F).

Therefore, the presence of HA inside the matrix of alginate gels influences the number of chain
interactions when alginate M.pyr. is used but does not significantly influence the number of chain

interactions when alginate L.hyp. is used.

4.2.4. Influence of salt

In order to slow down the gelation process, NaCl was added to the polymer mix used for the patch
preparation. NaCl is dissolved in water solution thus Na* ions could compete with Ca?* ions on egg-box
formation consequently influencing the kinetic of gel formation since this parameter was shown on

previews experiments to strongly influence the release of HA from the patch.

95 4 _JAlg. L.hyp.
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o T 240
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?

NaCl 75mM

Figure 4.7: Release of HA 240 000 and alginate from patches with CaCO3 50 mM in the presence (Patch J) and
absence of NaCl 75 mM (Patch E). Data are mean # st.dv with n=3.

Quantification of the polymers released was performed on samples synthesized with alginate L. hyp.,
HA 240 000 and CaCO; 50 mM with (Patch J) or without (Patch E) NaCl 75 mM. Figure 4.7 shows that
NaCl addition lowers the quantity of HA released of almost 50% (from 84.3% to 35.2%) while alginate
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release is increased of 16% (from 4.6% to 20.9%). These results show that the addition of NaCl succeeds
in competing with Ca?* ions on gel formation and that slowing down the kinetic of gel formation cause

a higher release of alginate and a lower release of HA.
4.2.5. Influence of polymer concentration

In order to study the influence of polymer concentration on the release of the two polysaccharides
from the patch, three different combinations of polysaccharides were used and the results are reported

in figure 4.9.
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Figure 4.8: Release of alginate and HA from patches with different alginate and HA concentration: from left to
right: Patch D, Cand L. Data are mean #* st.dv with n=3.

The difference on the release of polysaccharides from patches with different ratio between
polysaccharides and different polymer concentration is very small. In fact compared to the patch used
in the previous paragraphs for the quantification of released polymers (alginate 15 g/L and HA 15 g/L:
Patch D), there is only a very small increase on alginate release for the patch with alginate 20 g/L and
HA 10 g/L (Patch L). Also the release of HA is very similar between the patch with alginate 15 g/L (Patch
D) and 20 g/L (Patch C) and HA 15 g/L while there is a decrease on the percentage of total HA released
for the patch with alginate 20 g/L and HA 10 g/L (Patch L).
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4.2.6. Influence of the environment

In order to evaluate the influence of the chemical environment on the patch dissolution, the release of
alginate and HA in water was compared with the release in SBF, a buffer containing the same
concentration of salts as the blood plasma. SBF was chosen because of the similarity with the
physiological environment in which the patch will be placed since the accumulation of biological fluids

is part of the normal course of the anastomosis healing.

The test was performed on samples prepared with both alginates L. hyp. (Patch D, figure 4.9 a) and M.
pyr. (Patch |, figure 4.9 b) 15 g/L and HA 240 000 15 g/L.

For both types of alginates, there is an increase of the release of alginate and HA when the patch is
immersed in SBF compared to the release in water. More specifically, there is an increase on alginate
release of 13% from samples with alginate L. hyp. (Patch D) and 5% from samples with alginate M.pyr.
(Patch 1) compared to the release in water. HA release in SBF has an increase of 34% from patches with

alginate L. hyp. (Patch D) and 19% from patches with alginate M. pyr. (Patch ).
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Figure 4.9: release of alginate (15 g/L) and HA 240 000 (15 g/L) from samples with CaCO3 20 mM immersed in
water or SBF: a) Patch D and b) Patch I. Data are mean + st.dv with n=3.

This increase on polymer release is probably due to the presence of ions in the SBF buffer compared to
water. Positively charged ions such as Na* could compete with Ca% ions that are present at the egg-box
level weakening the structure of the patch with consequential increase of polymer release from the

patch.
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In summary we can say that parameters that cause a slower formation of the gel give rise to a patch
were the release of alginate is higher and the HA release is lower compared to the release in patches

with a faster gel formation.

4.3, In vitro tests of raw materials on fibroblasts and colonocytes

The aim of the tests that are reported below is to evaluate the biological effects of the single
components of the patch on two main type of cells present in the site of the anastomosis: fibroblasts

and colonocytes.

Since cell lines are very different from the primary cells, Human Dermal Fibroblasts from adult were
used to represent the fibroblast component of the wound found on the outer part of the intestine were

the patch should be placed.

For the other side (the inner mucosal tissue), a normal colon-derived cell line, named NCM356, was
selected for the in vitro test. Primary colonocytes are very difficult to obtain and can be used for a very
short time, hours till few days (145-147). NCM356 cell line was isolated from the histologically normal
colonic margin of a 65 years old black male patient subjected to rectal adenocarcinoma resection (148).
The cells are not tumorigenic, display normal colonic epithelial cells characteristics but mutations have
been detected. Although NCM356 cells are not normal primary cells, they are a good compromise

between primary and transformed cells.

4.3.1. Evaluation of the effects of HA on viability and proliferation of primary

fibroblasts

Since biological effects of HA depend on its MW, HA at different MWs were considered in order to

choose the best one for our application.

Effects of HA at different MWs (65 000, 240 000, 800 000, 1 500 000) were studied in terms of cell
viability through an Alamar blue assay. Viability of cells treated with HA at different MWs is reported

in figure 4.10 by means of growth rate (viability Day n/ viability Day 0) of cells as a function of time.
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The test pointed out that for all the MWs used, HA stimulates fibroblasts proliferation since the treated
cells have a higher viability than the non treated cells. However, polymers with lower MW appear to
be more effective than polymers with higher MW. The best performing HA is the one with MW 240 000
at 2 g/L. For this reason, HA at 240 000 was selected for the production of patches, of HABut at different

DS and for further characterization studies.

It is already known that HA at different MWs have different biological effects (84,149,150). Several
studies show that HA with MW around 200 000 induces production of chemokine, cytokine, proteases,
growth factors and nitric oxide from macrophages (2). At the same time West et al showed that
polydispersed HA with a peak of 200 000 was found in fetal and adult wound fluid but in fetal wound
fluid (that have a healing without scaring) it increases at day 7 and reaches a concentration of 4-5 times

the HA found in adult wound fluid (151).

Thus, the selected HA could induce cell proliferation from one hand (as shown by our results) and

induce the immune system to resolve tissue injury without excess of scaring.
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Figure 4.10: Viability of fibroblasts treated with HA of different molecular weights at three different
concentrations. Data are mean + st.dv.: t-student: ** indicates p<0.01, * indicates p<0.05 n=8. Grey line=
maximum growth rate of non-treated cells.

4.3.1. Evaluation of the effects of HA on viability and proliferation of colonocytes

Figure 4.11 reports the effects of HA at different MWs on colonocyte viability were grey lines indicate
the maximum rate of growth reached by the cells in 6 days of culture without any treatment. The test
points out that HA has a minimal effect on cellular proliferation. In particular, for all MWs of HA tested,
the highest concentration (6 g/L) of polymer induces a decrement of cell replication at days 6 and 7.
Lower concentrations either do not affect significantly cell growth profile or promote, only in two cases,

a very slight increment of cell growth (see graphs c and d).

HA exerts a proliferative effect on several cell types, but the results are controversial and depend on
cellular type and origin, as well as the size and concentration of HA. Thus is not surprising that the effect

on viability and proliferation of fibroblasts and colonocytes is not the same.
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Figure 4.11: Alamar Blue test on colonocytes treated with HA with different MWs. Data are mean # st.dv.: t-
student: **P<0.01, n=8. Grey line= maximum growth rate of non-treated cells.

