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ABSTRACT

The last two decades have witnessed the introduofiseveral new wound dressings,
with many of them being hydrogels for the advansathat these materials can offer
in the application. However, despite the advancesmemd the wide range of dressings
available, wound management is still an extreméigllenging task due to its

subjectivity, complexity and scarce knowledge & thound healing process itself,
and patient variability. For this reason, an intgeiplinary approach to wound care

that can help reducing the incidence and prevalehesunds is needed.

One important goal would be to develop “smart” wibudressings that are easy to
apply, wear and be removed, that are able to maitagood balance between
hydration of the wound bed and fluid absorptiorgttban act as a barrier against
bacteria to prevent infections, yet allowing oxyakon, that are able to provide the
physician with relevant information on physico-cheahand biological parameters
to monitor the state of the wound and the healiraggss without requiring direct
inspection, that can (eventually) release drugday regeneration functions to sustain
and enhance the healing process.

This very ambitious goal can only be achieved bygimg contributions from
different fields of research and expertise. In ipatar, the field of (bio)materials
science and technology for the development of raserwith the required
combination of physico-chemical, mechanical andibaproperties, skin electronics
for the integration of sensors and actuators, &sli¢ engineering to explore the

possibility of including in the “smart” dressingsaltissue regeneration functions (Fig.

).
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Fig. | Schematic representation of the approach chosgesign a “smart” wound dressing

The design of new materials for wound managemeplicgtions can, in principle,
benefit from the use of an intrinsically active yrokr.

Among all the available polymers, xyloglucan (X@nthines several favourable
properties, which make it a suitable candidateHerscope:

e Itis abundant in nature, thus low-cost and itsaetion is easy and high
yield,

e itis characterized by a very interesting self-adslg behaviour,

» itis biodegradable and biocompatible; due to é&getal origin it should not
elicit the response of the human immune system,

» there are a few studies concerning the possibitity employ this
polysaccharide for biomedical applications, anbais been shown to have
intrinsic activity such as anti-inflammatory propes for application
through the skin and potential beneficial effect reepithelization and
remodelling,

« it has film-forming properties,
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» anditis approved by FDA as food additive.
For all of these reasons, xyloglucan is believedhdwe great potential on wound

healing, making its application worth to be invgated.

KEY OBJECTIVES

This study intends to attempt the merge of sonmehds from (bio)materials science,
skin electronics and tissue engineering for thelpction of dressings and materials
which could stimulate wound healing.

In particular, it is aimed to:

* develop a new platform of materials using xyloglu¢a produce hydrogel
as wound dressings and/or scaffolds;

* investigate co-assembly as method to produce fibmaffolds that are
known to favour wound healing;

» identify a suitable technology that can allow tleyelopment of a wearable
sensor for advanced wound management.

STRUCTURE OF THE THESIS

An introduction about hydrogels, wound healing @sx; commercially available
wound dressings and polysaccharides generallyfosedund dressings is provided

in Chapter 1, 2 and 3. Chapter 3 discusses algotste and properties of the main

polysaccharide used in this thesis: xyloglucan.

Chapter 4 presents the experimental work carriet fou the development of
physically and chemically crosslinked xyloglucarséa hydrogel films to be used as
wound dressings. Structure-properties relationshigre investigated through

different complementary techniques: FTIR, rheologyhermal analysis,
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morphological analysis, moisture retention and Bmgelmeasurements. Selected
formulations were also subjecteditovitro cytotoxicity tests and hemocompatibility

tests.

In Chapter 5, the carboxylation of xyloglucan, penied to introduce ionisable
groups that can drive its co-assembly with oppbsiteharged molecules and
macromolecules is presented. Physico-chemical ctersations of the carboxylated
xyloglucan (CXG) were performed using FTIR, therraahlysis, rheology and light
scattering.In vitro cytotoxicity tests were performed in order to comfithe

cytocompatibility of the polysaccharide after theodification. Furthermore, a
preliminary study on the interactions of the obgginxyloglucan variant with
oppositely charged molecules, in particular polyyBine, polyethylenimine, and a

peptide amphiphile, was conducted using dynamitt kgattering.

In Chapter 6, the study of the co-assembly of CXié weptide amphiphiles (PAs)
aimed to obtain wound healing fibrous scaffoldgrssented. A PA sequence, able to
co-assemble with CXG to yield tough and resiliezisgvas identified among a library
of different PA sequences synthetized. Interactlmetsveen the two building blocks
were probed through different experimental techegqyi.e. circular dichroism
spectroscopy, IR spectroscopy, dynamic mechanioalysis, transmission and
scanning electron microscopy,). Biologidalvitro evaluations were performed in
order to evaluate the suitability of the co-assemibfjel for tissue engineering
applications, with a specific focus on wound healiRreliminaryin vivo wound
closure experiments using wild-type mouse modekvperformed in order to assess

an eventual enhancement of the wound healing psoces
In Chapter 7, it was proved the concept of thegirattion of one of the hydrogel film

presented in Chapter 4 with inexpensive, lightweighitra-high frequency
radiofrequency identification (UHF RFID) tags taduce a hydrogel wound dressing
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device that can battery-less monitor temperatudenamisture level of the bandage in
contact with the skin. The characterisation of ltiydrogel film was complemented
with measurements of electrical properties and oraftequencies response,
mechanical properties, study of hydrolytic degramhat swelling in serum as
simulated exudate, and also with studies on the fitotein retention ability and

barrier properties against bacteria.

In APPENDIX A, all the experimental procedures i described in detail.
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1. Hydrogelsfor wound healing applications
1.1. Hydrogelsdefinition and classification

Hydrogels are defined as three-dimensional hydi@phietworks that exhibit the
ability to swell and retain a significant fractiohwater within their structure, without
dissolving.[1,2] This ability arises from the prase of hydrophilic functional groups
attached to the polymeric backbone, such as -OB®NE-, -CONH and -SGH,
while their resistance to dissolution is due to fgresence of crosslinks between

network chains.[3,4]

Several classifications have been proposed for dgals depending on their
preparation method, ionic charge, or physical stimec They can be distinguished in
single-polymer hydrogels (composed of a single iggeaf polymer), multi-polymer

hydrogels (composed of two or more different polyshe and interpenetrating
polymer networks (IPN)amprising two or more networks of natural or sytithe

polymers, which are at least partially interlaced bot covalently bonded to each
other[5,6]

Furthermore, the nature of the crosslinking permaitslassify hydrogels as chemical
or physical hydrogels. Crosslinking is charactetitg/ the presence of junctions,
which may be formed by chemical linkages, suchaalent or ionic bonds in so-
called chemical hydrogels, or physical interactiaech as ionic interactions,

hydrogen bonds, or hydrophobic interactions in alted physical hydrogels.

Depending on the nature of the polymer, differechhiques can be used to induce
crosslinking. Crosslinking may occur by covalenhdimg between polymeric chains
triggered by initiators and catalysts, by expostarea radiation source, including
electron beam exposure[7], gamma-radiation [8]Udt light [4,9] or by adding
different chemicals (e.g., glutaraldehyde, epichtirin, etc.) in conjunction with
heating and, sometimes, pressure (Fig. 1.1a-ber@tke, physical crosslinking may
be obtained through coacervation or precipitatioethmds exploiting ionic

interaction, crystallization, stereocomplex forroati hydrophobic interactions and

1



hydrogen bonds (Fig. 1.1c).

Chemical crosslinking
’ /m
/\},\ + '—7\'\ X\

Y — R, 3

'
"d

Physical crosslinking
Fig. 1.1 Schematic representation of different type of slinking: chemical crosslinking with the

crosslinker incorporated into the bond (a), chefdoasslinking with the crosslinker not incorpoite

into the bond (b), and physical crosslinking (c)

Crosslinking interconnect polymer chains, increasdecular weight and provide
better mechanical properties.[10]

Network properties such as swelling degree, elastadulus and transport of
molecules are also influenced by the type and @egfecrosslinking. Different
degrees of crosslinking and presence or absenaeysfallinity, can give rise to
elasticity, decrease of viscosity, insolubility thie polymer, increasedgTincrease
strength and toughness, lower melting point, e®§.[1

According to hydrogel physical structure and cheinicomposition they can be
distinguished in amorphous (non-crystalline), semgstalline and crystalline
hydrogels. Furthermore, they could be either néuraionic depending on the

ionisations of their pendant groups.[1]

Hydrogels can also be classified as “smart” or glisresponsive when they are able

to respond to changes in their environment. “Smiaytirogels undergo gelation due
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to one or a combination of different external stirsuch as temperature variation, pH
change, swelling, solvent exchange, photo-crossigikstereocomplexation, ionic
crosslinking and synergic interactions among déffeémpolymers.[11]

Among all this stimuli, temperature is the most eljdused. The thermodynamic
principle at the basis of thermo-responsive polys@ubilisation-insolubilisation
equilibrium, which is affected by the change in sisdubility of the polymer chain or
by the formation of a complex among polymer chathat may accompany
temperature variations. Generally, the solubility smlute molecules changes
drastically with the change in temperature. Besides behaviour of polymer in a
given medium reflects the balance of interactiom®iag its own segments and the
surrounding solvent molecules.[12] In a positivertho-reversible system, polymers
having an upper critical solution temperature (UL SHrink by cooling below the
UCST. Wihile in a negative thermo-reversible hyadpgolymers have a lower
critical solution temperature (LCST) and they cantrby heating above the LCST.
Namely, they can be tuned to be liquid at room terafure (20-25°C) and to undergo
gelation when in contact with body fluids (36-37,QJue to the increase in
temperature.

Hydrogels constituted by polymers containing wealbjidic (anionic) or basic
(cationic) groups are defined pH-responsive. Pration-deprotonation mechanism
is at the basis of their gelation. Stimuli-respgaspolymers can be blended with
polysaccharides, such as chitosan, alginate, ostuldextran for the development of
stimuli-responsive hydrogels with properties likednmpatibility, biodegradability
and biological functionality.[13]

Hydrogels may be obtained in different forms inahgdmatrices, micro- or nano-

particles, coatings, films depending on the prejiaranethod. [14]



1.2. Hydrogelsin biomedical applications

The first hydrogel with potential for biomedicalgication was synthesized in 1955
by Professors Lim and Wichterle. It was a synthgtily-2-hydroxyethyl methacrylate
(PHEMA) used, soon after its discovery, in confaas production.[15] Since then,
hydrogels gained an increasing attention from tengific community and industry,
so that they became widely used in biomedicine sawéral products are already in
the market.[14]ndeed, hydrogels are extremely suitable for variapplications in
pharmaceutical and medical industries becausedffeya combination of favorable
properties, among them biocompatibility, hydromiili, non-toxicity,
biodegradability, super-absorbency, high storagpaciéy for small and large
molecules, and whole cells; and because they camttesically stimuli-responsive
and interactive.[16—18] Thanks to their struct@iadilarity to macromolecular-based
components present in the human body they havergfneatisfying performance
oninvivo implantation when in contact with either bloodiging tissue.[19]
Mechanical properties and structural stability queous environment are necessary
requirements for hydrogels used in biomedical @agithns. For this reason, hydrogels
are generally crosslinked for these applicationsl, they need complete removal of
materials breakdown products and/or residual umedaccrosslinking agents

(glutaraldehyde, epichloridin, genepin etc.) torguéee biocompatibility.[20]

Several polymers have been proposed for the prigauat hydrogels for biomedical
applications, both from natural or synthetic origithey can be polysaccharides
(cellulose, starch, alginate, chitin, hyaluronate.)e proteins (collagens, pectins,
caseins, albumins) and/or synthetic and biodegtadadlymers (poly(vinyl alcohol)
(PVA), poly(vinylpyrrolidone) (PVP), poly(ethylenbgol) (PEG), PHEMA
etc.).[21]

Synthetic polymers are man-made polymers, prodbgethemical reactions and do
have good mechanical properties and thermal diabiliuch better than several

naturally occurring polymers. However, they cantaonresidues of initiators or other
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agents coming from polymerization reactions, arfteotompounds/impurities that
prevent cytocompatibility. PVA is one of the moseduent and oldest synthetic
polymers used for hydrogels fabrication; due tohkiscompatibility it has been
applied in several advanced biomedical applicatiarsd particularly in wound
dressing.[22]

On the other hand, natural polymers, also callexpdiymers,[23] are generally
abundant in nature, extracted from renewable ssurad thus they are obtained at a
relatively low cost due to their easy availabilidd] Natural polymers have several
promising applications in drug delivery, tissue i@egring, biomedical sensing, skin
grafting, medical adhesives, textiles etc.[25,26]

In the last decades, the development of hydrogededhon the blends of a natural and
a synthetic polymer have gained increasing attantlolymer blends allow to
synergically combine different properties into eesatile material. Indeed, synthetic
and natural polymers have complementary properfigsthetic polymers are easier
to use owning to their well-defined structure andable polydispersity, but natural
polymers are generally more biodegradable. [24leB#vexamples of blends have
been reported for the fabrication of hydrogels fdomedical applications with
improved elasticity, stiffness, hydrophilicity, etdor instance, PVA and gelatin
superabsorbent hydrogel membranes as drug delsgstems and moist wound
dressing have been produced by esterificationicaf27] Blending can come also
with three components. For instance, agar, getatdx-carrageenan as well as their
two-components blends, have been used for the aleweint of hydrogels for

controlled release of drugs.[28]

Moreover, thermoresponsive hydrogels are very éstérg for biomedical

applications because they can undergo gelation ppgsiological condition, having
the LCST below human body temperature. Among tleentbresponsive polymers
used for biomedical applications there are bothtmfic polymers such gsoly(N-

isopropylacrylamide (PNIPAM) or natural polymers@dlactosylated xyloglucan,



gelatin, cellulose derivatives etc.).[29] These rogels are generally used for
injectable applications but they find also use mugd delivery [30] or wound

dressings.[31]

1.2.1. Hydrogels asdrug delivery systems

Hydrogels are considered excellent candidates dotrolled release applications.
Their structure allows drug diffusion, sensitivity surrounding environment, or
recognition of a specific target by incorporatidrspecific functional groups within
the matrix.[18] Their typical porous structure faates the drug loading into the
matrix and also allows subsequent drug releaseraeadependent on the diffusion
coefficient of the small molecule or macromoledhi®ugh the gel network.
However, the homogeneity of drug loading within thatrix can result difficult to
achieve due to hydrophobic nature of most of theydnolecules.[32]

The benefit of using hydrogels as drug deliverytesys is mainly pharmacokinetic:
hydrogels can be employed as a depot formulatiom fivhich the active molecule
can slowly diffuse, either maintaining a high locahcentration of the drug in the

surrounding tissues or for systemic delivery ovpra@onged period.