4.3.1. Evaluation of the effects of HABut and butyrate on viability and proliferation of

primary fibroblasts

HABut with three DS (0.3, 1 and 1.8) at the same concentrations used for HA (0.5 g/L, 2 g/L and 6 g/L)
were tested on fibroblasts (figure 4.12). These polymers are obtained from HA 240 000 to which

butyrate molecules are grafted through an esterification process.

As can be seen in Figure 4.12, the cell behavior in presence of HABut is not comparable to that observed
for fibroblasts treated with the corresponding HA. HABut with DS 0.3 does not affect significantly cell
proliferation at any of the three concentrations of polymer used. Moreover, it can be observed that the

increase of the DS of the polysaccharide induces a clear and significant decrease of cell growth. The
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most consistent proliferation inhibition is observed with HABut with the highest DS and at the
concentration of 2 g/L. Thus HABut inhibits fibroblasts proliferation in a dose-dependent and DS-

dependent manner.
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Figure 4.12: Viability of fibroblasts treated with HABut of different Degrees of Substitution (DS) at three different
concentrations. Data are mean # st.dv.: t-student: **indicates p<0.01, n=8. Grey line= maximum growth rate of
non-treated cells.

This effect is probably due to presence of butyrate whose effect on fibroblasts viability was also tested.
Cells were treated with butyrate at different concentrations (0.07 mM, 0.4 mM, 1.4 mM). These
concentrations correspond to the concentration of butyrate molecules contained into the HABut
polymers. Furthermore, a ten times higher concentration (14 mM) of the one contained in HABut 6 g/L

was used.

Viability of fibroblast treated with butyrate shows a dose-dependent inhibition of proliferation (figure
4.13). The lowest concentration (0.07 mM) of the short chain fatty acid does not impair growth rate in

comparison with the control cells. For the intermediate concentrations, a decrease of proliferation is

74



evident and became significant mainly after the first two days of culture. It is interesting to note at the
highest dose of butyrate (14 mM) a severe drop of the growth rate in comparison with its value at day

1, ascribable to a reduction of the number of cells in the sample and therefore to cell death.
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Figure 4.13: viability of fibroblasts treated with butyrate (But) at different concentrations. Data are mean # st.dv.:
t-student: ** indicates p<0.01, n=8. Grey line= maximum growth rate of non-treated cells.

In order to study if the observed cell death at the highest concentration of butyrate is induced by
apoptosis, in accordance with what described in literature (152-154) analysis of exposure of
phosphatydilserine was done through Annexin V test. Cytofluorimetric analysis of Annexin V (figure
4.14) showed that at 72 hours of butyrate treatment, only 37.3% of cells are viable while in the control
group 92% of cells are viable. Treated cells are mainly in early apoptosis (52.8% with respect to 5.4% in

the non treated cells).
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Figure 4.14: Cytofluorimetric analysis of the HDFa cells untreated (a) treated with UV rays for 5 minutes (b) and
treated with butyrate (But) 1.4 mM for 72 h (c). FL1 indicates the green fluorescence given by Annexin V and FL3
indicates red fluorescence given by propidium iodide (Pl). Table in d) shows the percentage of cells for each group.

These results show that butyrate molecules bound on polysaccharide chain maintain the capability to
be internalized into the cells and to interact with its natural intracellular targets (namely histone
deacetylases)(152), so to induce biological pathways comparable to that exploited by the free

molecule, in particular inhibition of cell cycle progression and induction of apoptosis.

4.3.2. Evaluation of the effects of HABut and butyrate on viability, proliferation and cell

cycle progression of colonocytes

After treatment of colonocytes with HABut 0.5 g/L, 2 g/L and 6 g/L we observed that different DS do
not significantly influence colonocyte growth (figure 4.15). Only the highest concentration (6 g/L) of
polymer used exerts an effect on the cell growth profile when compared with non-treated cells,

inducing inhibition and arrest of cell proliferation.
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Figure 4.15: Viability of colonocytes treated with HABut at different DS. Data are mean #* st.dv.: t-student: **
indicate p<0.01, n=8. Grey line= maximum growth rate of non-treated cells.

We therefore tested the influence of sole butyrate on colonocytes and the results are reported in figure
4.16. As shown already for fibroblasts, butyrate causes suppression of cell proliferation and cell death

at the highest concentration of the molecule.
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Figure 4.16: Proliferation rate of colonocytes treated with butyrate (But) at different concentrations. Data are
mean + st.dv.: t-student: ** indicates p<0.01, n=8. Arrows indicate the time points when cytofluorimetric analysis
for detection on Annexin V were performed.
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Cytofluorimetric analysis confirmed that the decreasing of colonocyte number detected after 48 hours
of treatment with the highest concentration of butyrate, is due to cell death for apoptosis (figure 4.17).
More in detail, after 48 hours more than 50% of the cells are in apoptotic phase (summing early and
late apoptotic cells), against 8% of the non-treated cells while after 72 hours 75,7% of cells are in

apoptotic phase.
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Figure 4.17: Annexin V assay of NCM356 cells non treated (a), exposed to UV rays for 1 minute (b) and treated
with butyrate (But) for 48 (c) and 72 hours (d). The percentage of cells per each sample in the different stages are
reported in (e). Data shown here are obtained from a single representative experiment.

Effects of butyrate on cell cycle progression were examined more in depth. The analysis at different
time points of the cycle of cells treated with 0.4 and 1.4 mM butyrate showed an alteration of the cell
cycle progression after 8, 24 and 48 hours, as reported in Table 4.1. In particular, we observed a slowing

down of the replication rate in cells treated with butyrate. Moreover, the presence of sub-G1 peaks,
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ascribable to cells in the apoptotic state, are observed after 24 hours in the samples treated with 1.4
mM of butyrate and after 48 hours both in cells treated with 0.4 and 1.4 mM of butyrate. We
hypothesize that a small fraction of the cells are induced to block their cycle progression with further

triggering of the apoptotic pathway.

But at the concentration of 0.07 mM does not influence cell cycle progression, in agreement with what

observed in the proliferation test.

a) % of cells Non-treated But 0,07mM But 0,4mM But 1,4mM

84,7 78,1 82,8
S 11,7 11,9 13,2 10,7
G2/M 5,28 3,4 6,28 6,47
.
67,1 65,6 75,1
S 28 25,4 25,6 8,51
G2/M 4,91 8,98 18,4 16,4
o
56,6 53,8 45,3 71,1
S 34,6 34,8 40,8 12,7
G2/M 8,87 11,4 13,8 16,2

Table 4.1: Cytofluorimetric analysis of the cycle of cells untreated and treated with butyrate (But) 0.07 mM, 0.4
mM and 1.4 mM after 8 (a), 24 (b) and 48 (c) hours. The asterisk indicates the samples that show a subG1 peak
(apoptotic cells). Data shown here are obtained from a single representative experiment.

In literature there are different works supposing that butyrate induces cell death on malignant cells. It
could be that, since NCM356 cells are not primary cells, the data we are seeing are due to this effect

while in the intestine environment there is no or little cell death induction.

In vivo concentrations of butyrate are very difficult to be measured, several works report the fecal
concentrations that do not reflect the real concentrations in the physiologic environment since most

of the butyrate is rapidly absorbed from intestinal cells (155). The concentrations in vivo are probably
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much lower than the ones used here since mucus is present and thus the concentration of butyrate in

contact with the cells are probably lower than the one present in the intestinal lumen.

Several cyclin-dependent kinases (CDK) inhibitors, including p21°P! and p27"*!, are reported to be
under the regulation of histone acetylation/deacetylation and also involved in butyrate-mediated cell
growth arrest in some colon and non-colon cancer cell lines (156-159). Thus, the protein expression
levels of both p21 and p27 were investigated through western blotting analysis using specific
antibodies, after 24 hours of treatment with butyrate. As shown in Figure 4.18, butyrate led to a very
modest increase of the p27 expression (an average increase of 20-30% vs control), meanwhile a

consistent over expression of p21 is observed mainly at the highest concentration of butyrate used.

Likely, mainly p21, and only marginally p27, seem to play a central role in butyrate-mediated cell cycle

inhibition and apoptosis induction on NCM356 cells.

Butyrate (mM) O 0.4 1.4

p21 p— -

Density (protein/p actin)

Butyrate (mM) 0 1.4 14 0 14 14

Figure 4.18: Effect of butyrate on the expression of cell cycle-related proteins p21“P* and p27%*1. NCM356 cells
were exposed to 1.4 and 14 mM of butyrate for 24 hours. Primary antibodies anti-p21, anti-p27 and anti-a-actin
have been used for the western blotting. One representative experiment of immunoblotting is reported. Densities
of western blot bands have been compared using the software ImageJ.

80



Butyrate in vivo might have a dose-depend effect: at high concentrations it induces cell death while at
low concentrations doesn’t act at cell cycle level but on other cellular mechanisms like anti-
inflammatory effects, induction of REDOX systems, production of extracellular matrix (96,135,160). For
this reasons the effects of butyrate on anti-inflammatory mechanisms were studied and will be

reported in paragraph 4.4.8.

4.3.3. Binding of HA and HABut on fibroblasts and colonocytes

HA is normally internalized inside the cells. Since HABut is a different molecule, assays were performed
in order to verify if the HABut polymer can be internalized by the cells so to allow butyrate to interact

with its intracellular targets.

A first study on the expression of CD44 receptor was performed through FACS analysis since HABut is
thought to bind to HA receptor. Figure 4.19 shows that the entire population of NCM cells express CD44
receptor (gate 1) and there is no difference in expression between the less differentiated and adherent

cells (gate2) and the most differentiated and suspension-growing cells (gate 3).
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Figure 4.19: Cytofluorimetric analysis for CD44 expression on NCM356 cells: a) side scattering and forward
scattering that show the distribution of cell population and the gated cells; b) Red fluorescence (FL2) of the cells
versus cell count. A primary antibodies anti-CD44 conjugated to phycoerithrin (PE) was used; IgG2b conjugated to
phycoerithrin (PE) was used as idiotypic control. One representative experiment is reported.

Binding and internalization of HA and HABut by fibroblasts was evaluated through cytofluorimetric
analysis of cells treated with HA and HABut conjugated to fluoresceinamine. In order to evaluate if the

signal is due to extracellular binding or if it is due to internalization of the polymer, fluorescence was
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quenched with Trypan blue. In figure 4.20 is shown that increasing quantities of Trypan blue increases

fluorescence quenching of HA and HABut labeled with fluoresceinamine.
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Figure 4.20: Quenching of HA and HABut 2 g/l conjugated to fluoresceinamine (HA-Fluo and HABut-Fluo) by
increasing concentrations of Trypan blue.

In figure 4.21 a and b are reported the analyses of the cytofluorimetric data collected from fibroblasts.
The grey peak represents the autofluorescence signals obtained from cells non-treated with the labeled
probes. The green peak that appears shifted toward higher values of fluorescence, indicates the
fraction of cells that have bound firmly the probe. After fluorescence quenching, although a slight shift
of the blue peak can be noted, a consistent percentage of the fluorescence can be ascribed to probes,

both HA and HABut, that have been internalized by the cells.

Similar results are obtained also from colonocytes (Figure 4.21 c and d). The graphs show that both
polymers bind to NCM356 cells and treatment with Trypan blue causes a small quenching of
fluorescence indicating that most of the polymer is inside the cells and only partially is outside, probably
bound to the CD44 receptor. The difference in fluorescence between HA and HABut has to be ascribed

to the fact that polymers are from different preparations and fluorescence cannot be compared

guantitatively.
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Figure 4.21: Green fluorescence reading (FL1) of HDFa cells (a and b) and NCM356 cells (c and d) treated

HDFa cells
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with HA and HABut labeled with fluoresceinamine and with both HA and Trypan blue (TB).

Although already published data reports that in the specific uptake of HABut by some cancer cell lines
is mainly involved CD44, the major receptor for HA (4), it is not excluded that other membrane
receptors, including the receptor for hyaluronate-mediated mobility, could be responsible for HABut

internalization. In this respect, it remain to demonstrate whether also in cell types tested in this study,

CD44 is the receptor involved in the active polymer uptake.

In figure 4.22, a schematic and hypothetic mechanism of the uptake and intracellular release of

butyrate from HABut is reported.
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Figure 4.22: Uptake and intracellular release of butyrate from HABut.

4.3.4. Scratch test (wound healing assay) on fibroblasts and colonocytes

The overall influence on wound closure was evaluated by following the closure of a scratch performed
on a monolayer of cells over time. Figure 4.23 a shows the results for HDFa cells treated with HA and

HABut expressed as percentage of the scratch closure over time.

Scratch test on fibroblast demonstrates that the process of gap closure is efficiently promoted by HA
and by HABut in a dose dependent manner (figure 4.23). As an example, after 24 hours sample treated
with HA showed a complete closure of the gap whereas with non-treated cells the percentage of
closure is only 50%. However, the effect of HA on gap closure is more pronounced than the effect of

HABut.

In order to distinguish contributes of migration and proliferation on scratch closure, the proliferation
of cells was inhibited by the use of mitomycin C. The optimal concentration was first determined by
treatment of HDFa cells with mitomycin C at different concentrations (figure 4.23 b). Mitomycin C 1

mg/L was chosen for cell treatment since it maintains stable the viability of cells for 2 days.

In figure 4.23 c and d we can see in purple the healing profile of cells treated with the drug, in black the
healing profile of non-treated cells. When cells are treated with Mitomycin 1 mg/L the scratch closure
slows down but is not abolished meaning that proliferation gives an important contribution to the

scratch closure but is not the only one. The cells cultured in presence of the polymers display an
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intermediate behavior as a proof that the polymers have a role in the healing process stimulating both

cell migration and cell replication.
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Figure 4.23: Scratch test on fibroblasts treated with HA (6 g/L and 0.5 g/L) and HABut (6 g/L and 0.5 g/L) and on
non treated cells. In Graph a, cell response without addition of mitomycin C; in Graph b, selection of the optimal
concentration of mitomycin C; in Graph c and d, cell response with addition of mitomycin C. Results are reported
as percentage of closure of the gap area at time n in comparison with gap area at time 0. For each sample, data
are expressed as mean # st.dv. with n=8.

Fibroblasts are very important to the different stages of the wound healing process: they are highly
migrating cells, great contributors to the formation of the granulation tissue and of matrix remodeling
and are also responsible for the wound contraction by differentiating to myofibroblasts (11,161). Data
obtained from our experiments are in agreement with other studies as literature data indicate that HA

induces both proliferation and migration of cells (149).
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The test was performed also on colonocytes both with and without Mitomycin C. Data are reported in

figure 4.24.
100
_» Non treated 100 |—=— Non treated
—+ HA6g/L ——HAGg/L+M
80| —a— HA 0.5g/L 20| —HA0.5gL+M
] —v- HABut 6g/L o —v— HABut 6g/L +M
3 HABut 0.5g/L 2 HABut 0.5g/L +M
o 60+ © eol—+M
7] o
5 S
E 40 E 40
@ @
0 4. ° .
2 = L
0 a 0| b
' o 12 2 % 48 e 12
hours hours

Figure 4.24: Scratch test performed on NCM356 cells treated with HA (6 g/L and 0.5 g/L) and HABut (6 g/L and
0.5 g/L) and on non treated cells. In Graph a, cell response without addition of Mitomycin C, in Graph b, cell
response with addition of Mitomycin C. Results are reported as percentage of closure of the gap area at time n in
comparison with gap area at time 0. For each sample, data are expressed as mean # st.dv. of six scratched lines.