In general, hydrogels for drug delivery are fornoaitiside the body and impregnated
with drug before placement or implantation in tleelya[32] For many applications,
especially oral-delivery, drug-loaded hydrogelsemployed in the dehydrated form.
In this form they usually appear glassy, thus takease of water-soluble drugs
involves a simultaneous absorption of water andmg¢®n of the drug. They can
show different diffusion kinetics ranging from Fiak to Case Il extremes, depending
on many variables such as temperature, polymerxatden, thermodynamic
compatibility between the solvent and the hydrodelig distribution in the matrix,
etc.[33,34]

This characteristic is very interesting in hydrogelund dressings, because they can
be loaded with antimicrobial or antibiotic agens$,36] as it will be discussed in

detail in Chapter 2.
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Furthermore, thermoresponsive hydrogels are oft gnézrest in therapeutic delivery
systems as injectable depot systems. For instaoaesslinked chitosan with
PNIPAAM forms a thermoresponsive IPN for the datweof diclofenac with
improved drug loading capacity and sustained relbasaviour. In fact, the presence
of the cationic chitosan network in the IPN prowdiee high affinity for anionic drugs
in an aqueous medium. In the presence of a relathigh concentration of ions, a
competition with the drug for the binding to thewerk occurs and the drug can be
released. Under these conditions, the drug diffus® delayed by the collapsed
PNIPAM network at 37°C.[30]

1.2.2. Hydrogels as scaffolds in regener ative medicine

Regenerative medicine is a promising field of resleaaiming to improve current
medical options, especially in the field of tisseplacement or repair of damaged
tissues with an enhancement of healing processgiobels have been proposed as
tissue scaffolds not only for their structural andmpositional similarities to
extracellular matrix (ECM) and their exceptionabrfrework function for cells
proliferation and survival, but also because thechanical properties can be tailored
to mimic those of natural living tissues.[17] Hydeb scaffolds are able to provide
bulk and mechanical backing to the tissue consthet are in contact with, either if
cells are adhered on them or suspended within &zinetwork.[1]

The design of a hydrogel for tissue engineeringiireg the control of a number of
criteria to be appropriately effective. These cidenvolve physico-chemical and
mechanical parameters and biological activity.[S#rting from physical parameters
that must be taken into account, mechanical prigzesf hydrogel-based biomaterials
are important parameters and, in general, theydepgnding on anatomical location,
cell types, and special applications they are adehe for. For example, relatively
strong mechanical properties may be required urasdns where the device may be
subjected to weight-loading or strain, or where thaintenance of a specific

cytoarchitecture is needed, such as for cartilagmoe scaffolds. In other situations,



looser networks may be needed or even preferaBleH8r instance, hydrogels
elasticity plays a critical role in engineeringtsafd elastic tissues such as skin and
blood vessels.

Synthetic polymeric hydrogels provide a good cdriv@r mechanical properties, but
other desirable features such as degradabilitglbadhesion are lacking and must be
further incorporated into these matrices.[39]

Degradation is a critical requirement in tissueieegring; in fact, scaffold has a time-
limited architectural role and after the accomptigimt of that function it will
disappear, leaving a pure biological system. @shanism can be due to hydrolysis,
enzymatic reaction, and/or dissolution. [20]

Biological activity is one more parameter that mhestonsidered to provide guidance
cues to improve cells adhesion and proliferatimaleed, it is well-known that specific
biochemical and physical signals can enhance theathvity” of the scaffold,
rendering them instructive for cells and promotisgue regeneration.[37] Biosignals
can be either specific amino acid sequences, likewtell-known RGDS-sequence,
which promote cell-adhesion, others such as topdgraelasticity, and porosity, or
stiffness of the materials which are known to direell differentiation and
function.[16,39,40]

Hydrogel scaffolds for regenerative medicine camedioth with or without cells
inside, being classified as cellular scaffolds andllular scaffolds, respectively.[41]
Cellular scaffolds combine cells from the body dftipnts with highly porous
hydrogels. This approach is quite expensive dubdgrocess of extraction of cells
from patient’'s body, generally stem cells, followlky seeding and growth in the
scaffold before its implantation. There are mangrmegles in literature of cellular
scaffolds, they mostly use collagen as main polybemause it is the most common
protein in the body and provides strength and airat stability to several tissues

including skin, blood vessels, tendons, cartileayes bones.[41,42]
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On the other hand, acellular scaffolds aim to ifice cellular processes such as
apoptosis, angiogenesis or recruitment of steng,delllucing at last the regeneration
of the damaged tissue they are in contact witheRammple of acellular scaffold is a
dextran crosslinked hydrogel that was developedttertreatment of third-degree
burns, showing remarkable improvements of the hgalrocessn vivo over 3 weeks,
and promoting neovascularisation and skin regeioer.fd3] Some scaffolds for
tissue regeneration can be loaded with active comg® or growth factors for the
enhancement of the healing. For instance, a cailagaffold loaded with collagen
binding vascular endothelial growth factor (CBD-VEGwvas proposed and tested in
in vivo diabetic rat model for chronic wound healing. Itsndemonstrated that CBD-
VEGF scaffold induced the formation of blood vessahd cell migration, which
accelerated tissue regeneration in chronic woudAtl @ther examples of release of
growth factors that led to a speeding up of wousdlihg include the release of
fibroblast growth factor (bFGF) from nitrocinnareaterived polyethylene glycol
(PEG-NC) [45] or collagen-mimetic engineered pirdefrom PEG-diacrylate
(PEGDA) microspheres. [46]

1.2.3. Hydrogel sensors

Hydrogel sensors are commonly made by stimuli-resipe polymers.[47] These
“smart” biomaterials have a high potential not didlytheir special properties but also
for technological and biomedical applications. $®gss triggered by chemical
signals, such as pH, metabolites and ionic factdnish alter molecular interactions
between polymer chains or between polymer chairsahdes present in a system as
well as by a physical stimulus such as temperaturelectrical potential that may
provide various energy sources for altering molecurdteractions. These interactions
modify the properties of polymeric materials likelubility, swelling behaviour,
configurations of conformational change, redox @aibn-oxidation) state and

crystalline/amorphous transition.



Among these “smart” hydrogels, temperature- andrggponsive hydrogels have
been the most widely investigated for their bioresatlapplications, including wound
dressings, because these two factors have a pbgiial significance.

Furthermore, there is another type of hydrogels tisesensing applications that are
hydrogel-based biosensors. They exploit the aldlitgertain hydrogel to sense their
environment on a molecular level, through the d&iecor reaction with biological
molecules which lead to a change of swollen voluBiemolecules such as receptors
or enzymes are usually immobilized within a stirmelsponsive hydrogel matrix to
yield to a biosensing material. The most commom®ta of these is glucose-oxidase
within pH-responsive hydrogels to make glucose-@engl7]

Hydrogels or stimuli-responsive hydrogels can lbegrated in devices for developing
sensors. Some examples specifically addressed tmdvenanagement will be
mentioned in Chapter 2.
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Wound management
2.1. Wound healing physiology

A wound is a type of circumscribed injury of theirsicaused by a physical or
thermal damage or due to a pathological condifidre specific biological process
that leads to tissue regeneration is defined amdidealing. This process is very

complex and involves different stages[1,2]:

» Haemostasis: It is characterized by bleeding with the role tosh out
bacteria, but it is immediately followed by theiaation of platelets, which
start the coagulation cascade. Platelets starélemse factors that initiate
the healing process, like platelet-derived growtctdr (PDGF) or
transforming growth factors (TGFs), the fibroblgsbwth factors (FGFs),
and vascular endothelial growth factor (VEGF).

» _Inflammation: This phase lasts from 3 to 7 days in which theumeb
presents pain, redness, warmth, and swelling dgpéaific enzymes and
various mediators that are secreted by inflammatalis on the wound
bed. The main active cells at this stage are phaigocells, such as
neutrophil and macrophages. Neutrophils secretetiveaoxygen species
(ROS) and proteases for preventing bacteria contation and for cleaning
the wound bed from debris, while blood monocytewarto the wound site
and differentiate in macrophages, which remove drvactand non-viable
tissue by phagocytosis. The latter also releasetréactors and cytokines
to recruit fibroblast, endothelial cells and kematiytes for repairing the
tissue.

» Proliferation: This phase is characterized by granulation, newodlo
vessels formation (angiogenesis) and epithelisa#dinof these processes

are stimulated by the presence of growth factdks, TGF{3, connective
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tissue growth factor (CTGF), VEGF, keratinocyte wtilo factors (KGFs)
and TGFe.

» Remodelling: This is the last phase of healing. At this stagiammatory
cells leave the wound bed; cells releasing growatiolr are diminishing and

the provisional matrix is remodelled into organizedlagen bundles.

All these phases occur in an ordered manner oyargpone with each other and
involving well-connected biochemical and cellularogesses and, in particular,
interactions among cytokines, growth factors, bl@odl the extracellular matrix.
The important role of cytokines includes the stiatien and the production of
components of the basement membrane, prevention ffehydration, increasing
inflammation and formation of granulation tiss@¢.Furthermore, the healing
process could be altered by local factors such ygmthermia, pain, infection,
radiation and tissue oxygen tension that can afi@eictly the characteristic of the
wound, otherwise could be influenced by systemitdies including the overall
health or the presence of comorbidities that céecathe ability to heal. In addition,
poor nutrition, age and protein, vitamins and/onenal deficiency can delay the
wound healing.[4]

Depending on the nature of the healing processnd®gan be classified atute or
chronic. An acute wound is a wound that heals completeithiv an expected
period of time, usually 8-12 weeks, with an expdatge and according to a normal
healing process. The primary cause of acute woisnaechanical injures, including
penetrating wounds caused by knives and gun shatssurgical wounds caused by
surgical incisions. Burns and chemical injures emasidered another category of
acute wounds, they can be caused by chemicalgyieigs radiations or thermal
sources. Depending on the temperature of the tHesmaces or the time of the

exposure, it is possible to distinguish differeagke of burns.
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Chronic wounds are those that do not progress gffir@unormal healing process
due to the presence of physiological conditionshsag diabetes, obesity, cancer,
persistent infections or other patient related d@omts. Chronic wounds also

include diabetic foot ulcers, venous leg ulcers pnessure ulcers. These ulcers
can last over 12 months and they can cause todb$snction and decreased

quality of life, leading in some cases to amputatblimbs or death. [5]

In conclusion, the time of the wound healing pracstsongly depends on the type
of wounds and on the presence of some diseasethéuselection of the right

material for the dressing is also critical to haviaster healing.
2.2. Chronic wound management: economic and social impact

Among all the type of wounds, chronic non-healinguwds represent a substantial

economic issue to healthcare systems in westenntiies.

Older people are subjected to a higher risk foogirr wounds, also due to the
slowing down of the healing process related witlingg Furthermore, chronic
wounds are also related to other diseases suchrd®eascular diseases, diabetes
or obesity, incidence of which is significantly ieased in the last decades.[6]
Because chronic wounds are generally treated asacbidities, the importance of
the development of new treatments is often hiddéhnicians are not specialised
in wound care and there is a lack of effectivettresmts and adequate approaches
for the prevention of those medical conditions. Seheanefficiencies are also
surrounded by a lack of deep knowledge on the bio#d processes associated
with wound healing, which make this issues alsoiantific challenge.[7]

The costs of these treatments are very high alsotduhe prolonged time of
treatment that is related with the long time thHase wounds can take to heal,
from several years to decades . (Bjsts estimated in USA can reach US$20 billion,

while in UK they represent the 3% of the total tiezdre expense.[8]
19



The rate of amputation of limbs as consequencehoénic wounds is frightful
(globally there is one amputation every 30 secomads) the 5-years mortality after
amputation is between 40% and 70%. Infections aothar main drawback of these
type of wounds, being the major causes of amputaiod they could be avoided
with early stage diagnosis and an accurate care.[9]

In the following paragraphs it will be given an oview of the different type of

existent wound dressings and wound healing scaffold
2.3. Wound dressings

The progress on wound dressing has led from thaecapplication of plant herbs,
animal fat and honey to new materials for tissugirerering. Design of effective
wound dressings needs a deep understanding of ¢hkingp process taking into
account several parameters such as the conditibtiseopatient, the presence of
comorbidities and the effect that each of the nteused may have on the wound.
A summary of all the type of dressings is reporied-ig. 2.1 and they will be

discussed individually in the following paragraphs.

Wound dressings

Traditional dessings | | Modern dressings |

* Medicinal plants,
* gauzes,

* synthetic bandages, Passive dressings Active dressings

¢ cotton wool,

* lint. * Hydrocolloids, * Medicated dressings,
« alginates, * scaffolds,
* foam, * skin substitutes.
* hydrogels.

Fig. 2.1 Scheme of the different types of wound dressings
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2.3.1. Traditional dressings

In the past, many traditional medicinal plants hbgen employed for the treatments
of wounds thanks to their antibacterial and antlert properties, i.eGuiera
senegalensis, Commelina diffusa and Spathodea campanulata, etc. However, these
plants or their crude extracts applied directly tre wounds may contain
microorganisms that can cause infections, and alsme potentially harmful
chemical components that may affect the healinggs®. Other traditional wound
dressings were natural or synthetic bandages, rcettml, lint and gauzes all with
varying degrees of absorbency. Their primary furctivas to keep the wound dry

by allowing evaporation of wound exudates and pmgrg bacterial infection.

Plain gauze is still one of the most commonly emetb products in hospitals
because is certainly cheap, readily available amthltde for different types of

wounds. It can be also impregnated with some adatigeedients such as iodine, zinc
oxide/zinc ions, or petrolatum to enhance theirfgrerance. lodine provides

antimicrobial properties, whereas zinc oxide cquidmote wound cleansing and re-
epithelialization.[10] However, the use of gauzeenfproduce discomfort and side
effect related to its removal, as it may causeniatoy stripping off newly formed

epidermis.

To overcome these limitations, research has beenséml on the design and
development of new wound dressings, and it hasymed advanced materials with

better physical and chemical properties, that &seudsed in the following sections.
2.3.2. Modern dressings

Studies on wounds and wound healing have indicéitedoptimal features of a
wound dressing.
In particular, in early ‘60s, Winter announced tfiest generation of wound

dressings that represented a breakthrough inekee[fi1] In his pioneering work, he
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discovered that maintaining the wound hydrated awed the epithelial repair of
wounded pig skin at least twice compared to theegiosed wounds.[12] On the
basis of his studies it was designed for the fiirsie the ideal wound dressings,
which should keep a wet environment with high bropatibility and prohibit the

bacterial infection for accelerating the tissueersgration.[13]
Thus, the ideal dressing needs to fulfil the follegvrequirements:

» absorb excess of exudates and toxins,

* provide or maintain moist environment,

e enhance epidermal migration,

« allow gas exchange between wounded tissue andogmvant,

* maintain appropriate tissue temperature to impineeblood flow to the
wound bed and enhances epidermal migration,

* promote angiogenesis and connective tissue systhesi

» provide protection against bacterial infection,

* be easy to remove without further trauma to thendou

e provide debridement action to enhance leucocytagation and support
the accumulation of enzyme and

e must be sterile, non-toxic and non-allergenic.