Only HA (red line) at the concentration of 6 g/L promotes a significant increase in the kinetic of gap
closure. HA has a dose-dependent effect on wound closure since the closure of the scratch performed
on the monolayer of NCM356 cells is higher in presence of HA 6 g/L with respect to non treated cells
while in the presence of HA 0.5 g/L there is a significant induction of gap closure only at 48 hours. When
NCM356 cells are treated with HABut there is a dose-dependent inhibition of scratch closure since in
the presence of HABut 6 g/L there is a lower closure of the scratch compared to the non treated cells.

For HA 0.5 g/L there is no significative difference between treated and non-treated cells.

In NCM356 cells, Mytomicin C inhibits completely gap closure (see figure 4.24 b) suggesting that cell

proliferation is the prevalent mechanism involved in the process of scratch closure .

The data obtained here are in accordance with data obtained on viability assay since HABut inhibited
colonocyte proliferation. Inhibition of cell growth is the mechanism by which HABut decelerates gap

closure on colonocytes.
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4.3.5. Effects on extracellular matrix production

ECM production is important in wound healing since this component has to be restored when an injury
occurs. Moreover, the ECM plays an active role on wound healing since it serves for cell adhesion and

migration, reservoir of growth factors and MMPs.

ECM production on human primary fibroblasts after treatment with HA 240 000 or HABut DS 0.3 was
studied in terms of glycosaminoglycan (GAG) production and collagen production and is shown in figure

4.25.

Figure 4.25 a shows the quantity of GAGs (in ug) normalized over micrograms of total protein content
and figure 4.25 b shows the results for collagen production in terms of CICP peptide quantity

normalized on number of cells (measured by Alamar Blue Assay).

ng GAGs/ug proteins
ng CICP/Alamar

Figure 4.25: ECM production after treatment with HA and HABut. a) Glycosaminoglycan quantification after 6
days of treatment; b) CICP peptide quantification in culture medium after 48 hours of treatment. Data are mean
+ st.dv. and are from a single representative experiment with n=3. t-student is indicated in the figure with ** for
p-value <0.01 and * for p-value <0.05.

Treatment of fibroblasts with both HA and HABut increment GAGs production from fibroblasts in a
dose-dependent manner. Since the assay is based on DMMB which reacts with the sulfate group of

the GAG chain, HA is not detected and thus there is no interference of the HA used for the treatment.
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Production of collagen type | is not influenced by the treatment with HA and HABut for 48 hours.

Collagen is an important molecule in the anastomosis healing process since it influences the strength

of the anastomosis (58). The submucosa contains mainly collagen type .

Literature data report an augmented collagen deposition both by native and oligo-HA (162-164) while
other studies show a decreased collagen production (165). Studies are performed on different types
of fibroblast (fetal, adult, dermal or lung) and different treatment times. This could justify the difference

on the response.

Data in literature report that treatment with butyrate 4 mM for 48 hours promotes collagen
biosynthesis in human dermal fibroblast by over-expression of insulin growth factor I, the most potent
stimulator of collagen biosynthesis in the skin (160). The concentrations of HABut used in the test
shown in figure 4.25 b correspond to lower butyrate concentrations and this may be the reason why

data obtained in our expriments with HABut do not have a significant effect on collagen synthesis.

This assay measures the production of collagen | but also the overall quantity of collagen is important

and is given by the equilibrium between degradation and production.

Collagen type lll and V are also present in the intestine environment but the influence of HA and HABut

on these molecules was not evaluated.

4.3.6. Evaluation of the effects of butyrate on the antioxidant mechanisms of

colonocytes

The aim of the test reported hereafter was to verify the effects of butyrate at low and physiologic
concentrations on the antioxidant cellular processes (135,166). The antioxidant properties of butyrate

were assessed for concentrations of 0.07, 0.4 and 1.4 mM.

Cellular Antioxidant Assay (CAA; (134)) was used to determine the ability of butyrate to detoxify from
reactive oxygen species formed by the addition of ABAP with consequent formation of oxidating
peroxyl radicals. The presence of an antioxidant agent inhibits oxidation of the probe DCFH-DA to the
fluorescent 2’,7’-dichlorofluorescein (DCF). Therefore, in the presence of an antioxidant agent a

reduction of fluorescence with respect to the control cells is observed. Figure 4.26 a shows that pre-
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treatment of NCM356 cells with butyrate causes a significant decrease of fluorescence intensity. The
antioxidant capacity of butyrate is comparable to the one exploited by a potent well-known

antioxidant, quercetin (used as positive control at 1 and 5 uM).

Butyrate-induced anti-oxidant effect was expressed also as CAA units (percentage of the antioxidant
activity) calculated as described in Material and Methods paragraph 3.25 and compared to the CAA

values of the positive control (figure 4.26 b).
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Figure 4.26: Antioxidant properties of butyrate (But) a) Time-dependent fluorescence increase induced by ABAP
in NCM356 cells pre-treated with DCFH. The plots represent the data obtained from a single representative
experiment and are expressed as mean = st.dv. with n = 6. Cells were pre-treated with the indicated concentrations
of butyrate (But) and Quercetin (Q). Control is a cell sample treated with ABAP and DCFH without anti-oxidant
agents, blank are cells pre-loaded with DCFH alone. b) Calculated values for cellular antioxidant activity (CAA) of
sodium butyrate (But) and quercetin (Q) in NCM356 cells. The results are reported as the average of four
independent experiments.

To confirm the effectiveness of butyrate on protection of cells from damages induced by a strong
oxidating agent, NCM356 cells were treated with hydrogen peroxide (H,0,) and cellular viability was
evaluated in presence and absence of butyrate. Cells were pre-treated with butyrate for 12 hours then
H,0, was added for additional 24 hours. Figure 4.27 reports viability of cells treated with butyrate and
H,0, and shows a significant effect of butyrate on inhibiting the decrease of viability given by H,0,. This
effect is dependent on the concentration of butyrate since higher concentrations have a higher effect

on the inhibition of viability decrease caused by H,0,.
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Figure 4.28: Effect of butyrate (But) on viability of NCM356 cells exposed to H:0:. Cells were treated with H:0:
(100 and 300 uM) for 24 h after pretreatment with sodium butyrate for 12 hours (0.07, 0.4 and 1.4 mM). Cells
treated with plain medium served as a control that was set equal to 100%. Data are expressed as mean # st.dv..
For statistical analysis, samples exposed to butyrate and H202 were compared with samples treated only with H20:
at the same concentration (n = 6): *p <0.1; **p < 0.05 by t-test.

In order to identify the molecular mechanism through which butyrate displays its antioxidant ability,
several enzymes involved in the protection of cells from oxidant molecules were investigated. The
effect of butyrate on activity of Catalase (CAT), Superoxide Dismutase (SOD), Glutathione reductase

(GR), Glutathione peroxidase (GPx) and Glutathione-S-Transferase (GST) is shown in figure 4.28.

CAT activity shown in figure 4.28 a undergoes a time and dose-dependent increase after butyrate
treatment for all the concentration used. The maximum variation is achieved at 48 hours of treatment
while at 24 hours a significant increase is detected only for the highest concentration used. CAT activity
was also studied for shorter time of treatment but no difference was seen between treated and not

treated cells (data not shown).