Modern dressings can be divided in two categopassive andbioactive dressings.
The formers fulfil the above mentioned functionsiile the latters can enhance the
healing process through more advanced functioms ¢(gug delivery or scaffolds).
Furthermore, they are themselves classified acegrth the materials from which
they are composed, including hydrocolloids, algisatind hydrogels and generally

they occur in the form of gels, thin films and foaheets.[6]
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2.3.2.1. Passive dressings
2.3.2.1.1. Hydrocolloids

Hydrocolloids are a class of wound dressings obthiinom colloidal (gel forming
agents) materials combined with other materialshsas elastomers and adhesives.
They are composed by an active surface which isedoaith a crosslinked adhesive
matrix containing a dispersion of gelatin, pectind acarboxy-methylcellulose
together with other polymers and adhesives fornaintexible wafer, for instance
polyurethane foam or film carrier, to create anogbent and self-adhesive sheet.
Several hydrocolloid dressings are already in tlaeket, for instance Granufl€%
and AguacéM (Conva Tec, Hounslow, UK), Comfé¥l (Coloplast, Peterborough,
UK) and Tegaso¥ (3M Healthcare, Loughborough, UK). These dressiags
capable of absorbing low to moderate levels ofduand can be used to promote
autolytic debridement of dry, exuding, or necrotiounds. They are indicated for
light to moderately exuding wounds, such as pressares, minor burns and
traumatic injuries. Thinner versions are generakgd on wounds that are dry or
have low levels of exudate. Additionally, hydrocadls are suitable for promoting
granulation tissue. The presence of an occlusiteraover in this type of dressing
prevents water vapour exchange between the wouddtarsurroundings and this
can be disadvantageous for infected wounds thaineq certain amount of oxygen
to rapidly heal. Furthermore, these dressings ebase residuals that are deposited

in the wound and often have to be removed duriegsing change.[1]
2.3.2.1.2. Alginates

Another class of modern dressings are the algindtesy are produced starting
from sodium and calcium salts of alginic acid, dypaccharide composed by
mannuronic and guluronic acid units. Alginate diregs have a high absorbency and

they are able to form gels upon contact with woerddates, thus they are indicated
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in the treatment of unshaped wounds that presewitiesa They are usually
employed as sodium salt alginate and in the drieséhen administered to the
wound, the gelling property of the sodium alginateattributed to the exchange of
the sodium ions with calcium ions present in exedatd blood which help to form
a crosslinked polymeric gel that degrades slowdlj.Marious alginate dressings are
already in the market and they can be distinguishetthose rich in mannuronate,
such as Sorbs®h (Maersk, Suffolk, UK), which form soft flexible tg upon
hydration, and those rich in guluronic acid, likaltéstat™ (Conva Tec), which
form firmer gels upon absorbing wound exudate. @&theommercial products
include Silvercét, Sorbalgofi, Algicell®. Furthermore, it has been demonstrated
that calcium ions present in alginate dressings thalp the healing process,
stimulating fibroblasts proliferation and havingehzostatic properties. However, if
the amount of exudates is not sufficient to gelgblymer, they may require further
moisturizing, which could lead to infections. Thegn be subjected to autoclaving
for their sterilisation. They also require a sugipgenerally in fabric to maintain

them in place.[4]
2.3.2.1.3. Foams

Foams are porous dressings commonly composed hyrptthane, which come
sometimes with adhesive borders. They are easyataml@é and provide thermal
insulation and high absorbency. Foam dressingsladlaiin the market include
Tielle™, 3M Adhesive FoanY, or Allevyn™. Thanks to their high absorbance
these dressings are indicated for the treatmertealvily exuding wounds. The
absorbance capacity can be controlled by foam ptiesesuch as texture, thickness
and pore size, and their open structure guarahighssapour transmission, which is
important to maintain the wound environment witle tiight level of oxygenation

and moisture.[1]
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2.3.2.1.4. Hydrogels

Hydrogels have been applied for many years in wonrahagement, since they
combine the features of moist wound with good flaltsorbance.[15,16] Thanks to
their unique properties, they are considered a<libgest to an ideal dressing and
they are suitable for use in all stages of woundlihg, i.e, haemostasis,
inflammation, granulation, epithelialization andcoestruction phase.[1] Their
moisturizing effect of the wound environment canorpote granulation,
epithelialization, autolytic debridement and thegtiwater content of hydrogel
dressings cools the wound, giving pain relief amoklsing that can last for long.[17]
However, the moisture that they provide can causeenation of peri-wound tissue,
(tissue surrounding the wound) and the exudateragtation may lead to bacterial
proliferation. For this reason, it is importanttttfaey can act as barrier for bacterial
infections. Moreover, it is important to guaraneegood mechanical strength to
avoid difficulties in handling.

Hydrogels can be applied in different forms, suslaael, gauzes impregnated with
hydrogel or as elastic films. The latter have temarkable advantage to be self-
standing, and their partial adhesion to the woundase reducing the dressing-
change discomfort and pain.

Crosslinking of polymeric components in order avibid dissolution of the matrix is
one of the common methods to produce wound dressihg,19]

Various polymers from both natural and synthetigiarhave been proposed in the
preparation of hydrogels wound dressings, such yedutonic acid, alginate,
collagen, chitosan, PVA, PVP, etc.[14,20,21] Thap be used alone or in blends,
especially PVA has been extensively investigatedblends with natural polymer
(chitosan, gelatin, glucans, dextran, startch.$ymthetic ones (PVP, PEG, poly-N-
isopropylacrylamide (NIPAAm), etc.).[11,22—-24]
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Furthermore, several hydrogel dressings are alreadymercially available, such as
Nu-gel™, Purilon™, Aquaform™ polymers and Intra&itg21] Tegaderrfi is a
widely used array of commercial hydrogels thatolsl $n different forms, like films
or wound filler gel.

Although hydrogels are the closest materials toidleal wound dressings, wound
healing process is very complex and advanced funstare required specially to
target the complex chronic wounds. For this reasmentific efforts have been
focused in the development of advanced hydrogeénads, that are able to provide
multiple functions beside their usual barrier, maiging and absorbent functions

and they are classified as bioactive dressings.
2.3.2.2. Bioactive dressings
2.3.2.2.1. M edicated dressings

Medicated dressings, which incorporate therapegents, play an important role in
the wound healing, helping and speeding up thegaodsenerally, the incorporated
compounds are antiseptic agents that prevent iofectand promote tissue
regeneration. Medicated dressings with antiseptitivity usually are silver- or
iodine-impregnated, but the prolonged use of theslestances can cause skin
irritation and staining.[3] For instance, Das et lahve produced an amorphous
hydrogel based ocarboxymethylcellulose (CMC) and silver nanopagtichs a new
cost-effective hydrogel wound dressing. It was dest@ted to have good
antimicrobial properties with a good absorbencyexdidates to maintain the moist
environment.[25] Some of these hydrogel dressiogddd with antimicrobial agents
are already available in the market, among all &itwl¥ gel, SilverMe®,
lodosort® etc., contain colloidal silver, iodine or otherstimicrobial agents.
However, the number of commercial dressings infém of hydrogel films is not

elevated; one of those is Silversetiat is commercialized in only in U.S.
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In addition to antimicrobial agents, also antilistresulted to be efficacious and to
help the healing process. For instance, crossdinkgdrogel films composed by
PVA and dextran obtained through the freezing—thgwnethod have been reported
as new potential wound dressings loaded with geiostamThese films resulted
swellable, flexible, and elastic and they displagegbodin vivo enhancement of the
healing due to the delivery of the antibiotic.[2dbreover, ciprofloxacin, that is a
water insoluble drug, has been embedded into aiA&Fx by using acetic acid as
co-solvent in water. The obtained transparent fish®wed good plasticity and
softness, together with a good antiseptic propert@ning from the residual acetic
acid in the matrix and antibacterial activity agaiBscherichia coli and Bacillus
subtilis.[27] Also PVA/chitosan-based crosslinked hydrogéim$ shown a
significant improvement of the wound healing dug¢h® embedding of minocycline
as antibiotic.[22]

However, while the use of antiseptics is not relabdgth bacterial resistance, the
release of topical antibiotics needs to be cangfodintrolled so that it can prevent

wound infection without contributing to the emergerof antibiotic-resistance.[28]

A more recent approach is based on the incorparatfocell-signalling elements
such as growth factors or stem cells. This metlwogaiticularly suitable for the
treatment of chronic wounds in which the normal wmduhealing process is
disrupted. These elements allow an external modulaif the wound environment
taking an active physiological role in the woundliveg process. They usually act
stimulating angiogenesis and cellular proliferatiaich affect both the production
and the degradation of the extracellular matrix als play a role in inflammation
cells and fibroblasts activity. Several growth €adbaded dressings have been
reported and the most commonly used growth fadtorskin regeneration include
EGF, bFGF, KGF, VEGF, PDGF, TGk-etc. each one involved in a different step

of the complex healing process. Some reported ebesmpl those dressings are
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spongy sheets of crosslinked hyaluronic acid (HAJbedded with arginine and
EGF that have shown to promote epithelialisatiat];[@ photo-crosslinked hydrogel
composed by the mixture of glycidyl methacrylatéidtaoligosaccharide (COS), di-
acrylated pluronic and a recombinant human epidiegmavth factor (rhEGF) that
has been reported to significantly enhanteivo epidermal differentiation during
the wound healing process;[29] star-poly-ethylehea (PEG)-heparin hydrogels
functionalized with TGH that have been demonstrated to release the gfawtibr
with consequent growth and differentiation of fiblast.[30]

Furthermore, also some supplements such as vitaoningnerals such as vitamins
A, C and E as well as zinc and copper, can be atiweflessings to improve the
healing and the type of dressings used for thisvelsl include oil based liquid

emulsions, creams, ointments, gauze and silicohshgets.[1]
2.3.2.2.2. Tissue engineered scaffold and skin substitutes

The field of regenerative skin tissue engineerimgsato facilitate faster wound
healing and consequently restoration of skin, eitrgenerating novel or
biocompatible substitutes or by reconstructionhef tissues. In the last decade, the
invention of numerous skin substitutes represeatsignificant advancement in skin
regeneration. These bhioengineered skin substitde®nly repair the wounds, but
can also be embedded with therapeutic agents, asgrowth factors, antibiotics,
anti-inflammatory drugs that can eventually enhag¢he healing process.[31]

Skin regeneration benefits mainly from the useuifable scaffold matrices, which
are considered the best materials for restoringntaiaing and improving tissue
functions. These scaffolds can be composed by aat{ire. proteins and/or
polysaccharides) or synthetic polymers, but cao &l composite materials that
include both natural and synthetic polymers. Thane several different techniques

to fabricate a scaffold including the use of ex¢tadar matrix (ECM)-secreting cell
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sheets, pre-made porous scaffolds of syntheticuralatand biodegradable
biomaterials, decellularized ECM scaffolds, andscehtrapped in hydrogels. There
are also different types of scaffolds, i.e. porofiistous, microspheres (each of
which can be in the form of hydrogel), and aceluddc. (Fig. 2.2).[32] All of these

scaffolds can be seeded with cells in order to ecddhe biological response.

Scaffolds type

Wy s

Skin Heart Kidneys Liver

l—Y—}

Decellularisation

v
Bé s

Acellular scaffold

Hydrogel scaffold

Fig. 2.2 Different categories of scaffolds for wound healing

An ideal porous scaffold in skin engineering is thee that mimics the natural
environment for skin growth through appropriatel adiltration, proliferation and
differentiation. It should be biodegradable, perbbedo oxygen, water and nutrient
exchange and should be protective against infecdod mechanical damage.
However, different pore sizes are required forgpecific cell types. Most of these
porous scaffolds are composed of collagen and ikewites or fibroblasts are
seeded into them. There are also several synthietitegradable polymers, such as
(PEG, poly(lactic acid) (PLA), poly(glycolide) (PGApoly(lactic-co-glycolic acid)
(PLGA), poly(caprolactone) (PCL), poly(D,L-lacticid or D,L-lactide) (PDLLA),
poly(ester) elastomer (PEE) based on poly(ethylemdde) (PEO), and
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poly(butylene terephthalate) (PBT)[33-35] used fbe fabrication of porous
scaffolds. Some commercial products are already tii market, such as Orgl
Biobran&, Terudermi& and Pelndt that is made up of collagen of porcine origin,
differently from all the others which are composedinly by bovine-collagen. All
of these products are particularly indicated far titeatment of burns.

Nano-fibrous scaffolds can be also included in ¢héegory of porous scaffolds.
Their highly microporous structure is particularbuitable for cell adhesion,
proliferation and differentiation. Some of the teijues commonly used for the
synthesis of nanofibres are self-assembly, phagaraton, drawing, template
synthesis and the most common electrospinning tqaaf36] Nanofibres can also
be functionalised to carry biosignals by simple blexgdor coating techniques or by
surface grafting to physically attach through noralent interactions, or covalently
bind on the fibres adhesive proteins or ligand malkes that can help and speed up
the healing process.[37,38] Recently, nanofibrotaffelds based on a blend of
mussel adhesive protein (MAP) as natural biomdtesiad PCL to provide
mechanical reinforcement have been fabricated giroelectrospinning process.
These scaffolds have shown to accelerate woundheeggon, also suggesting that
the successful application of these mats for wolkealing is due to the adhesive
property of the scaffold conferred by MAP. Anothemat for wound dressing
applications loaded with an antibiotic has beendpoed by electrospinning of a
water/acetic acid PVP and ciprofloxacin solutiom][2ll of these electrospun mats
are generally non-transparent, hindering a diresttat inspection of the wound, thus

requiring the dressing to be removed for check-ups.

Another category of scaffolds for skin regeneratisrthe collagen rich matrices
created by removing all cellular components frowinkj tissues, such as kidneys,

skin, etc., commonly called “acellular scaffold¥hese scaffolds are not only used
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for skin regeneration; indeed, depending on the typcells seeded on them, they
can be used also for other tissue types. Thesdoktafrequire a careful and
complete decellularization to avoid immune resporaed rejection after
implantation and, even if they are very promisithgy rise up ethical concerns.

In recent years, other scaffolding approaches uingl microspheres have gained
increasing attention mainly for the possibility tththey offer to effective deliver
drugs, such as antibiotics. The microspheres apprbas several benefits, such as
easy fabrication, controlled morphology and physii@mical properties, resulting in
versatile use of the pharmacokinetics of the endafesd molecules and the size of
the microspheres can be adjusted to obtain an aptiontrolled release of the

actives molecules.[32]
2.3.2.2.3. Wound management sensor s and actuator s devices

“Smart” dressings are an emerging field that isngdio revolutionize wound care.
These dressings are similar to “wearable” or “epitd” electronics and exploit
biochemical signals that are immediately convertedreadable outputs, with
diagnostic value for wound management.[39] The derity of the wound healing
process offers an abundance of these biochemiggtta such as pH, temperature,
reactive oxygen species (ROS), bacterial load, tiroactors, hormones,
inflammatory mediators, etc. and they can be usedewelop sensors for wound
management. This new generation of dressings dieveéd to have an enormous
potential and their popularity is rapidly growingedto the possibility to apply this
technology to both acute and chronic wounds. Bendfi sensing the wound
environment include reduction of hospitalizatiomei prevention of amputations

and better understanding of the processes whichiirhgaling.[39]
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Sensors that detect infection at the wound sitee Hsaen developed and use very
different approaches. Zhou et al. have developsghaor which use toxins produced
by bacteria in wounds as biochemical signal indcaearly infections. Using the
same mechanisms, as phospholipase-A2 ehdemolysin toxins fron8s. aureus
andP. aeruginosa permeabilize or hydrolyse cell membranes, thepgsed Trojan-
like phospholipid vesicles, which are recognizedtly bacteria as eukaryotic cells
but instead release a fluorescent dye cargo whethatd by bacteria-secreted
toxins. Thus, the occurrence of fluorescence isadly related with the presence of
infection.[40]

Another indicator of infection is the temperatufdte wound site that is possible to
measure it with hand-held infrared thermometersnadvel approach is to use
dressing which change colour upon heating with taghsitivity, reportedly + 0.5
°C. This approach is possible using stimuli-respenpolymers attached to poly-Si,
which change conformation depending on the tempegratnd resulting in a change
of colour of the matrix.