Since Catalase is one of the key defense systems against oxidative stress by converting H,0, to H,0 and
0., the increased levels after butyrate treatment could explain the significant protection from H,0;

toxicity in pre-treated NCM356 cells.
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Figure 4.28: Effects of various concentrations of butyrate (But) on the activity of: a) Catalase; b) Superoxide
dismutase; c) Glutathione reductase; d) Glutathione peroxidase; e) Glutathione-S-Transferase. Data are expressed
as mean # st.dv.. For statistical analysis, samples exposed to butyrate were compared with samples treated with
plain medium (n = 3). In the Student's t test, p = 0.1 was considered as the limit of significance. In detail *p < 0.1;
**p < 0.05;***p<0.01 by t-test.
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A transient increase in SOD activity is seen within the first four hours of treatment butyrate at 48 hours

no significant increase is observed (figure 4.28 b).

No significant difference in enzyme activity is seen between treated and non treated cells for the other

enzymes studied, namely GR, GPx and GST (figure 4.28 ¢, d and e).

Since glutathione is a very important molecule for protection against oxidants and a decrease in the
GSH-to-GSSG ratio is considered an oxidative stress marker, quantification of this ratio after 24 and 48
hours of butyrate treatment was carried out. Figure 4.29 shows the behavior of this ratio at 24 (a) and

48 (b) hours of butyrate treatment.
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Figure 4.29: Ratio between reduced (GSH) and oxidized (GSSG) glutathione in non-treated and cells treated with
butyrate (But) after 24 (a) and 48 hours (b). The reported data are the mean of three independent experiments.
Student's t test: *p < 0.1; **p<0.01.

The effects of butyrate on enzymatic and non-enzymatic molecules involved in protection against ROS

are schematized in figure 4.30.
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Figure 4.30: Schematic representation of the main antioxidant cellular pathways. The arrows indicate the network
points affected by butyrate cell treatment.
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5. Conclusions of part 1

Wound repair is achieved by sophisticated interaction of different factors and cell types like fibroblasts,
keratinocytes, immune cells (like macrophages and lymphocytes) and endothelial cells. All this cells are
equipped with HA receptors therefore interact with HA. In fact, biomaterials containing HA are widely

used for wound repair.

A biomaterial based on alginate and HA was successfully produced as described in the first part of the
work. Different parameters that influence the HA and alginate release from the membranes in an
aqueous environment were studied. The results led to the hypothesis that the polymers’ release
depend on the kinetic of hydrogel formation. Since HA and alginate are both negatively charged, when
the alginate matrix is formed rapidly (high calcium concentrations, HA of lower molecular weight) HA
is more segregated from the alginate matrix while the crosslinking density of the matrix itself is higher.

This leads to higher release of HA and lower release of alginate (thus gel degradation).

Our tests showed that HABut is able to bind to both fibroblasts and colonocytes and to be internalized.
Butyrate is probably released from HABut and exerts its biological functions inside the cell. It is released

from the HABut molecules once it is internalized into the cell probably by CD44 interaction.

The use of butyrate in the form of HABut inside the patch for anastomosis healing was justified by data
in literature showing that butyrate enemas had a positive effect on colonic anastomotic strength (3).
However, in vitro tests with these molecules demonstrated that both butyrate and HABut inhibit
fibroblasts and colonocytes proliferations in a dose-dependent manner. Moreover, cells treated with
butyrate at high concentrations are induced to block their cycle progression with further triggering of

the apoptotic pathway.

Thus, these results led us to exclude the use of HABut inside the AnastomoSEAL patch since it would
be applied at the outer face of the intestine were mainly fibroblasts of the serosa are present. Instead,
based on literature data, the possibility to sinergically combine the use of a patch loading HA to the use
of HABut or butyrate enemas was considered. In vivo colonocytes are not exposed to high butyrate

concentrations since the presence of the mucus and the structure of the intestine surely create a
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gradient of butyrate concentration. Moreover, butyrate half-life causes a low concentration of butyrate

at the final part of the intestine compared to the first part.

Thus cells of the crypt that are located in the highest part of the intestinal crypt are exposed to higher
butyrate concentrations while the cells located at the lowest part of the crypt are exposed to lower
butyrate concentrations. In this scheme an apoptotic effect of butyrate could be looked-for since the
most exposed cells are those in contact with stress given by food and pathogens ingested with air, liquid
and food. Thus these cells are at high risk of mutagenesis and a rapid turnover is a mechanism by which
butyrate could protect the intestine from tumor development. The cells at the bottom of the crypts
could have benefic effect from low concentration butyrate exposure thanks to other mechanisms (see

Figure 5.1).
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Figure 5.1: Possible mechanism of butyrate (But) in its physiologic environment: A) the structure of the intestine;
B) an intestinal crypt were butyrate is produced by bacteria from mainly undigested dietary fibers and creates a
gradient of concentration; C) butyrate effects on differentiated cells that are located in the top of the crypt and
on epithelial stem cells located on the bottom of the crypt.

In accordance with what already published in literature, butyrate at low concentrations had positive
effects on antioxidant mechanisms of the cells. Butyrate at 0.4 and 1.4 mM showed a protection against
H.0, induced cell damage and had cellular antioxidant activity comparable to the activity of quercetin,
a potent natural antioxidant. These effects were connected to induction of catalase activity and an

induction of higher GSH/GSSG ratio.
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Nevertheless this was retained not enough for the use of butyrate enemas together with alginate-HA
patches at the outer side of the intestine. The AnastomoSEAL consortium decided to further develop
Alginate-HA patches excluding the use of both HABut and butyrate from the patch. HA displays, mainly
on fibroblasts, biological properties that are highly beneficial and useful in promoting tissue healing.

These results justify the rationale of its use as bioactive component of the patch.

The biomaterial composed of alginate and HA was further characterized in our laboratory and also in

other laboratories of the AnastomoSEAL consortium.
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6. Results part 2: Chronic non-healing wounds

This part of the work was focused on the bottom-up design, production and characterization of a

polymeric biomaterial that should fasten healing of chronic non-healing wounds.

6.1. Selection of best performing Chitlac-nanosilver colloidal suspension

Since silver nanoparticles have a very high antibacterial capacity (122,167) but free nAgs are toxic for
eukaryotic cells due to endocytosis (168), the system chosen for the incorporation of nAgs was their
synthesis in wet conditions in the presence of the Chitlac polymer (CTL) as previously described by

Travan et al (7).

With the purpose of finding the best combination between the concentrations of CTL and AgNOs, UV-
Vis spectroscopy of different CTL-nAg suspensions was performed and the results are shown in Figure
6.1. The plasmon resonance peak of each solution can qualitatively evaluate the dispersion, number
and size of nanoparticles: a symmetric and narrow peak of the solution is associated to a good
dispersion of nanoparticles, high absorbance with a higher number of nanoparticles. Moreover, in
order to have a good stabilization of the nanoparticles within the polysaccharide solution used for the

gel synthesis, a low CTL concentration is required.

AgNO; 1 mM is not sufficient to generate good nanoparticles (Figure 6.1 a) since the height of the peaks
that are formed are low for all the CTL concentrations used. When AgNO3 2 mM is used, there are high
peaks for concentrations of CTL equal or higher than 2 g/L while a concentration of 1 g/L is not enough

to coordinate the silver ions in the solution, as the peak of this formulation is very broad and low.

Increasing AgNOs concentrations require higher CTL concentrations in order to have good plasmon
resonance peaks of nanoparticles (Figure 6.1 c and d). Highest and narrower peaks are formed in
presence of AgNO3 8 mM (Figure 6.1 d) and 10 mM (Figure 6.1 e) in presence of CTL 8 or 10 g/L but the

viscosity of these suspensions is very high. It should be considered that this solution will be mixed with
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other polysaccharides that further increase viscosity. Based on these criteria, the best performing

suspension was selected as CTL 4 g/L and AgNO3; 2 mM (red arrow).
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Figure 6.1: UV-Visible spectra of different solutions of CTL-nAg with different concentrations of CTL and a) AgNO3
1 mM; b) AgNO3 2 mM; c) AgNO3z 4 mM; d) AgNO3z 8 mM and e) AgNOs 10 mM. The solutions are diluted 1:20 or
1:40 as indicated in the legend of each picture.
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6.2. Biomaterial manufacturing

The production process used for the biomaterial production is the same of the production process for

the AnastomoSEAL patch with only small variations.

For the manufacturing of the patch, HA at different concentrations was dissolved in water together
with alginate. The selected CTL-nAg suspension was added dropwise under stirring to the
polysaccharide solution. Before mixing the two solutions, HEPES buffer 10 mM was added in order to
maintain a physiologic pH. In these conditions no precipitation of polymers was observed (130). Then
the polymers solution was subjected to gelation in presence of CaCO; and GDL as described for the

patch preparation of the colorectal anastomosis (paragraph 4.1).

The foaming agent was added to the polysaccharide solution just before adding GDL. Immediately after
GDL addition, a foam maker was used for 30 seconds and the solution was poured into the dish. Then

the foamed hydrogel was subjected to freeze-casting.

Previously, Tween 20-foamed membranes were prepared. The membranes produced by foaming with
Tween 20 seem to have good properties in terms of flexibility and manageability. During foaming of
the polysaccharide solution and the subsequent gelation the structure is highly porous but during the
freeze-drying process there is a small collapse of the structure which becomes less porous (data not

shown).

Subsequently, Hydroxy-methyl-2-propyl cellulose (HPMC) was chosen as foaming agent due to its
biocompatibility and its role in the preparation of porous alginate-based matrices (169); HPMC finds
already application in the biomedical field for artificial tears, orbital surgery and gastro-soluble coatings

for drugs (8).

The production process of this membrane is described in Figure 6.2. A brown soft, flexible and spongy
biomaterial is obtained as shown in the same figure. The membrane can be produced in different sizes

and can be easily cut in the needed shape.
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Alginate, hyaluronic acid solution

+ glycerol
Dropwise addition of CTL-nAg
+
, HPMC
h CaCo3
Foaming GDL

-

Figure 6.2: Scheme of the manufacturing process of the membrane with alginate and CTL-nAg and a picture of
the membrane (Formulation K) cut on one side to show the highly porous structure.

6.3. Selection of best HPMC concentration

In order to select the best HPMC concentration for the biomaterial, different quantities of HPMC were
incorporated into the membrane. The selection was based on the results given by antibacterial tests

and in vitro biocompatibility test.

6.3.1. Biocompatibility assay

In order to evaluate the in vitro biocompatibility of HPMC, the compound was tested on a murine
fibroblast NIH-3T3 cell line and on human adult primary fibroblasts (HDFa); Alamar blue assays were
performed and Figure 6.3 shows the effect of HPMC at different concentrations. High concentrations
of HPMC (15-20 g/L) slow down proliferation of NIH-3T3 cells while lower concentrations are not toxic

for both NIH-3T3 and HDFa cells.
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Figure 6.3: In vitro proliferation of cells treated with HPMC at different concentration (Alamar blue assay). Data

are obtained from a single representative experiment and are expressed as mean + st.dv. with n=6.

6.3.2. Antibacterial activity of membranes with different HPMC concentrations

In order to evaluate the effect of HPMC concentration inside the membranes (which affects the foamed

structure), HPMC at concentrations 4 g/L and 6 g/L was used for the membrane preparation. The

antibacterial activity of the membranes (Formulations A, B, C, D, E and F) was tested on three different

bacterial strains that commonly infect chronic non-healing wounds.
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Figure 6.4: Antimicrobial efficacy of membranes with different content of HPMC in the presence or absence of
CTL-nAg. Plus (+) indicates presence of CTL-nAg and minus (-) indicates absence of CTL-nAg. Data obtained from
a single representative experiment and are expressed as mean #* st.dv. with n=3.
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Overall, the antibacterial tests against planktonic S.aureus, P.aeruginosa and S. epidermidis showed a
very good antibacterial activity of the biomaterial. These data agree with other data obtained for
hydrogels, membranes, scaffolds and coatings containing CTL-nAg (Travan 2009, Travan 2010, Sacco

2015, Marsich 2013).

The membrane containing 4 g/L HPMC was chosen for further experiments since no big difference was

seen on antibacterial activity between the two tested HPMC concentrations.

6.4. Selection of best HA concentration

In order to select the best HA concentration for the biomaterial, different quantities of HA were
incorporated into the membrane. The selection was based on the results given by antibacterial tests

and in vitro biocompatibility test.

6.4.1. Antibacterial activity of membranes with different HA concentrations

The antimicrobial activity was tested on Staphylococcus aureus, Staphylococcus epidermidis and
Pseudomonas aeruginosa; no difference in antibacterial activity was observed in the CTL-nAg
membranes with HA (Formulations J, K and L) with respect to those without HA (Formulation E) as

shown in Figure 6.5. Membranes without CTL-nAg were used as controls (Formulations B, G, H and I).
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Figure 6.5: Antibacterial tests of membranes containing CTL-nAg and HA at different concentrations. Data
obtained from a single representative experiment and are expressed as mean # st.dv. with n=3.

6.4.2. Biocompatibility assay of membranes with different HA concentrations

Cellular toxicity of membranes (Formulations B-2, E-2, G-2, H-2, I-2, J-2, K-2 and L-2) with different
concentrations of HA and 4 g/L HMPC was tested on human primary fibroblasts. Two modalities of
testing were used: direct contact of the materials with the cells and treatment of the cells with

components released by the membranes incubated in culture medium.

Figure 6.6 a shows the results of the contact test: there is no difference between the different materials

and the non-treated cells.

Figure 6.6 b shows the results of the release test: membranes without HA (Formulation E-2) and with
2 g/L HA (Formulation J-2) are only slightly toxic while the material with 6 g/L HA (Formulation L-2) is
highly toxic. This could be ascribed to the fact that the high content of HA may interfere with the
alginate matrix stability, resulting in a loose structure that is prone to release a high amount of

nanoparticles. Although mechanical tests were not performed for the evaluation of the mechanical
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properties of these patches, the poor resistance of the material with the highest HA concentration was

gualitatively pointed out. Conversely, the membrane containing 4 g/L HA (Formulation K-2) is not toxic.

This difference in the results of the two employed toxicity tests could be ascribed to the difference of

the ratio between the mass of the material and the volume of the medium where the sample is soaked.

In the case of the release test, the concentration of the components released is higher because greater

is the ratio mass of the material/volume of extraction medium.
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Figure 6.5: In vitro biocompatibility tests on fibroblasts A) for direct contact with membranes and B) on
components released from membranes with HA. Data are shown as mean + st.dv. with n =4 in A and n=6 in B.
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In literature, the cytotoxicity of silver in form of nanoparticles is discussed (167,170,171). Different
works show that silver can be cytotoxic for eukaryotic cells since it interferes with mitochondrial
function leading to apoptosis (168,172—-174). Nanoparticles have to be available for cellular uptake in
order to exert cytotoxicity. CTL-nAg suspensions entrapped into hydrogels, membranes and coatings
were previously shown to be not cytotoxic on eukaryotic cells (7,127,175). The data obtained here

confirm the biocompatibility of CTL-nAg when entrapped into membranes.