Another stimulus that can be monitored is the pdr &xample, a pH-sensitive
poly(vinyl alcohol)/poly(acrylic acid) hydrogel wasudied for the development of a
passive hydrogel-based device. This device resalde to wirelessly track the pH

of the wound and the moisture level (Fig. 2.3).[41]
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Folded flex circuit

Interconnect to
backside coil
& capacitor

Flexural hinge

Wireless link
Folded device Breathable protection film

Skin

Fig. 2.3 pH sensitive gel between inductance coils for ioowiusin situ pH monitoring; figure

reproduced from [41]

Moisture of wounds is another parameter that cambeitored in order to have
useful information about the healing process araliithe state of the wound itself.
Indeed, it is well-know that an excessive or insight moisture levels can lead to
maceration or drying out, respectively, and bo#s¢ehconditions are not favourable
for a normal healing pathway.[42] For this reaseansors based on electrical
impedance have been developed for real-time mangomoisture levels in a
wound.[43] In addition, it was experimentally demtvated that the uptake of
biological fluids by a hydrogel membrane sensiblypatts on the matching and
radiation performance of a RFID tag, which can kela@ted as a wireless battery-
less epidermal radio-sensor. The significant acagatof using RFID antennas is
related to their extremely low-cost and their lighight; moreover, these antennas
do not need any battery to be integrated with thecause they passively collect the
data and return them when asked by an externatsolr contrast to all the other
devices and technologies, this is an important adtaristic that make these
technology wearable and comfortablhus, as described by Occhiuzzi et al., the
coupling of a hydrogel and a RFID antenna can Ipdoéed for the development of

a sensor to monitor the amount of exudate loss framound (Fig. 2.4). The plaster-
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sensor designed is a passive device that can neeiuwound bed temperature, pH
and fluid loss, and remotely transmit this inforirmatwhen interrogated by another

radio-emitting/absorbing device near to wound dnesgi4]

Keep the most suitable environment for healing process

Absorb and monitor the
exudates
2, T )

Release drugs and -40/+65°c Provide
monitor the delivery temperature
process ' measurements

Fig. 2.4 Pictorial representation of the RFID epidermalsseworking as intelligent plaster for wound

treatment.[44]

Another class of wound management device is repteddy actuators.
In this field, a very important advancement hasnbeeently reached by Mostafalu
et al.[45] They developed a textile patch ableelease different therapeutic agents
or growth factors for the treatment of chronic wdsnThe patch is made up by
composite conductive fibres coated with a hydrdggér of poly(ethylene glycol)
diacrylate (PEGDA)-alginate containing thermoresgppom drug carriers. The fibres
are loaded with different drugs and growth factaral are then assembled into
fabrics and connected to a microcontroller that witlividually power them up.
Each of the fibres can be individually heated tat#@ on-demand the release of
different drugs with a controlled temporal profilsing an external input from a
smartphone. Thin vitro andin vivo experiments confirmed the effectiveness of the
release of antibiotics (cefazolin and vancomycim) af the growth factor (VEGF)
proving the enhancement of angiogenesis and thiicatan of bacteria.[45]
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Although this report results very innovative, theegence of the microcontroller
does not answer to the need of a lightweight deasebattery-less RFID antennas
do.
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3. Polysaccharide as candidates for wound dressing and wound healing

applications
3.1. Polysaccharidesused in wound dressing applications

Polysaccharides are polymers composed of carboteydrmnomers attached by
glycosidic linkages. They offer a wide range ofeliént compositions and structures;
they can be linear or branched, and dependingeomtinosaccharides that constitute
the chain, their composition, and source, they o#fer a variety of different
properties.[1] In particular, their structural cheteristics, such as degree of
substitution (DS) and molecular weight (MW), etbgve a big impact on their
properties like solubility, physiological activity,chemical reactivity, and
biodegradability.[2]

Polysaccharide are abundantly present in natureeadily available from a number
of natural sources such as algae, plants, animald, microorganisms.[3]. They
represent the most abundant renewable source wipeod for several applications,
ranging from eco-commodities, to food supplemesdsmetics, pharmaceuticals, and
biomedical devices.[4]

Many polysaccharides are approved in the U.S. byA FBood and Drug
Administration) and this may speed up the procescammercialisation of
polysaccharide-based biomedical products with aewignge of polysaccharides
products already in the market.[3]

These natural polymers are broadly used in phamtized, biomedical and cosmetic
industries. In particular, they have been useddfog delivery, tissue engineering,
wound healing, skin hydration and protection, ocpl&parations etc.[4]

In wound healing applications, polysaccharide bigpers are slowly becoming
popular as modern wound dressings materials be¢hageare absorbent, non-toxic
and non-allergenic. Their ample structural divgrgives the opportunity to exploit
their wide range of properties to prepare woundssirg specific to a wound

aetiology.[5]
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Natural polysaccharides can also provide intrilbgi@ctivity towards wounds which
can enhance the healing process. Indeed, theypkréoerigger non-specific immune
response by activating the macrophages that cledaheuwound site after the injury.
In particular, macrophages can be activated fdiatimg the healing process by
galectin receptors, that are able to recogpide3-D-glycan bonds present in many
natural polysaccharide.[6]

Furthermore, polysaccharides containing glycosagiymoans (e.g. hyaluronic acid)
are present in the extracellular matrix. They pipéte during the healing process by
binding to proteins with hierarchical specificitydh are mainly involved in cell
differentiation, cell adhesion, cell signalling acell-matrix interactions.[7]

Alginate, gellan, chitosan and hyaluronic acid ahe most widely used
polysaccharides to produce hydrogel wound dressargbalso used for drug delivery
systems and tissue engineering. Some of thesegualyarides, such as alginate, are
present in commercial products in the form of gelas film dressings coupled with
a textile support (see Chapter 2, paragraph 2.2.2.1while many others
polysaccharides such as cellulose, starch or xyt@gl have intrinsic film-forming
properties themselves so they can be formulateseHsstanding films. However,
these films are usually brittle and with poor meatbal properties. For this reason
they are generally blended with plasticizers, #ratsmall molecules added to soften
the polymer by lowering its glass transition tengtere or reducing its degree of
crystallinity or crystal size.[8]

Polysaccharides commonly used in wound dressirgdec

e Hyaluronic acid (HA); also called hyaluronan, is @monic, non-sulfated

glycosaminoglycan distributed widely throughout wective, epithelial,
and neural tissues. It is composed of alternatirits wf D-glucuronic acid
and D-N-acetylglucosamine, linked together viaraléingp-1,4 and3-1,3
glycosidic bonds. HA has been widely studied fargddelivery, for dermal
but also nasal, pulmonary or parenteral deliveryas recently gained more

attention for wound dressing fabrication becausétofpresence in the
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extracellular matrix and involvement in the inflamtion and proliferation
stages of wound healing. Furthermore, glycosamimagis have been
demonstrated to improve the wound healing procds®ugh re-

epithelialization and increased vascularizationlf9% also widely used in

tissue engineering for skin regeneration [10,11]

Alginic acid; also called algin or alginate, is anionic polysaccharide
widely distributed in the cell walls of brown algasomposed of3-D-
mannuronic acid and R-L-guluronic acid units. It @ble to undergo
ionotropic gelation in presence of multivalent cati. The mechanism of
gelation of alginate and its application in woumedssings have been already
discussed in Chapter 2 (paragraph 2.3.2.1.2). itsompatibility, non-
immunogenity and mucoadhesivity are well known &mely have been
exploited for the development of alginate-basedgddelivery systems,

wound dressings and scaffolds.

Cellulose; is the most abundant organic polymeEarth, consisting of a
linear chain of several hundred to many thousarids(G—4) linked D-
glucose units. Cellulose is an important structocshponent of the primary
cell wall of green plants and many forms of algdé@me species of bacteria
secrete it to form biofilms.

It is not soluble in water and for this reasordigsivatives (carboxymethyl-
cellulose, hydroxymethyl-cellulose etc.) are preddr for biomedical
applications. They have been extensively used lier development of
bioactive wound dressings with drug delivery andffedd functions. For
instance, carboxymethylcellulose backed by a filas tbeen used as
hydrocolloid dressing.[12] The use of cellulose lagdrogel wound
dressings is relatively recent and it is often usedlend with other

polymers such as collagen.[13,14]
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* Chitin_and chitosan are linear polysaccharidesnposed of randomly

distributed B-(1—4)-linked D-glucosamine (deacetylated unit) and N-
acetyl-D-glucosamine (acetylated unit). The twarterchitin and chitosan
are employed to define different degree of acdtytat(DA) of this
polysaccharide, which represents a percentage adetlyl-D-glucosamine
unit with respect to the total number of the twasirhowever, even though
the term chitosan is usually considered when DBeiew 50%, there is no
clear limit which unequivocally defines chitosandanhitin.[15] Can
primarily be extracted from the exoskeleton of enlods (e.g., shells of
crabs and shrimp) and from the cuticles of insduotsyever it has been
found also in the cell walls of fungi and yeastit@$an is used in wound
bandages thanks to its haemostatic and antibdqteoaerties. In particular,
ininvivo experiments it has been shown to improve healihgth infected

and non-infected wounds.[16]

3.2. Polysaccharide modification

3.2.1. Crosdinking of polysaccharide for wound dressings fabrication

Crosslinking is a common method to produce polylsaigde-based wound dressings
that do not disintegrate when in contact with bgodal fluids.

Although crosslinking improves polysaccharide prtips, most of the crosslinkers
causes undesirable changes to the polymer chainesoits in high cytotoxicity.
Glutharaldehyde (GA) has been widely used to cirdsshost of the polysaccharides
employed in biomedical applications including wouwhdssings. GA is a bifunctional
crosslinker able to react both with amino and hyglrgroups, and for this reason, it
has been particularly used to crosslink blendsobfgaccharide both with protein or
with synthetic polymers.[17] For instance, GA hase used to crosslink
alginate/collagen [18] or collagen/hyaluronic awidund dressing membranes.[19]

GA has been also used to immobilize chitosan hyslrognto poly(N-
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isopropylacrylamide) gel/polypropylene unwoven auod, in order to enhance
antibacterial ability in wound dressings.[20]

Crosslinking with GA was also used for other bioinatlapplications to obtain drug
delivery systems such as chitosan beads for tkaselof diclofenac, interpenetrated
microbeads of xyloglucan and alginate for the pngkxd release of diltiazem or kappa
carrageenan pH-sensitive hydrogels.[21-23]

However, contradictory results are reported inrditere regarding thén vitro
cytotoxicity of glutaraledehyde-crosslinked matks;igo a careful characterisation of
materials is necessary for their biomedical appbics.[17]

In addition to glutaraldehyde, several other regég@rcluding epichloridin, genepin
and carbodiimide have been used for the crosslin&frpolysaccharide but with poor
improvement of mechanical properties and resiliethee to their low crosslinking
efficiency. For instance, genepin possesses siginifiy less cytotoxicity compared
to GA and it has been used to crosslink chitosbmsfias wound dressings. The
antimicrobial activity of chitosan was maintaindtercrosslinking, was found that
crosslinking of a chitosan membrane using geniptrdased the ultimate tensile
strength of the film increased and the strain-attiire and swelling ratio decreased,
as one would expect from a crosslinked film.[24]

Recently, citric acid was proposed as benign cdrdssly agent of polysaccharides:
in particular cellulose and starch, leading to ioy@ments of the mechanical
properties and the chemical and mechanical stabifithe crosslinked films without
compromising the cytotoxicity.[25,26]

Furthermore, high energy irradiation is a well-bfthed technology that allows gel
manufacturing and its sterilization in one proceRecently, the fabrication of a
hydrogel dressing based on poly(N-vinyl pyrrolidp(feVP) and agar containing also
chitosan as antimicrobial compound has been reghdi2&]

Polysaccharide for wound healing applications ¢am e physically crosslinked. The
gelation of alginate in presence of calcium ionsctibed in Chapter 2 (paragraph

2.3.2.1.2) is an example of physical hydrogel wodressing.
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Another recent example is the physical crosslinkifigsacran (a megamolecular
natural polysaccharide newly extracted from cyaostdaum Aphanothece sacrum)
hydrogel films by a solvent-casting method. Theitmsf showed a considerably
improved wound healing ability, probably due to ooty the moisturing effect but

also the anti-inflammatory effect of sacran.[28]
3.2.2. Polysaccharide functionalization

Polysaccharides can be modified to meet the speu#feds of medical applications,
bearing even greater potential for tissue engingeri

Functionalisation of polysaccharides can changer tbheemical structures, for
instance, making them more hydrophobic or hydraphilepending on the desired
application.

Other reactions on polysaccharide may lead to titeoduction of different
functionalities, such as carboxyl, carboxymethgtees, sulfonate groups etc. and for
these reactions it is preferable to react homogeneolutions to have a uniform
derivatisation of the polymer, hence it is very arant to choose the appropriate
solvent for polysaccharide substrates.[29]

Typical reactions on polysaccharides use the saiciehaxygen as nucleophile that
reacts and is retained in the product which magitieer an ester or an ether, or the
substitution of saccharide oxygen with a hetero&tomucleophile. The latter
approach requires in the first instance that tletsaride oxygen is transformed into
a good leaving group, thus susceptible to a nutliéogttack.[29]

Another very common reaction for polysaccharidecfiomalisation is the oxidation
which may lead to different structures depending tbe way of oxidation.
Polysaccharides may be oxidized at the primaryhaltsimply giving the aldehyde
or further to the carboxylic acid level, or they ynae subjected to an oxidative
cleavage of 1,2-diols which lead to a dicarbonyinpound. Oxidation of primary

alcohol to carboxylic acid results in a polysacdaeichain with uronic acid similar
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to natural occurring polyuronic polysaccharideshsas pectin or alginate. This topic
will be discussed in details in Chapter 5 (pararaj).

Another method to obtain the oxidation at primaygioxyl groups is the enzymatic
oxidation and the enzyme commonly used for thigppse is galactose-6-oxidase,
which is selective for the C6 of galactose residues

Grafting of synthetic monomer on a polysaccharidi&irts represents another way to
control polymer solubility in desired solvents, efatiptake and degradation. These

semi-synthetic polymers offer the best featurdsotti natural and synthetic polymers.
3.3. Xyloglucan

Xyloglucan (XG) was used in this PhD project duethte combination of several
favourable properties that make it particularlytaiie for biomedical applications
such as wound healing. It is very abundant in eatund this determines its low cost,
is able to form either films or gels depending te tprocessing conditions, is
biocompatible and biodegradable and has been girshdlied for some tissue
engineering applications.[30,31] An overview on Xggins, physico-chemical

properties and biomedical applications will be jded in the following paragraphs.
3.3.1. Origin, composition and physico-chemical properties

Xyloglucan is a hemicellulose found in the primasil walls of dicotyledons and
non-graminaceous monocotyledons. It can also bedf@s a storage polysaccharide
in different seeds, such &amarindus, Impatiens, Annona, Tropaeolum, Hymenaesa,
and Detarium. In these seeds it represents 50% (w/w) of theingtoenergetic
resources.[32]

Xyloglucan backbone is formed H3+(1—4)-D-glucan, similar to cellulose. The
glucose backbone it partially substituted dsyl—6)-linked xylose branches that in
turn may be further derivatized Ify(1—2)-linked galactose residues. In Fig. 3.1 is
reported an idealized chemical structure, becasér all the polysaccharide from
natural sources, the real distribution of the réipgaunits is not homogenous and

varies according to many external conditioning dest such as the polysaccharide
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origin, the extraction process from seeds and sf88hin particular, the branching
pattern in xyloglucan is strongly dependent onrtatiral source.

Xyloglucans extracted from different seeds havéediht chain flexibility, that are at
the basis of the different physiological activit@sphysico-chemical properties.
Xyloglucan from Tamarind seeds which is the most studied xyloglucan is that
extracted fronifamarindus Indica, thanks to its commercial availability, has a high
molecular weight, with reported average molecularght (Mw) values in the range
650 to 2,500 kDa. This is a marked difference campawith wood-derived
hemicelluloses, which have lower molecular weigintshe order of 10,000 — 50,000

Da after the extraction process.[34]

- OH
"o OH
@ B-1,4-D-glucose

\/\ /\/ \/\ /\/ © o-1,6-D-xylose
*x B-1,2-D-galactose
Bas

Fig. 3.1 One representative xyloglucan repeating unit

Four different monomers have been identified inogylican fromTamarind seeds,
that differ for the number and the distributiongaflactose residues (Fig. 3.2). These
different monomers are GKyls heptamer, two types of GiylsGal octamers and
GlcsXylsGabk nonamer. The molar ratio of these repeating uniffamarind seed
xyloglucans is typically 1:0.42:2.08:6.20.]35,36]
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heptamer octamer (1) octamer(2) nonamer @ B-1,4-D-glucose
ér gr ‘ a-1,6-D-xylose
*x B-1,2-D-galactose
Fig. 3.2 Chemical structure of four monomers of xyloglucan

Differently from cellulose, that is insoluble in tea because of its crystaline structure
that involves intra- and inter-molecular hydrogesnding, xyloglucan is water-
soluble due to the presence of xylose and galactsidues of its side chain that
causes steric hindrance, preventing the cellulidgsechain crystallization.

However, xyloglucan tendency to self-assembly imemys solution prevents its
complete dissolution, as also observed for othepdlymers. Xyloglucan shows a
balance between hydrophilic and hydrophobic charaotacromolecules do not fully
hydrate and supramolecular, flat, ribbon-like aggtes form even in very dilute
solutions.[30]

In aqueous solutions, xyloglucan molecules behavigeaible random coil polymer
and they do not show any conformational change sschoil-helix transition like
other polysaccharides, i.e. xantan gum, gellaraoageenan. Solutions of XG (>0.5
%w) have a non-Newtonian (pseudo-plastic or shi@aning) rheology and it shows
random-coil polymer.[37]

Hindered rotation and the specific aggregationdlution are responsible for the
stiffness of the polymer and the “hyper-entangleehaviour.[34]

The thermal stability of xyloglucan at high tempara (below 280°C) is also
attributed to its “hyper-entangled” structure, vehéhemical the stability in mild acids
and bases can be attributed to the high degragbsfitution of the backbone, which,
to some extent, shields it from hydrolysing ag¢a@s34,38]
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Xyloglucan can form a gel in cold water only in ffresence of alcohols or high levels
of sugar. Gelation is the result of a localized&ase of polymer concentration due to
water sequestration by the alcohol, leading to mely chain association and is
strongly dependent on the type of alcohol.[39] ifirly, gelation mechanism in high
concentrated sucrose systems involves the aggoegati“dehydrated” chains.[40]
Sugar substituents along polymer chains limit tlegrde of aggregation, thus
preventing polymer precipitation and promoting tjela instead.

Other ways to induce xyloglucan gelation are thditazh of polyphenols, such as
epigallocatechin gallate, or mixing with helix-foimg polysaccharides, such as
galactomannans or xantan gum. Also the additiaadifie to xyloglucan solution can
promote the formation of a coloured weak gel.[34]

On the other hand, the partial removal of galactesédues using the enzynfe
galactosidase, induces the ability to undergo gelatversibly upon heating without

the addition of any substance.

Xyloglucan is biodegradable and in suitable biatadjienvironments it can be
subjected to hydrolytic and/or enzymatic degradetiolts degradation products
should be non-toxic since they should consist itunadly occurring saccharides.
However, while fungi or plants produce the enzymdos3-(1,4)-glucanase, that is
able to degrade xyloglucan, the human genome doesntain the genes coding for
xyloglucan degradation, even though xyloglucansrmportant components of most
human diets. It has been recently found that degi@u of xyloglucan in humans is
attributable to a common human gut symbiont, calBaderoidetes that contain in

their genome a polysaccharide utilization locusl(Pappointed to the expression of

the enzyme for the degradation of different polgbacide linkage.[41]
3.3.2. Xyloglucan biomedical applications

While a relevant number of publications and paterts reported for the use of

xyloglucan as a food additive, being approved BAFHor use as food additive,
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stabilizing and thickening agent, [38] much less haen published about its use in
the pharmaceutical and biomedical fields. Howevtke, already published works
indicate its potential for a wide variety of applions with numerous advantages
compared with other macromolecular systems.[42,43]

Xyloglucan, thanks to its somewhat amphiphilic natinas been extensively used in
drug delivery as vehicle of a variety of both hyalobic and hydrophilic active
molecules. In particular, it has been used to predablets for the sustained release
of both water-soluble (acetaminophen, caffeineppiglline and salicylic acid) and
water insoluble (indomethacin) drugs.[44]

Its intrinsic mucoadhesive properties result paféidy attractive for drug delivery.
Furthermore, the combination of xyloglucan with Bygiate amounts of glycerol
lead to an increase of its mucoadhesiveness. Xytagtglycerol formulations
suitable for the application in human mucosae sashnasal, oral, vaginal as
moisturizers or for the release of therapeutic ageave been patented by
Alfawassermann in 2005.[45] A similar approach waed to produce xyloglucan
mucoadhesive films for the release of rizatriptaanzmate for the treatment of
migraine.[46]

Xyloglucan has been shown also safe for the oaulacosa that is really sensitive
and, recently, a xyloglucan film for the oculareate of ciprofloxacin has been
described. The use of a safe polymeric film for tbphmic drug release can
significantly improve the effectiveness of the daggnpared to common ophthalmic
drops, increasing the precorneal residence of ihg.|[d 7]

Other films for drug delivery have been preparesigisombination of xyloglucan
and chitosan or starch. The combination of xylogtuand chitosan gives place to a
strong, stable and flexible film due to the intetramolecular hydrogen bonding
established between the two polysaccharide. This fias able to encapsulate
streptomycin (as a model drug) and successfullyase the active in a controlled
fashion by changing the pH suitably.[48]
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Xyloglucan has also been used for tissue regeperptirposes. In this case, partially
degalactosylated thermoresponsive xyloglucan ha#s lbsed to form in-situ gels,
incorporating the growth factor FGF-18 for the neg&tion of cartilage. The growth
factor is never released by xyloglucan matrix,his tway the uncontrolled cartilage

growth also in healthy areas is avoided.[31]

For some biomedical applications i.e. wound dregsthemical crosslinking may be
required in order to form permanent and stable atsv In the literature, there are
just few reports of xyloglucan chemical crosslinkirSravani et al. reported the
chemical crosslinking of xyloglucan using epichloydrin. The crosslinking was
considered as a release retardant of diclofendarscmhd ketoprofen.[49] Otherwise,
more recently citric acid as chemical crosslinkerswused for the fabrication of a
hydroxypropyl methylcellulose (HPMC) and xyloglucarhese films loaded with
gentamicin show very good antibacterial properéigainstSaphylococcus aureus
and Escherichia coli and thus they have been proposed for biomedical
applications.[50]

Although xyloglucan is a very versatile excipieat pharmaceutical applications, in
the last two decades, several studies have reveaderyloglucan owns also intrinsic
biological activity. For instance, it now recogridzthe anti-inflammatory effect of
xyloglucan, in particular, for topical adminigicn in the treatment of inflammatory
diseases of the skin and mucosa.[51] Xyloglucanales been suggested as natural
additive compound in sun creams because it has sleewn that it has immune-

protective and DNA-protective effect from ultravdbddamage.[52]

The wound healing properties of tamarind extractsxgloglucan have been
sufficiently investigated but there is still a lafde bringing these properties into
functional materials.

Wound healing properties of tamarind seed extragtdaining 65% of xyloglucans

have beenin vivo tested. The reported results show that all exdraothibited
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significant increase in the rate of healing and #ffect was attributed to the various
components present in those extracts, among whkaloas, flavonoids, saponin and
tannin.[53]

However, solely xyloglucan healing properties haween further investigated.
Tamarind xyloglucans was proven to improve proces$@ounds reepithelialisation
and remodelling. This result suggests again thiaighycan can be more than a simple
excipient and also be beneficial for tissue regatitan.[54]

Xyloglucan has been also demonstrated to be efteati promoting corneal wound
healing, probably due to its influence in integmeognition system.[55]

It has been used also for tissue engineering agifits to produce a synthetic
extracellular matrix for hepatocytes. Indeed, trespnce of galactose residues in the
side chains of xyloglucan favour cell adhesion biseathey can be recognized by
asialoglycoprotein receptors that are present irtaice type of cells, such as
hepatocytes.[56] For the same reason, XG was aed as coating for alginate
capsules, to promote hepatocytes attachment;[&6]efal. also compared the rate of
cell adhesion of collagen type-l-coated, XG-coated uncoated polystyrene (PS)
surfaces and discover that xyloglucan induce amsidh rate that is very similar to
collagen type-1.[57]

Another application of xyloglucan in tissue engirieg involves the use of its
thermoresponsive version to produce hydrogel faraetissue engineering of the
spinal cord. These hydrogels have been functioméhzith poly-D-lysine to promote
neurone adhesion and neurite outgrowth with thetaisupport neural stem cells with
a scaffold that acted as a proliferative nicheufgpert differentiation and reduce glial
scarring, thus facilitating repair by direct cefiptacementXyloglucan has been
proved to be not toxic and able to support neurdiffdrentiation. Degalactosilation
of xyloglucan yielded biological scaffolds that hadperior capacity to suppdrt
vitro neuronal survival, differentiation, and neuritetemsion.[58] Following this
work, these xyloglucan-based scaffolds have beeetlly implanted within the brain,

in particular in the caudate putamen of adult rete inflammatory response after the
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implantation, as well as scaffolds capability tomote the controlled infiltration of
axons, have been investigated and resulted non-tmd able to support the growth

and the differentiation of neurites.[59]
3.3.3. Xyloglucan modification

Thermoresponsive degalactosilated xyloglucan igm®tonly variant of xyloglucan
that has been produced for biomedical applicatiosgveral xyloglucan
functionalisations are under investigation in ortereplace xyloglucan hydroxyl
groups with more reactive functional groups, sueltaboxyl, amino, alkyloamino,
thiol and carboxymethyl groups.[35,60]

These derivative usually show different physicorateal properties; for instance,
they can show better water solubility, increaseadoadhesivity and they may result
in a modification drug release profile.

Carboxylation of xyloglucan hydroxyl groups has mgeerformed with different
methods. Galactose oxidase has been used to formglfresidues followed by further
oxidation to carboxylate groups by addition of #ilka I./1.[35] Another way to
obtain this modification is the regioselective TEOHWmediated oxidation that
selectively oxidizes primary hydroxyl groups. Theaction has been successfully
performed on bottHymanea cubaril and Tamarind indica xyloglucan and the
mechanism of the reaction will be discussed in @vap (paragraph 5.1).

Another way to introduce carboxyl groups in XG puobr chain is the
carboxymethylation. This reaction has been perfdrnwEth sodium salt of
monochloro acetic acid in the presence of sodiudrdyide. This functionalization
was used to produce matrices for controlled drigpse.[61]

On the other hand, amination of xyloglucan has m#ained through reaction with
ethylene diamine. The resulting product in whiclidoxyl groups of XG in the C2,
C3 and C6 position were substituted by -NHCH2NH2 which was further reduced
to -NH;using NaBH as reducing agent. This xyloglucan was able teasslemble in

spherical nanoparticles at low concentration andchfareversible hydrogels with a
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characteristic blue fluorescence at higher conaéiotr, showing an anti-microbial
activity higher than chitosan.[62]

Another finest xyloglucan modification has involvée coupling of a short peptide
sequence on the polymer chain. In this case, xytagl was first partially degraded
in order to obtain xyloglucan oligosaccharides dnen coupled with —GRGDS
sequence. These modified oligosaccharides havefinedly integrated with bacterial
cellulose nanofibrils to obtain a composite matetat promote cell adhesion and
proliferation.[63]

More recently, xyloglucan has also been functiceali with the addition of thiol
groups by esterification of its hydroxyl groups hwithioglycolic acid. This
functionalisation led to a remarkable increasehef mucoadhesive strength of this
polymer that encourage further evaluations for nnmulations of different

pharmaceutical dosage form.[64]
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4. Xyloglucan-based hydrogel films for wound dressing: structure-property
relationships

4.1. Introduction and aim

As discussed in Chapter 1 and 2, hydrogels arédkesuitable for wound dressing
applications, because they can offer a combinatidavourable properties, including
high absorbency of biological fluids, biocompaiilyil biodegradability, stimuli-
responsiveness, high storage capacity and reledig af small and large therapeutic
molecules.[1-3] Their tuneable network densityvaieengineering their mechanical
properties to get an optimal balance among softnessformability, strength,

swelling degree, permeability and barrier propsrtie

The hydrogels designed for wound dressing may aptisim several functions,
playing an important role in the healing proces3é®y can absorb and retain the
wound exudates, stimulating fibroblast proliferatand keratinocyte migration and
promoting re-epithelialization.[4,5] They can pritethe wound bed from
contaminations and infection, by preventing micgaorisms as bacteria to reach the
damaged area, and from impact and abrasion by begilgent and compliant. They
can incorporate, protect and release antibioticgrowth factors to the wound in a

controlled fashion.[6]

As mentioned in Chapter 1 and 2, materials traciiily used to make hydrogels for
wound dressing are both synthetic polymers (i.eehsas poly(methacrylates),
poly(vinlypyrrolidone), poly(vinyl alcohol), naturéi.e. alginate or gelatin collagen,

hyaluronic acid and chitosan)[2,7] or a combinatiéioth.[3]

The main component of the formulations here preskig xyloglucan (XG) due to
the combination of several favourable propertias iiave been introduced in Chapter
3, section 3.2, including abundancy, low cost, brapatibility, drug loading capacity
etc. XG has been also demonstrated to have atagsictanti-inflammatory properties

and exerts a synergic effect in combination witheotanti-inflammatory agents,
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especially when used for topical administratioth® skin or the buccal mucosa [9].
In wound healing applications, tamarind seed XGagts$, that contain about 65% of
xyloglucan, have shown to promote skin regenerdtwouring the processes of re-

epithelialization and remodelling.[10,11]

Likewise for many other polysaccharides, pure X{ndi have poor mechanical
properties in terms of tensile strength and tougen&he addition of plasticizers to
polysaccharides, such as glycerol (GL) or polyathglglycerol, is a way to overcome
these limitations.[12,13] As mentioned in Chaptelimprovements in mechanical
properties can be achieved by blending polysacgbanivith synthetic polymers.

To the best of my knowledge, there are no previegorts on XG-based wound
dressings.

In this work, the influence of PVA, chemical crasklng induced by glutaraldehyde,
and glycerol content on the XG-based hydrogel fitmolecular structure were
investigated by rheological and thermal analysebe Tthanges in hydrogel
morphology, water retention and swelling behaviouwvater and physiologic buffer
were also studied. The aim of the present work tlaselucidation of the network
architecture and the specific role of the varioamponents, that is key to further
optimization of their applications, in particulf&etincorporation of Radio Frequency
Identification (RFID) antennas to transform thenepidermal sensors able to gather
and remotely transmit information on the conditioheuman skin. Biologicah vitro
tests were also carried out to assess the cytitpxitthe films and the eventually
released components or degradation products. Fortne, a study on the

hemocompatibility of the obtained films was alsorieal out.
4.2. Materialsand methods
4.2.1. Materials

Xyloglucan (XG) was kindly provided by DSP Goyko déband Chemical Co.
(Japan). Poly(vinylalcohol) (PVA, MW=16kDa, 98% deg of deacetylation),

aqueous glutaraldehyde at 25% (GA, containing 3%amaomer, 22%w hemiacetal
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and oligomers), glycerol (GL), HCI (1M), NaOH (1wvMaCl, KH,PQs, anhydrous
NaHPQO;, were all purchased from Sigma-Aldrich. All thagents used in this work

were employed as received.
4.2.2. Methods

Preparation of the hydrogel films

Precursors solution of XG and PVA were prepareti®wt and 2 %wt, respectively
and their preparation is described in Appendix A.Films based on XG or on
XG/PVA (50% v/v) with glycerol were prepared by rimg the various components
for 30 min and casting weighed amounts of the tiegukolution into a glass petri
dish to air-dry. Chemically crosslinked films wepeepared from either XG or
XG/PVA aqueous solutions by mixing with GA for 1uraat room temperature and
in acidic environment. Then, pH was neutralizegcegtol added and the solution
casted in a petri dish. The two amounts of glycaraghe mixture are denoted with
GLO5 (the lower) and GL1 (the higher). Compositiaristhe casted solutions are
reported in Tab. 4.1.