6.5. Structural and mechanical analysis

On the basis of previous tests, the membrane containing alginate 8 g/L, HA 4 g/L, CTL-nAg (CTL 4 g/L,
AgNO3; 2 mM, Ascorbic acid 1 mM) HPMC 4 g/L, CaCO3; 20 mM, GDL 40 mM, 5% v/v glycerol (Formulation

K) was selected for further physico-chemical and mechanical analysis characterizations.

The foamed membrane was analyzed by means of electron microscopy in dry conditions both at top
view and at cross-section. Figure 6.6 reports the SEM images of samples with and without
nanoparticles. In both cases, the cross section shows a highly porous structure while the top view shows

a smooth surface.

Top view

CTL-nAg

Figure 6.6: SEM images of membranes with Formulation H (without nanoparticles; upper figures) and Formulation
K (with nanoparticles; lower figures).

105



An ideal wound dressing material must have good tensile strength because the dressing should not be
damaged by handling procedures and must withstand the stress resulting from skin movements

without rupturing.

The stiffness (Young’s Modulus), the resistance (stress at break) and the deformation (strain at break)

of the material were then studied by uniaxial tensile tests and results are reported in Figure 6.7.
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Figure 6.7: Mechanical properties of the foamed membranes: Young’s modulus (left), stress at break (center) and
strain at break (right). Data are expressed as meanz st.dv. with n=5. Control represents the membrane with
Formulation H and CTL-nAg the membrane with Formulation K.

Mechanical properties of alginate matrices depend on several parameters such as type of alginate
(molecular weight distribution and chemical composition) and alginate concentration (142,169). The
results pointed out that, in the presence of CTL-nAg, the membranes display lower strength and
deformation at break compared to the control: this could be ascribed to the destabilizing role of the
polycation with respect to the alginate cross-linked matrix. However, the stiffness of the membranes

(Young’s modulus) is comparable in the two cases.

6.6. Reswelling kinetics

The reswelling behavior of the materials with CTL (Formulation M) or with CTL-nAg (Formulation K) was
studied in HBSS buffer. Figure 6.8 reports the swelling behavior, expressed as a variation over time of

the weight rate (weight of the membrane at tx over weight of the dry patch). An immediate increase of
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the weight is observed within the first minute, which is followed by a small decrease of weight of
samples containing CTL-nAg (Formulation K). This behavior can be explained by ascribing the initial
weight increase to water absorption and the following decrease to release of HA. In fact, HA is
embedded inside the alginate matrix and when immersed in solution HA is extruded from the alginate
matrix since both polymers are negatively charged. For this reason a *H-NMR was performed on the

components released after 30 minutes and confirmed the release of HA (data not shown).

The material containing CTL (Formulation M), absorbs less water than the one containing CTL-nAg

(Formulation K).

Reswelling rate

0 T T T T T T T
0 10 20 30 40 50 60

time (minutes)

Figure 6.8: Swelling behavior of membranes with (red, Formulation K) and without (black, Formulation M) CTL-
nAg. CTL represents the membrane with Formulation M while CTL-nAg the membrane with Formulation K. Data
are expressed as mean = st.dv. with n=4.

Since an excess of exudate characterizes chronic wounds, the reswelling kinetics of the biomaterial is
important. A good biomaterial for this application should keep the wound wet and at the same time

should absorb the excess of exudate (6).

Alginate membranes are already known to have a great absorbency (169) which was confirmed also for
the alginate membrane produced in this work. As other alginate dressings, the membrane obtained

here should be used in wounds with high exudate amount.
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6.7. Water-vapor transmission rate

Besides a good water swellable nature, an important requisite for a wound dressing to maintain a moist
environment, without risking dehydration or exudates accumulation, is a suitable water vapor
transmission rate (WVTR). WVTR is defined as the transmission of the water vapor per unit time
through a unit area of the tested material. The biomaterial should keep a balance between presence

of liquid and water evaporation.

WVTR was measured for the foamed membrane with Formulation K (containing CTL-nAg). Membranes
with CTL (Formulation M), membranes without CTL nor CTL-nAg (Formulation H) and two commercially
available membranes were used as control samples. Connettivina plus® (Fidia Farmaceutici, Italy) is a
highly permeable membrane since it is hyaluronan-impregnated perforated gauze while Chitoderm™
(Trusetal Verbandstoffwerk GMBH, Germany) is a chitosan containing pad with a polyurethane film of
20 um which makes it less water permeable. Moreover, bottles sealed with parafilm and non-sealed
bottles were used as controls since in the first case, there is no evaporation and in the second case,

there is a maximum evaporation. The results are reported in Figure 6.9.
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Figure 6.9: WVTR of alginate membranes and commercial samples. Not capped bottles and bottles capped with
parafilm were used as control for free evaporation and no evaporation. Control represents the membrane with
Formulation H, CTL represents the membrane with formulation M and CTL-nAg the membrane with formulation
K. Data are expressed as mean # st.dv. with n=6.
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The membrane containing CTL-nAg (Formulation K) has a WVTR (78.5 + 2.6 g/m?h) comparable to that
of the membrane with only CTL (Formulation M) and the control membrane that does not contain CTL
nor silver (Formulation H). Moreover the rate of water loss in the form of vapor of this membranes are

comparable to the WVTR of Connettivina plus®. As expected the WVTR of Chitoderm™ is much lower

(20.8 + 1.2 g/m?h) than the other samples.

6.8. Silver release

Silver release of the membrane with Formulation K was studied by ETAAS as described in paragraph
3.11. A progressive release of silver can be seen over time (Figure 6.10). However, silver released is only
a minimal fraction of the total content of silver: at one week only 0.9% of the total silver is released

thus achieving the goal of entrapping silver inside the patch. Similar results were obtained also by

Travan et al for CTL-nAg and alginate hydrogels (7).
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Figure 6.10: Release of silver from membrane with CTL-nAg (Formulation K) expressed as percentage of total silver
content. Zooming on the lowest values were the release is present can be appreciated in b. Data are expressed as

mean # st.dv. with n=3.

The data obtained here are in agreement with biocompatibility assay since silver has to be available for

cellular uptake in order to be cytotoxic.
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6.9. Antibacterial activity of the membrane versus biofilms

The antibacterial activity versus planktonic bacteria of alginate membranes was already measured in
paragraph 5.4.1. Although the biomaterial showed a very high antibacterial performance with respect
to growth inhibition, the activity versus mature biofilms is very important since bacteria growing into
biofilms are very different from planktonic bacteria and have a high antibiotic resistance (46). Moreover
biofilms are found in 60% of chronic non-healing wounds and only 6% of acute wounds (44).

Antibacterial tests on mature biofilms have been then performed.

Figure 6.11 shows the results of the antibacterial test of the membranes (Formulations H and K) versus
Pseudomonas aeruginosa and Staphylococcus aureus biofilm. In both cases, the antibacterial activity
against the two bacterial strains is preserved even when bacteria are grown into biofilms. The optical
density after MTT assay is twice lower for biofilms treated with the CTL-nAg membrane compared to

the control samples.

Z 0,10
024+ Pseudomonas aeruginosa Staphylococcus aureus
1 0,09 4

0,214
0,08 q

0,18
0,07 4

0,154 0,06 |

0,12 - 0,05

0.D.
0.D.

0,09 0,04 4

1 0,03
0,06 4
0,02

0,03 4
0,014

0,00 - 0,00 -

Polystyrene Control CTL-nAg Polystyrene Control CTL-nAg

Figure 6.11: Antibacterial tests of membranes on Pseudomonas aeruginosa and Staphylococcus aureus biofilm.
Control represents the membrane with Formulation H and CTL-nAg the membrane with Formulation K. Data are
expressed as mean # st.dv. and n=3.