The amount of residual water {B-i) was determined by weighing the samples after
air drying. The thicknesses of the obtained filnegevin the range of 35-50 um. The
amount of unreacted GA was estimated by UV-Vis 8pscopy and resulted under
1% with respect to the initial amount of GA (detadit Appendix A.2.1).
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Tab. 4.1 Composition of solutions for casting

Slutions XG PVA GAw GL

owt)  (%wt)  (%wt) (%owt)

XG(GLO5)_sol 2.8 - - 5.9
XG(GL1)_sol 2.6 - - 11.1
XG-PVA(GLO5)_sol 1.8 0.95 - 5.9
XG-PVA(GL1)_sol 1.7 0.88 - 111
XG(GL05)_CX_sol 2.4 - 33 49
XG(GL1)_CX_sol 2.2 - 31 9.4
XG-PVA(GLO5)_CX_sol 1.6 0.79 3.3 49
XG-PVA(GL1)_CX_sol 15 0.75 3.1 9.4

Gl fraction
Pre-conditioned specimens of the various films iléarated at room temperature and
RH 50%) were placed inside small filter-paper bagsmked in MilliQ water for 48
hours at 70°C in order to remove the soluble fomdtiand dried in a thermo-ventilated
oven at 40°C to a constant weight. The gel fractléR, %) was calculated as:

GF =W} /(W; — W, ) x 100
Where, Wand W are the initial and the final weight of the speadinadter extraction
and air drying, respectively.

Water retention and swelling degree
The ability of films to absorb water from air wdadied at 22 °C and 11, 50 and 75%
relative humidity (RH), and at 37 °C for 50 % RHanples were weighed at several

time intervals until a constant weight was reacHdw moisture uptake (MU, %) was
calculated as:

Muz""f‘(""i;/—"‘;‘mer—i)xloo
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Where, Wis the final weight of the film andV; — W, .er_; IS the weight of all
components of the films except water.

The swelling ability of the chemically crosslinkélins was evaluated by immersing
them in either MilliQ water or isotonic PBS at pH47Samples were weighed at
predetermined time intervals, after the excessatémwas removed by placing them
on a filter paper.

The swelling degree (SD %) was calculated as:

SD % =D 4 100

L

Where, W corresponds to the weight of the swollen sampt \Ahrepresents the

initial weight.

Rheology

Shear viscosity and dynamic-mechanical measuremesats performed on XG,

PVA, XG/PVA and XG/PVA plus glycerol solutions ugina stress-controlled

Rheometer AR G2 (TA Instruments) with an acrylineeplate geometry at 25 + 0.1
°C. Flow curves were collected by imposing logamit ramps in the 0.1-10000 sec
! range of shear rate. Dynamic-mechanical measursmesre performed on films

precursor solutions with the same geometry and ¢eatpre conditions. Dynamic-
mechanical spectra were recorded in the frequesmoger 0.01-100 Hz at 0.01 strain.
Films were also subjected to frequency sweep testh,“as prepared” and “swollen”
(crosslinked films, only). Acrylic parallel plateegmetry (diameter 2 cm) was
employed and the gap was set at about 3afBGnd 70Qum. for dry and swollen

films, respectively.

Thermal Gravimetric Analysis
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Thermal-gravimetric analysis (TGA) was conductedhwa Setaram, Labsysevo,
TGDTA/DSC. Samples were pre-conditioned at 20°C ah%h RH, and tested in a
temperature range of 20—-500 °C at a heating rat® GC/min.

FTIR analysis

FTIR analysis was performed using a Fourier Tramsfonfrared Spectrometer

(FTIR) (Spectrum Two, Perkin Elmer). Before the lgs@, samples were washed
with MilliQ water, lyophilised in the presence ofBK and then compressed into
tablets. Spectra were collected by accumulatioB2&cans between 4000 and 450

cnt!, with a resolution of 4 crh

Scanning Electron Microscopy (SEM)

Surface morphology was imaged by a Field Emissican8ing Electron Microscope

(FESEM-JEOL) at an accelerating voltage of 10 k\amBles were previously

swollen in MilliQ water, frozen in liquid nitrogeand freeze-dried. Freeze-dried
samples were cut to expose their inner structucejnted on SEM aluminum stubs
by means of a graphite adhesive layer and coatédangold layer by JFC-1300 gold
coater (JEOL) for 90 s at 30 mA before scanning.

Biological evaluations
Cell culture
For this work, A549 epithelial cells were used dhd cell culture conditions are

described in Appendix A3.1.

Determination of cell viability
For cytocompatibility experiments (MTS assay) 41(&7) and 8 (16 mi) mg of XG-

PVA and XG were layered on a A549 epithelial ceisnolayer (6x10per well) in a
96-well flat-bottom plate and incubated for 24 touFor the release test, XG-PVA

and XG films were incubated with cell culture madiat different times at 37°C.
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After this incubation, the medium was collected addhinistered to a A549 epithelial
cell monolayers at 37°C for 24 hours.

Cell viability was measured by MTS assay. Afteatreent, 2QL of the MTS solution
was added to each well, and the incubation wasiraged for 1 h at 37°C in
humidified incubator with 5% C£ Treated and untreated cultured cells were
morphologically analyzed by microscopic inspectibtore details are discussed in
Appendix A.3.2.

Blood compatibility and immune response assays

A volume of 3 ml of blood from human volunteer demavere drawn directly into
K2-EDTA-coated Vacutainer tubes to prevent coagumatand incubated with XG
and XG-PVA hydrogel (1 cffor 3 hours and mixed by gentle manual inversfm.
aliquot of the blood was utilized for cell countdaanother aliquot for thrombolytic
and hemolytic assays. Total White Blood Cells (WBGinber and composition, Red
Blood Cells (RBC) number and parameters, hemoglobircentration (Hgb) Mean
Corpuscular Volume(MCV), Mean Corpuscular Hemoghob{MCH), Mean
Corpuscular Hemoglobin Concentration (MCHC), Redl @astribution Width
(RDW), platelet number and parameters mean platelatme (MPV) and distribution
with (PDW) and plateletcrit (PCT), were measuredtBeckman Z1 Coulter Particle
Counter. For thrombolytic assays the blood wadrifeged at 4000 rpm for 5 min
and the plasma collected and analyzed for: protbietime (PT) assay, expressed as
international normalized ratio (INR); activated fr thromboplastin time assay
(aPTT); fibrinogen concentration and antithrombih dssay byusing the ACL
Laboratory Instrumentation. For hemolysis assays biood was centrifuged at 500
g for 5 min, and hematocrit and plasma levels weaeked on the tube. The plasma
was eliminated and the hematocrit tube was filléth W50 mM NacCl solution to the
level of a reference mark on the capillary tube gadtly inverted a few times and
centrifuged at 500 g for 5 min. After centrifugatithe supernatant was removed and
replaced with PBS at pH 7.4. Then, erythrocyteslivere dilute 1:50 in PBS and
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200ul dispensed into a 96-well plate. Thereaf®G-PVA and XG or 10 pl of 20 %
Triton X-100, as positive control, were added torewell. The plate was incubated
at 37 °C for 1 h. The RBCs were visualized at ngcopy (Axio Scope 2 microscope;
Zeiss) to ascertain their integrity. Successivtig, plate was centrifuged at 500g for
5 min and the pellet, containing erythrocytes whmieated and 10Qul of the
supernatant transferred into a 96-well plate. Thsoebance was measured with a
plate reader (Wallack Instrument, wavelength 490. il the experimental data
were normalized with this mean absorbance valughwiepresents 100 % hemolysis
(Triton). Moreover, we analyzed C3 and C4 to detativation of the complement

system, in the plasma, by an enzyme-linked immuresu assay (ELISA, Abcam)
4.3. Resultsand discussions

4.3.1. Preparation of XG-based hydrogel films and physico-chemical

characterizations

Optical transparency for wound bed inspection dexibility are important features
of a hydrogel wound dressings. Therefore, a prakmi evaluation of various
formulations and preparation conditions was focused visual assessment of the
optical transparency and homogeneity of the prodifidms, and by testing their
ability to withstand folding.

In this work, two type of films were produced: plogd or chemical crosslinked
hydrogel films. The first type relies only on phodi interactions among the
components to yield a network; the second type {gp¢) is obtained from the same
polymer solutions with addition of GA as chemicadsslinking agent.

All the investigated formulations are reported &bT 4.2 and in particular they refer
to four physical and four chemical hydrogels filgither with XG or with XG/PVA

and with two different amounts of glycerol.
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Tab. 4.2 Composition of air-dried films

Films XG PVA GAwat GL H,O-i
(Yowt) (Yowt) (Yowt) (Yowt) (Yowt)
XG(GLO05) 25.8#0.1 0 0 53.0+£0.1 21.2+1.0
XG(GL1) 15.38 +0.2 0 0 62.6+0.2 219%15
XG-PVA(GLO5) 16.75+0.1 8.2+0.1 0 55.3+0.1 @420.2
XG-PVA(GL1) 10.3+0.1 53+0.1 0 61.7+0.2 2295
XG(GLO5)_CX 20.15+1.8 0 29.0+13 409+15 947
XG(GL1)_CX 13.8 +0.8 0 18.8+1.1 551+27 112%
XG-PVA(GLO5)_CX 13.07+0.3 6.8+0.2 28.8+0.7 4@&09 106=*21
XG-PVA(GL1)_CX 8.5+0.2 44+0.1 187+05 5298 154+19

The aqueous solutions of XG, PVA, their mixturedobe and after addition of
glycerol are optically clear and transparent. Upasting and air-drying, XG films
are still perfectly transparent (Fig. 4.1a) whil&®VA films look homogeneous but
slightly opaque (Fig. 4.1a). All these films aresg#o handle, thanks to the glycerol

in the formulation, and their flexibility and comfoability increase at increasing
glycerol content (Fig. 4.1b-c).
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XG-PVA type XG type

Fig. 4.1 Digital photographs of XG-PVA type and XG type hydel films (a) and of XG-PVA type
hydrogel films folded (c) and stretched (c)

The glutaraldehyde-induced crosslinking reactiorapeeters, and more specifically
(i) reaction time before addition of sodium hydmbi (i) GA content, (iii) modality

of addition of GA, and (iv) the reaction temperatuwere selected by visual
inspection of the mixtures and obtained films. Hoeeening of different reaction

times showed that all systems that were kept megétir longer than one hour before
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casting formed white and dense granules dispensieda viscous matrix, while
mixtures that were basified after 1h of reactisutted transparent and homogeneous.
No benefits were obtained by increasing the reactimmperature above room
temperature or by increasing the GA content, cantitthat actually exacerbated the
heterogeneity of the formed films. Indeed, prolowgithe reaction time (before
addition of sodium hydroxide and then glycerol),vasl as increasing the reaction
temperature or the concentration of crosslinkingradead to the formation of densely
crosslinked domains that may undergo phase-separdthe optimal temperature for
the drying process was also investigated. Whilelgimg at room temperature leads
to flexible films, drying at temperatures above’60produces very brittle films. Non-
crosslinked films are completely dissolved in watéthin two hours, while CX-type
films have gel fractions in the 93- 96 % range,ficoning that a permanent network

is formed.

New chemical bond formation was investigated thtoEdIR analysis on the blend
of PVA and XG as well as on the GA crosslinked §ijmafter extraction of glycerol
and other soluble fractions. Spectrum of XG-PVAnbleobtained by drying the
aqueous solution of the two polymers present irsirae weight ratio as in the film,
does not show any evidence of interaction betweetwo chemical species, resulting

the mere superimposition of the spectra of theitdovidual components (Fig. 4.2).
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Fig. 4.2 FTIR spectra of XG, PVA and XG/PVA (50 %v/v) upcasting and air drying

Spectra of CX-type films containing only XG as palric component do not show
significant differences with respect to pure XGatpam (see Fig. 4.3a-b), except for
the appearance of a peak at 1720'csihown as a peak for XG(GL05) CX and as a
shoulder of the band at 1650 cm-1 for XG(GL1) CX.

In the formulations containing PVA the new bandl@20 cm' is also present and
increases in intensity for the lower glycerol canté~ig. 4.3c-d).

This peak can be assigned to the carbonyl grougluwséraldehyde grafted to the
network and it becomes only a shoulder or disappeaystems with the higher
glycerol content, probably because in this systém grafted GA can be more

favourably end-capped by glycerol.

78



Xyloglucan-based hydrogel films for wound dressing: structure-property relationships

a —— XG
—— XG(GL05)_CX
—— XG(GL1)_CX o
[}] Q
Q c
c ]
% £
5 g
g 2
<
4000 3500 3000 2500 2000 2000 1800 1600 1400 1200 1000 800
Wavenumber cm™? Wavenumber cm™!
¢ —— PVA
— XG
—— XG-PVA(GL05)_CX
o —— XG-PVA(GL1)_CX
Q [
c Q
] c
£ g
2 o
- 3
<
4000 3500 3000 2500 2000 2000 1800 1600 1400 1200 1000 800
Wavenumber cm'1 Wavenumber cm'1

Fig. 4.3 FTIR spectra of crosslinked films; comparison beméa) XG-based chemically crosslinked gel
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These results suggest that GA can bind not onlyX@achains (XG-GA-XG) or XG
to PVA (XG-GA-PVA) by formation of hemiacetals aadetals, but also it could be
simply grafted to XG (XG-GA) or to PVA (PVA-GA) arehn also be end-capped by
glycerol that is added after neutralization of thaction mixture while the system is
progressively concentrating due to water evapanaf¥G-GA-GL). The possible
reactions and the structures of the forming praslace shown in Fig. 4.4.
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The shear viscosity as a function of shear rat¢hi®1.8 %w XG solution and for the
system obtained by mixing XG and PVA polymeric $olus and adding the same
amount of glycerol used to prepare the XG-PVA(Gfilhy is reported in Fig. 4.5.
For the three systems, the flow curves are dominhte the characteristic shear
thinning behavior of XG.[14-16] The presence of Pd#es not change the viscosity
while the presence of both PVA and glycerol causely a slight reduction of

viscosity.
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Fig. 4.5 Rotational shear viscosity of XG at 1.8 %w and R@A aqueous solutions with the addition of
glycerol XG-PVA(GL1)_sol

Aqueous XG or XG-PVA solutions before and afteritidd of GA and also after the
addition of glycerol have been subjected to dynaméchanical rheological analysis
in frequency sweep mode (Fig. 4.6a-b). All the syst behave as viscoelastic liquid
systems, showing the loss modulus, G” higher tihenstorage modulus, G’, in the
investigated frequency range, with the latter inseesteeper than the former at the
increase of frequency. Samples before and aftesdlddion of glycerol do not show
any significant difference. The crossover pointeetn G’ and G” moves towards
lower frequencies when GA is present in the bldfidally, the addition of PVA
lowers both G’ and G” values.

Dynamic mechanical spectra of physical and chenfilcas are reported in Fig. 4.6¢
and Fig. 4.6d, respectively. XG(GLO05) shows thddgprheological behaviour of a
weak gel; storage modulus is higher than loss mmdahd almost invariant with

frequency, while loss modulus increases with fregye These results confirm the
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ability of XG to form physical gels in the preserafeglycerol.[12,17] The increase
of the amount of glycerol has no effect on bothegje and loss modulus. The addition
of PVA (see XG-PVA(GLO05) system) has no significaffect on both storage and
loss modulus. This could be due to the relatively molecular weight PVA that does
not contribute to the physical gelation of the lyukG chains, but actually favours
XG chains slippage.[18]

The combined presence of PVA and a higher amoumgfyaierol (XG-PVA(GL1)
system) causes a significant reduction of bothr@&' @”, probably increasing further
the distance among the polymer molecules and redubeir packing order.[18]

The influence of the chemical crosslinking on thechanical spectra of the films is
reported in Fig. 4.6d. With reference to the XG(G).8ample, the presence of the
crosslinker on the XG film casted with the loweramt of glycerol (XG(GL05) CX)
causes (i) a significant increase of both G’ anda@d (ii) the invariance of G” with
frequency, which is the typical behaviour of a stydcovalent) gel. Increasing the
amount of added glycerol (see XG(GL1)_CX) resuita marked decrease of G’ and
a less pronounced decrease of G”. Consideringttieatmpact of glycerol in the G’
and G” curves for the physical hydrogel films wascimless significant, we can argue
that glycerol interferes with the GA-mediated cheahtrosslinking of xyloglucan, as
suggested in the scheme in Fig. 4.3.

The effect of the presence of PVA on the chemicallgsslinked films is also
investigated. The presence of PVA in CX-type syst€dG-PVA(GL05) CX system
produces a significant decrease of storage modulds less marked decrease of loss
modulus. This effect is similar to the effect ofylwer glycerol content in XG_CX
films. Increasing glycerol content in XG-PVA CX-typfilms causes a further

decrease of G”.
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Thermal analysis of physical and chemical films dsnused to understand the
interactions among the components of the formutagiod the effect of crosslinking
treatment.

Results of TGA analysis are reported in Fig. 4.7aHfsystems show an initial mass
loss in a range between 75°C and 120°C associatbé £vaporation of the “residual
water” and a more pronounced mass loss with malfigixes at higher temperature
(280°C-370°C), due to the thermal degradation efitairious components present in

the formulations. Glycerol and PVA do not leave aegidual mass at 500°C [19],
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therefore the residual masses in the various sygstm strongly affected by the
different content of XG and moisture content idijigresent in the system. A more
detailed analysis of the curves reveals that xylogh (see Figure 4.7a) is fairly
hydroscopic (water loss at about 75°C) and chariaetd by good thermal stability,
with an onset of degradation at about 314°C ant@8residual mass at 500°C. This
exceptional high thermal stability could be atttédhle to its characteristic “hyper-
entangled” supramolecular structure, which is respgme for its relatively high
stiffness and high local packing density in theédsstate.[20,21]

PVA (see Fig. 4.7b) shows the characteristic tvemstthermal degradation behavior
with characteristic peaks at 300 °C and 440°C amdr¢lease of moisture occurs at
higher temperature if compared with XG.[22]

In TGA curves of physical hydrogel films containimnly XG as polymeric
component (Fig. 4.7c), the temperature of the ¢dsgater increases with respect to
the pure polysaccharide, shifting from 75°C in pM® to 105 °C and 115°C for
XG(GLO5) and XG(GL1).

This change suggests that the residual waterfsbift “free water” in XG powder to
mainly “bound water” in the physical gels whereoalglycerol is present. This
behavior supports the interpretation of XG gelatsithe result of a localized increase
of polymer concentration leading to association tluevater sequestration by the
alcohol. The films also show a second flex assediab glycerol vaporization and
simultaneous thermal degradation (DTG peaks at€7hd at 288 °C for XG(GLO05)
and XG(GL1), respectively)[23], and a third flexedio the XG thermal degradation.
XG decomposition is slightly shifted to higher teangture at 318°C and 320°C for
XG(GLO5) and XG(GL1), respectively, as a conseqeeasfghysical crosslinking.
The addition of GA to XG (Fig. 4.7e) induces prafidumodifications to the thermal
degradation of the films. The two flexes associaedylycerol evaporation and
xyloglucan degradation are much closer to eaclhr ¢the glycerol evaporation is now
detectable as a shoulder of the main peak of X@&rthedecomposition in DTG
curves) and significantly shifted to higher tempearas (295°C and 357°C for
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glycerol and XG, respectively). This further suppdhe hypothesis that glycerol is
partly grafted to the chemical network that bin®aas proposed in Fig. 4.3.

PVA has not significant influence either on glydeno XG thermal degradation in
both physical (Fig. 4.7d) and chemical gels (Figf4 Only an evident increase of
the water evaporation temperature due to the casnbéffect of crosslinking and
presence of PVA (130-140°C) in GA-crosslinked filo@ be highlighted.
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Fig. 4.7 Thermogravimetric analysis of air-dried films ahe polymer powders. (a) XG-based physical
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powders, as reference). (c) comparison betweenich#yrcrosslinked gels
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SEM analysis on the fracture surfaces was performeatder to characterize the
morphology of the films. Water-swollen chemicallpsslinked gels, after extraction
of glycerol and other soluble fractions, quenchivith liquid nitrogen and freeze-
drying have been analyzed and their representatieeographs are reported in Fig.
4.8.

XG-based films show a different morphology depegdin the amount of GL. XG-
based film with a lower content of glycerol (Fig84) show a layered morphology
with regularly stacked thin sheets connected hystrarse walls, while the one with
higher glycerol content results into a denser #ine¢ made by closer sheets
connected by thin filaments (Fig. 4.8b).

Interestingly, a similar lamellar morphology wasebved for physical gels produced
with a temperature-responsive, partially degaladtwed XG (Deg-XG). [24] This
suggests that the obtained morphology is essgntjaiterned by the xyloglucan self-
assembly. For the aqueous solutions of Deg-XG tie-arganisation in lamellae is
promoted by an increase of temperature that worgenguality of the solvent and
favors hydrophobic interactions. In the presenttesi the role of temperature is
played by glycerol, which competes with XG for tmgdration water. The formed
microstructure is then fixed by the chemical criodsl promoted by GA.

The presence of PVA interferes with XG chain aligmiyielding to a morphology
with interconnected porosity. This porous microstinue has an average pore size of
about 10um for the lower glycerol content (Fig. 4.8¢), tivatreases to about 28n
for the higher glycerol content (Fig. 4.8d).
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Fig. 4.8 Morphological characterization of (a) XG(GL05)_C¥) XG(GL1)_CX; (c) XG-
PVA(GLO5)_CX and (d) XG-PVA(GL1)_CX after equilibmn swelling, quenching and freeze-drying

In the perspective of the integration of those dilim a device for the development of
smart plasters for wound healing, their abilityétain moisture was investigated.
Results of the moisture retention in the variodmdj “as prepared” and after
treatments at different temperatures and relativaidity % (RH%), are shown in
Fig. 4.9.

First of all, it is important to notice that theitial moisture content of the “as
prepared” chemical films is higher (ca. 20%w) tharthe physical gel (ca. 10%w)
(see also Tab. 4.2).

Furthermore, in systems containing PVA, the higlhmiount of glycerol results in

slightly higher moisture retention than the cormrgfing formulations with lower
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glycerol content. On the other hand, XG based fibnth with high and with low
glycerol content, do not show significant differeac The incubation at 37°C for 2h
and 50% RH, causes in all systems the loss of afdke water, leveling to a residual
moisture content to 5 %wt, except for the two cleaity crosslinked XG-PVA
systems which almost completely dry out.

Upon incubation at room temperature (about 22°CY &% RH, all films
progressively absorb humidity from the environmeeaching equilibrium in 24 h.
Thereafter, relative humidity of the environmentsvilacreased up to 75% leading to
a significant further increase of the absorbed miditat levels off in 24 h. One week
cycles of moisture absorption (75% RH 22°C) anddgon (37°C RH 50%) were
carried out for three months and beyond, showingiodification of the equilibrium

water content in both conditions.
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Fig. 4.9 Moisture uptake percentage as a function of thetiation time and relative humidity

The swelling behaviour was investigated only onngigally crosslinked variants,
since all the physical hydrogels quickly swell @min after dissolve when immersed
in water. The swelling at plateaux percentages (pbPthe chemically crosslinked
films, both in MilliQ water and isotonic PBS, areported in Tab. 4.3 and the
corresponding swelling curves are shown in Fig04Upon immersion, all systems
take up water. The films containing more glycetas higher SD% if compared with

the corresponding systems with less glycerol.
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The equilibrium swelling values of films with PVAd in particular with the higher
glycerol content are even higher, in good agreemdthttheir larger interconnected
porosity observed by SEM.

The effect of saline solution is not very signifitan the XG-based gels and the slight
decrease in SD% at the increase of ionic stresgdlktiibutable to the reduction of the
osmotic pressure. An opposite effect is shown byPA based systems, which
show an increase of SD% at the increase of ionéngth. This behaviour could be
explained with some degree of H-bonded interpolyassociation between XG and
PVA, which is perturbed by the presence of phosphaions and other multivalent
ions of the buffer.[25]

Tab. 4.3 Swelling degree (SD) percentage of chemically diraesd films

System SD % - water SD % - PBS
XG(GL05)_CX 109 + 20 90 *2
XG(GL1)_CX 210+ 20 210 =15

XG-PVA(GLO05)_CX 220+ 25 250+ 20
XG-PVA(GL1)_CX 325+20 355+25

89



450
= XG(GLO5)_CX

* XG(GLO5)_CX

= XG(GL1)_CX
 XG(GL1)_CX

400

350

300

e\;zso §zso I ’i'
& 200 220 ﬁ"!,, !
150 150
100 M1 iR L] ! 100
50 s0
0 & o
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (h) Time (h)
450 450
u XG-PVA(GLO5)_CX » XG-PVA(GL1)_CX
400 400
© XG-PVA(GLO5)_CX - ® XG-PVA(GL1)_CX
350 350 7 ] l i
300 300 [99-
T . ; IS8 *! '
X 250 ) L 250 | (fp W]
& w0 | ; : I . ' ! § ;" !
* ; : ' D200
150 jg+ 150 ?
100 . 100 §
50 s
0 0
0 > 10 » 2 z 0 0 5 10 15 20 25 30
Time (h)

Time (h)

Fig. 4.10 Swelling degree in MilliQ water (black) and in PEfey)

The rheological behaviour of the equilibrium-swall@X-type films was investigated
and the dynamic mechanical spectra are reporté&igird.11a-c. The corresponding
curves of the “as prepared” films are also dispdafge comparison. All the swollen
systems still show the typical behaviour of chemngels with G’ curves being one
order of magnitude higher than the corresponding@tes, and invariant or slightly
increasing with frequency. As expected, both G’ &@iddecrease for the softer
swollen systems, when compared to the corresporfdimgrepared “systems. The
reduction of G” is more pronounced than the redunctif G’, probably because water

partially displaces the more viscous glycerol.

90



Xyloglucan-based hydrogel films for wound dressing: structure-property relationships

1e+6 1e+6
ua-ooc.o.--o.tcc.o.ooo--ooao. .
»
yyvvvy
vyyvvyvyy <
1e+5 s00000000000000000 fet5 3y yyyyyvVVYYYYY AN
222222222282 aaaaasannassarana vvvvvVvvvvv
< = vvvvy
& & :z--lllllllIllIIlllllllllll.
3 tera = qetd
o 1%2%228,a,, L]
@ ThfAasA s panpanate © .
. ooo
: it mguguDJDDuD
le+3 1e+3 ngazjuauuchED
%  XG(oLug)oX v XG-PVA(GLO5)_CX
(a) 4 XG(GLO05)_CX swollen (b) ®  XG-PVA(GL05)_CX swollen
1e+2 1e+2
0,1 1 10 100 0,1 1 10 100
equenc!
Freguency (2] Frequency [Hz]
1e+6 1e+6
e il -
S bl sseee®
fe+5 o %k ok k kK Kk ok kA P 1e+5 ...‘...‘.......0;200000000
Pl see 60000
w *mw‘wg*** ©0000000000000
o] '3 Ll
a, thti#‘ﬁﬁﬁoo0000000000000...’ g
iy e :  le+d 12t
2 s 2 sssesrrereerseeeryrrreet?
o 0] s
4 2
N ) 6600000000
00000009000000 g ﬂ;???
1e43 {000 1e+3 qg2e®®
0099298 *7
* XG-PVA(GL1)_CX 009 9%%?
. XG-PVA:GU:-CXswollen 22929887 ¢ XG(GL1)_CX
() - (d) 2 XG(GL1)_CX swollen
1e+2 1e+2 T
0,1 1 10 100 0,1 100

1 10
Frequency [Hz] Frequency [Hz]

Fig. 4.11 Dynamic mechanical spectra of equilibrium-swolleX-@pe films

4.3.2. Biological assessment

New biomaterials need to be firstly tesiediitro to evaluate their cytotoxicity. To
this aim, it was performed a contact assay on $ystems, namely XG(GL 1)_CX,
XG-PVA(GL1) CX, XG(GL1) and XG-PVA(GL1), selectedorf their superior

performance in terms of flexibility and water reten ability. Samples were placed
on A549 epithelial cells monolayers. After 24 hotlrs films were removed and the
cells subjected to MTS viability assay. The obtdinesults are summarized in Fig.
4.12a-b. No cytotoxic behavior was detected for &GI) CX and XG-

PVA(GL1)_CX films after the treatment, and the agdlbility was as high as 90 %.
In contrast, XG(GL1) and XG-PVA(GL1) films showedrderate cytotoxicity (Fig.

4.12a). These results were confirmed by microscomicphological inspection (Fig.
4.12b); cells incubated with both the CX-type filmgd not displayed altered
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morphology compared to the control cells. In thataot area with the hydrogel and
in its proximity no alteration in cellular outgrowt extension of cellular body,

morphology or proliferative behavior was observealtest a possible toxic effect due
to components that can be released by the crosslifikms during prolonged

application on a wounded area, a viability assag marformed by using the cell
medium in which both films were separately incubafehe medium was collected at
different times, within a two-week time intervalnda administered to cells. No
cytotoxic behavior was detected for all the samples cells maintaining a viability

value of about 90 % (Fig. 4.12c-e). It must be hgdtied that no significant statistical
difference was recorded between treated and cocits (p> 0.05), These results

were confirmed by cells microscopic morphologicedgection.
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Fig. 4.12 MTS assay of A549 cells: untreated (Control), Bnadibated with XG(GL1)_CX, XG-
PVA(GL1)_CX, XG(GL1) and XG-PVA(GL1) films at diffent concentrations (4 and 8 mg) for 24 h (a).
Morphological images of A549 cells: untreated (Cobitand incubated with the above films (b). MTS

assay of A549 cells: untreated (Control) or treatét cell media in which XG(GL1)_CX and XG-
PVA(GL1)_CX were immersed for different times (1,73 14 days) (c and e); Morphological images of
A549 cells treated with the cell media as descriftaalve (d and f)
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On the basis of the better performance of the X@(GCX and XG-PVA(GL1)_CX

films, only these two were used for further biokjiexperiments.

The hemocompatibility test of the films is an essdrstep for the wound dressing
manufacture. Ideally, films should neither induaamolysis nor activate the blood
defense systems, coagulation and fibrinolysis.