To confirm the data obtained through MTT assay, biofilms were studied at the fluorescence confocal
microscope after Live/Dead assay. Biofilms were grown into glass coverslips and treated for 24 hours
with the material. After Live/Dead cell labelling, images were acquired and were than analyzed
calculating the ratio between the red signal (dead cells) and the green signal (alive cells) for the treated

sample and the control as shown in Figure 6.12.
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Figure 6.12: Live/Dead assay for P. aeruginosa (a) and S. aureus (b) biofilms treated with CTL-nAg patches: images
of the biofilms treated with the control and the CTL-nAg patch. Control represents the material with Formulation
H and CTL-nAg the membrane with Formulation K. The graphs show the ratio between the red (given by propidium
iodide) and the green signal (given by Syto9) normalized over the control sample consisting in non treated bacteria.

The Live/Dead assay confirmed data from MTT assay: in the biofilm treated with the CTL-nAg
membranes there is a significant increase of the ratio between red and green signal for the biofilms
treated with CTL-nAg compared to the non treated biofilms. The difference is higher for S. aureus
biofilms (3.2 times) than for P.aeruginosa (1.85 times). This could be because of the ability of P.

aeruginosa to produce alginate that probably protects him from direct exposure to silver.

6.10. Viability of keratinocytes treated with membranes

Cellular biocompatibility of membranes with Formulation H-2 and K-2 on human primary fibroblasts is

shown in paragraph 6.4.2. The effects on cell viability of these membranes were tested also on a
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keratinocyte cell line. Two modalities of testing were used as described in paragraph 3.15. Figure 6.13

A shows the results of the contact test while Figure 6.13 B reports the results of the release test.
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Figure 6.13: In vitro biocompatibility tests on HaCaT cells treated with membranes (Control = Formulation H-2;
CTL-nAg = Formulation K-2, CTL = Formulation M-2) (A) by direct contact modality and (B) with components
released from membranes. Data are mean #* st.dv. with n = 6.

The test points out that there is no difference between the cells treated with the membranes and the

non treated cells.

The proportion of the membrane used was chosen as the maximum quantity of the membrane that

could be immersed in the medium. The medium containing the components released from membranes
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was then further diluted 1:2 and 1:10. The treatment of HaCaT cells with the non-diluted components
released from membranes results in a slight decrease of the cell viability with respect to the non treated
cells and cells treated with membranes with CTL but not nAg and membranes without CTL and nAg
(control patch). When cells are treated with the diluted medium, containing components released from
membranes the viability of cells treated with the membrane containing CTL-nAg is comparable to the

viability of cells treated with membranes with CTL but not nAg and membranes without CTL and nAg.

As described in paragraph 5.4.2, in the case of the release test the concentration of the material

released is higher because a greater membrane mass is used for the test.

6.11. Scratch test on cells treated with components released from membranes

In vitro scratch tests (which consist in monitoring the closure of a scratch in a monolayer of cells when
treated with the material) was performed on both keratinocytes (HaCaT) and fibroblasts (HDFa) since
this cell types are important for the wound healing. Cells were treated before performing the scratch
with the components released from the membranes (Formulations H-2 and K-2) in culture medium.

The percentage of scratch closure over time is shown in Figure 6.14 for both HDFa cells and HaCaT cells.
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Figure 6.14: Scratch test on HDFa cells (left) and HaCaT cells treated with components released from membranes
and (Formulation K-2) with CTL-nAg and control membranes without CTL-nAg (Formulation H-2) . Data shown
here are from a single representative experiment with n=8. t-student is indicated in the figure with * for p-value
<0.05.
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No difference in the time of closure was observed between treated and non treated cells for HDFa cells.
For HaCaT cells, the only point at which there is a significant difference (p-value < 0.05) is at 24 hours

for cells treated with the membrane containing CTL-nAg compared to the non treated cells.

Although this result seems to show that the material does not influence wound closure, the model of
this assay is based on normal wounds while chronic non-healing wounds are very different from normal
ones. Thus, the application of the membrane to chronic non-healing wounds might positively influence

a chronic non-healing wound but not a normal wound.

6.12. MMPs activity assay

Excess of proteolytic enzymes is one of the major issues of the chronic non-healing wound; for this
reason the effect of the CTL and CTL-nAg suspentions on MMPs activity was studied both on total MMPs

extract from cultured cells and on isolated MMP-2 and MMP-9.

Elevated levels of MMP-2 and MMP-9 were found in chronic wounds (40,176,177). Figure 6.15 shows
that both CTL-nAg and CTL reduce MMP-2 and MMP-9 activity and also the overall activity of MMPs

extracted from fibroblasts and keratinocytes.

The inhibiting activity that CTL exerts on MMPs is not surprising since also Chitosan was found to inhibit
MMPs. A possible mechanism for the inhibition of the activity of MMPs is the chelation of Zn ions (178).
An hypothesis of the modality by which silver reduces MMPs activity is by binding close to the active

site which contains Zn%* (179).

MMPs activity in chronic wounds is 30 times higher than the MMPs activity in acute wounds. Elevated
levels of MMP-9 correlate to clinical severity of the wound (176). Inhibition of MMPs activity is a very

good result for a biomaterial for chronic non-healing wounds.
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Figure 6.15: MMPs activity in presence of a CTL-nAg or CTL: (A) effects on MMP-2; (B) Effects on MMP-9; (C) Effects
on MMPs’ extract from fibroblasts (HDFa); and (D) Effects on MMPs’ extract from keratinocytes (HaCaT cells).
Data are expressed as mean + st.dv. with n=3.
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7. Conclusions of part 2

Chronic-non healing wounds are a great clinical problem which is expected to become more serious
due to the increasing duration of life and thus the increasing number of people affected by diseases

correlated to chronic non-healing wounds.

In concomitance to the treatment of the causes that led to the chronic wound, the treatment of the
wound itself is important. At the moment, a number of products in form of membranes, gels and
pomades are available in the market (33) but there is continuous need of biocompatible biomaterials
with a wide range efficacy and the capability to prevent biofilm formation while at the same time

stimulating wound closure.

In this work a novel bioactive material was synthesized which exploits the properties of HA and

nanosilver that were shown to contrast different characteristics of the chronic non-healing wounds.

Maintaining a moist environment into the wound is expected to accelerate reepithelization and to limit
infection (180). Thus, a hydrophilic biomaterial like the material developed within this project may
represent a good solution. Moreover, the treatment should absorb the wound exudate and be
permeable to oxygen. The great capacity of the CTL-nAg membrane to absorb water (as shown by the
swelling ratio test) is another good characteristic of our membrane that can prevent also dehydration.

The membrane is flexible and simple to apply, and can be cut easily into the desired shape.

CTL-nAg membranes were shown to be effective against various planktonic bacteria and against
bacterial biofilms, which makes them appealing for the prevention of bacterial infection and for

treatment of infected wounds.

Keratinocytes and fibroblasts are a very important cell types in the healing of wounds. Studies of the
toxicity of the membrane on a keratinocyte cell line and on primary fibroblasts showed that the
membrane was non cytotoxic on this cells. Moreover, quantification of the release of silver over time

from the membrane showed a very low release of silver.
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In vitro scratch tests (181) performed on both keratinocytes and fibroblasts showed no significant
amelioration of the wound closure but this test mimics a normal wound while chronic non-healing

wounds are very different from normal ones.

Excess of proteolytic enzymes is one of the major issues of the chronic non-healing wound; CTL showed

an inhibiting activity on MMP-2, MMP-9 and on total extracts of MMPs.

Overall, the research activity led to the production of a non-toxic, foamed and flexible biomaterial with

a considerable high antibacterial activity.

In order to be applied to chronic wounds biomaterials should be available in sterile packaging.
Thereafter studies on sterilization are needed and afterward in vivo tests on animals should be done

(182).
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