Hemolysis is a fundamental test to understandefitiberaction of the material with
erythrocytes affects the membrane integrity, legdito plasma hemoglobin
release.[26] To investigate this effect of the &lnthey were incubated for 3 hours
with blood (collected from healthy volunteers). Thenber of erythrocytes and their
parameters were measured by a cell counter sy&esullts in Fig. 4.13a-b, show no
significant difference with respect to the contidbreover, hemolysis was analyzed
by using a photometrical colorimetric test, whicktatmines the amount of free
hemoglobin (Hb). Resultilustrated in Fig. 4.13c evidenced that the blesadhples
incubated with the films did not show any hemolyst®mpared to the control. Triton
was used as positive control. These results weméiroted by microscopic analysis

of erythrocytes (Fig. 4.13d).
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Fig. 4.13 Blood from a human volunteer donors was incubatetbb(Control) with XG(GL1)_CX, XG-
PVA(GL1)_CX films and the following analysis penfoed: Red blood cell (RBC) count (a); RBC
parameters (MCV=Mean Corpuscolar Volume, MCH=MeanpQscolar Hemoglobin, MCHC=Mean
Corpuscular Hemoglobin Concentration, RDW= Red Odtribution Width (b); Hemolysis assay of
erythrocytes, Triton-X as positive control (c); Mdscopic images of erythrocytes incubated or not

(Control) with films or with Triton X. *p<0.05 v<ontrol (d)

Platelet activation and aggregation studies werlopaed to investigate the effect of
the films on hemostasis, which is a multicompormasicade that helps in maintaining
the fluidity of the blood. As for hemolysis expegnt, films were incubated for 3
hours with blood (collected from healthy voluntdefishe platelet number and others
parameters (Fig. 4.14) such as mean platelet vol(vifeV), distribution width
(PDW) and plateletcrit (Pct), resulted well withime normal range of the control.
These results clearly demonstrated that the fildadt prevent the normal platelet

functions.
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Fig. 4.14 Blood from a human volunteer donors was incubatetbb(Control) with XG(GL1)_CX and
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Plasma coagulation analysis is a sign of the thogehic potential.[27,28] The
coagulation cascade includes intrinsic and extipsthways leading to prothrombin
activation and conversion of fibrinogen to fibriZ] It has been demonstrated that
the interaction of biomaterials with blood, canund in many cases negative effect
on coagulation, platelet and hemostatic propeffigs30] The effect of the films on
the coagulation cascade was evaluated by the protiin time (PT) and activated
partial thromboplastin time (aPTT) tests. PT meastine aberrations in the extrinsic
pathway, aPTT is instead, a check for irregulagifie the intrinsic pathway. The
results (Fig. 4.15a-b) showed that both the PTadhdT values were within the normal
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range. Furthermore, to measure the occurrence afn@ coagulation, the
antithrombin-III (atlll) and fibrinogen concentratis were measured and, as shown

in Fig. 4.15c-d, the values of the film incubatenples were comparable to the

control.
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Fig. 4.15 Blood from a human volunteer donors was incubatetbb(Control) with XG(GL1)_CX and
XG-PVA(GL1)_CX films and the following analysis gf@rmed: Prothrombin time (PT) (a); Activated
partial thromboplastin time (aPTT) (b); antithromil (aTlll) (c); fibrinogen concentration (d)

Elicitation of immune response is another importparameter that has to be
investigate.

For this reason, samples of XG(GL1) CX, XG-PVA(GLCX were incubated again
in blood (collected from volunteers) andiarvitro test of the inflammatory response

has been performed.[26]
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Results in Fig. 4.16 show that no statisticallgveint differences were revealed in the
number (Fig. 4.16a), and composition of the whiteot cells (WBC) (Fig. 4.16b),
with respect to the control. Moreover, since contddlood with pathological agents
or foreign materials activates the complement pathvas a body defense reaction
[26], the levels of C3 and C4 were measured. Noifsigint modifications of C3 and
C4 plasma concentrations were detected in the ssnmpdubated with XG and XG-
PVA films (Fig. 4.16c-d). Thus, it may be concludedat the films are

immunogenically silent because they do not caugéramune respons vitro.
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Fig. 4.16 White blood cell (WBC) count of human blood samsphecubated or not (Control) with XG and
XG-PVA films (a); Composition of the WBC populatiofhuman blood samples incubated or not
(Control) with XG and XG-PVA films (b); C3 and Cd)(and plasma concentrations of human blood
samples incubated or not (Control) with XG and X@&AHilms (d)
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4.4. Conclusions

Xyloglucan based thin hydrogel films were synthedizand fully characterized for

their physico-chemical, thermal, rheological andphological properties.

The films produced by adding glycerol to an aqueseolsition of xyloglucan are
physical hydrogels: gelation is relatively fast atfie gel strength increases
significantly upon drying. Physical films are petig transparent, relatively strong
and resilient, but rapidly dissolve when exposeadoeous solutions. Glutaraldehyde
induces covalent crosslinking to XG chains, thusmiag a permanent polymer
network. Glycerol, that is required in the formidat to provide the necessary
flexibility, is also partially grafted to the netwothrough GA. In the chemically
crosslinked variants, PVA can react with GA andtgmXG, modifying the lamellar
structure formed by XG association into an operopsistructure and increasing the
network mesh size; this translates into higher kugetatios if compared with systems
with XG only and the same content of glycerol. fllins can withstand repeated
cycles of drying and rehydration by exposure toaidifferent temperature and
humidity content. The chemically crosslinked filnigth with and without PVA,
displayed good cytocompatibility as demonstratedimbwitro test showing that
viability is not affected by the presence of tHmfilt is also remarkable that no toxic
components are released by the films. On other ,htred moderate cytotoxicity
observed for the physical hydrogel films could kelzuted to their rapid dissolution
causing significant alteration of the compositidih@ culture medium. Furthermore,
the tested chemically crosslinked films were alkoven hemocompatible. These
results encourage further investigations on botitro andin vivo biocompatibility
and integration with RFID sensors, in order to $farm this interesting material into

a medical device for wound management (topic dsetisn Chapter 7).

99



Contributions

The author wishes to point out the contributiorbof Simona Todaro for the help in
the rheological measurements, Dr. Maria Antoni8thatino for the help in the FTIR
and SEM measurements and the support in the das@ymterpretation of the results,

and Dr. Pasquale Picone for all the biological eaibns presented in this chapter.

References

[1] E.M. Ahmed, Hydrogel: Preparation, characteita and applications: A
review, J. Adv. Res. 6 (2015) 105-121. doi:10.1[6¢.2013.07.006.

[2] J.S. Boateng, K.H. Matthews, H.N.E. Stevend/GEccleston, Wound
Healing Dressings and Drug Delivery Systems: A BeyiJ. Pharm. Sci. 97
(2008) 2892-2922. doi:10.1002/jps21210.

[3] J.L. Drury, D.J. Mooney, Hydrogels for tissusgineering: Scaffold design
variables and applications, Biomaterials. 24 (200837-4351.
doi:10.1016/S0142-9612(03)00340-5.

[4] A. Bullock, P. Pickavance, D. Haddow, S. Rimrer MacNeil,
Development of a calcium-chelating hydrogel foatreent of superficial
burns and scalds, Regen. Med. 5 (2010) 55-64.@aR17/rme.09.67.

[5] G.D. Winter, Formation of the Scab and the R#tEpithelization of
Superficial Wounds in the Skin of the Young Domes$tig, Nature. 193
(1962) 293-294. doi:10.1038/193293a0.

[6] E.A. Kamoun, E.R.S. Kenawy, X. Chen, A review molymeric hydrogel
membranes for wound dressing applications: PVA-thaiselrogel
dressings, J. Adv. Res. 8 (2017) 217-233. doi: G4 fare.2017.01.005.

[7] B. Balakrishnen, M. Mohanty, P. Umashankar JAyakrishnan, Evaluation
of an in situ forming hydrogel wound dressing bageaxidized alginate
and gelatin, Biomaterials. 26 (2005) 6335-6342.
doi:10.1016/j.biomaterials.2005.04.012.

100



Xyloglucan-based hydrogel films for wound dressing: structure-property relationships

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

M. Hrynyk, M. Martins-green, A.E. Barron, RNeufeld, Alginate-PEG
Sponge Architecture and Role in the Design of insBkelease Dressings,
Biomacromolecules. (2012). doi:10.1021/bm300186k.

I. Giori, A., Arpini, S., & Togni, S., Tamaringeed polysaccharide for use in
the treatment of inflammatory diseases, WO201118 /K 2011.

M. Yusof bin Mohamad, H.B. Akram, D. Najwa BemM. Tariqur Rahman,
Tamarind Seed Extract Enhances Epidermal Woundittgdht. J. Biol. 4
(2012) 81-88. d0i:10.5539/ijb.v4n1p81.

W. Nie, A.M. Deters, Tamarind seed xyloglucgmemote proliferation and
migration of human skin cells through internalirativia stimulation of
proproliferative signal transduction pathways, Datoh Res. Pract. (2013)
1-14. doi:10.1155/2013/359756.

E.M. Bergstm, L. Salmén, J. Kochumalayil, L. Berglund, Plagtd
xyloglucan for improved toughness-Thermal and meidzé behaviour,
Carbohydr. Polym. 87 (2012) 2532—-2537.
doi:10.1016/j.carbpol.2011.11.024.

C.K. Simi, T.E. Abraham, Biodegradable biocatiple xyloglucan films
for various applications, Colloid Polym. Sci. 28®10) 297-306.
doi:10.1007/s00396-009-2151-8.

A. Semenzato, A. Costantini, G. Baratto, Greeftymers in Personal Care
Products: Rheological Properties of Tamarind SesysBccharide,
Cosmetics. 2 (2014) 1-10. doi:10.3390/cosmetics@010

K. Khounvilay, W. Sittikijyothin, Rheologicdlehaviour of tamarind seed
gum in agueous solutions, Food Hydrocoll. 26 (2(B3)-338.
doi:10.1016/j.foodhyd.2011.03.019.

R.A. De Freitas, V.C. Spier, M.R. Sierakowski,Nicolai, L. Benyahia, C.
Chassenieux, Transient and quasi-permanent networkdoglucan
solutions, Carbohydr. Polym. (2015) 216-223.
doi:10.1016/j.carbpol.2015.04.066.

101



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Y. Yuguchi, T. Kumagai, M. Wu, T. Hirotsu, Bosokawa, Gelation of
xyloglucan in water/alcohol systems, Cellulose(2004) 203—-208.
doi:10.1023/B:CELL.0000025427.60557.40.

N.A. EI-Gendy, Pharmaceutical Plasticizers@oug Delivery Systems,
Curr. Drug Deliv. 9 (2012) 148-163. d0i:10.2174/186112800234602.

M. Mohsin, A. Hossin, Y. Haik, Thermal and Meamical Properties of Poly
(vinyl alcohol ) Plasticized with Glycerol, J. Apolym. Sci. 122 (2011)
3102-3109. doi:10.1002/app.

S. Todaro, Xyolglucan self-assembled nanostines and gels for
biomedical application, 2014.

G.O. Phillips, P.A. Williams, Handbook of hytolloids, Woodhead
publishing limited, 2009.

H. Yang, S. Xu, L. Jiang, Y. Dan, Thermal Degmosition Behavior of Poly
(Vinyl Alcohol) with Different Hydroxyl Content, Macromol. Sci. Part B.
51 (2012) 464—480. doi:10.1080/00222348.2011.597687

A.Y. Maturana Cordoba, J.D. Pagliuso, Theribatomposition Behavior of
Crude Glycerin, in: COBEM 2011, 2011: p. 6.

S. Todaro, M. Antonietta, M. Rosalia, P. PiepM. Laura, D. Giacinto, D.
Bulone, C. Dispenza, Temporal control of xyloglucaff-assembly into
layered structures by radiation-induced degradati@mbohydr. Polym. 152
(2016) 382—-390. d0i:10.1016/j.carbpol.2016.07.005.

F.J. O'Brien, Biomaterials & scaffolds for dise engineering, Mater. Today.
14 (2011) 88-95. doi:10.1016/S1369-7021(11)70058-X.

S. Krajewski, R. Prucek, A. Panacek, M. Avaia\i, A. Nolte, A. Straub, R.
Zboril, H.P. Wendel, L. Kvitek, Hemocompatibilityaluation of different
silver nanoparticle concentrations employing a rfiediChandler-loop in
vitro assay on human blood, Acta Biomater. 9 (20/K80—7468.
doi:10.1016/j.actbio.2013.03.016.

D. Narayanan, S. Nair, D. Menon, A systematialuation of hydroxyethyl

102



Xyloglucan-based hydrogel films for wound dressing: structure-property relationships

starch as a potential nanocarrier for parenteray delivery, Int. J. Biol.
Macromol. 74 (2015) 575-584. doi:10.1016/}.ijbion2d4.12.012.

[28] B. Kundu, C.J. Schlimp, S. Nirnberger, H. R&IC. Kundu,
Thromboelastometric and platelet responses tdogilkaterials., Sci. Rep. 4
(2014) 4945. d0i:10.1038/srep04945.

[29] M. Jamnicki, A. Zollinger, B. Seifert, D. Poypig, T. Pasch, D.R. Spahn,
Compromised Hydroxyethyl Blood Coagulation: An itree Comparison of
Starch 130/0.4 and Hydroxyethyl Starch 200/0.5 gsin
Thrombelastography, Int. Anesth. Res. Soc. 87 (1988-993.
doi:10.1213/00000539-199811000-00002.

[30] X. Li-Chong, B. James, C.A. Siedlecki, ProgiRlatelets, and Blood
Coagulation at Biomaterial Interfaces, Colloidsfa@ces B Biointerfaces. 1
(2014) 49-68. doi:10.1016/j.colsurfb.2014.09.040.

103



104



5. Synthesis and characterisation of carboxylated xylglucan
5.1. Introduction and aim

Several studies have investigated into the podyitf modifying the chemical
structure of xyloglucan by replacing some of itditoxyl groups with functional
groups, such as carboxyl, thiol, amino, alkyloamisalphated and carboxymethyl
groups, in order to ameliorate water solubilitycremse mucoadhesivity and modify
the release profile of an incorporated drug.[1-4]

Derivatisation of polysaccharides by oxidation iseanmon method to convert free
primary alcohols into aldehydes and further intoboaylic acid groups (Scheme
5.1a). Oxidation to the carboxylic acid level résii polysaccharides based on uronic
acids, which then resemble the structure of napobluronic acids, such as pectin or
alginates. On the other hand, when the secondaphals are also oxidized the
oxidative cleavage of 1,2-diols occurs, which letasing-opening and dicarboxyl

compounds formation (Scheme 5.1b).[5]

HO
Q
O,

bLz_, OH
OH
HO m o o
HO O\Q/ %
o
OH

Scheme 5.Different modes of chemical oxidation, illustratied a generic polysaccharide. (a) Oxidation

of a primary alcohol; (b) Oxidative cleavage ofiald

Since these two oxidation modes are possible, whéative derivatisation of a

native (unprotected) polysaccharide is performed,important to guarantee a good
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selectivity on the primary alcohol, thus avoidingdation of the secondary alcohols
to yield sugar ring opening reactions.

For instance, the oxidation of polysaccharides sagleellulose or xyloglucan with
NaClO and NaBr results in a non-selective oxidatimeaning that both primary and
secondary alcohols can be oxidised. The non-setediiidation involves both

oxidation modes described in Scheme 5.1, leaditly toocarboxylation of primary

hydroxyl groups and oxidative cleavage of the suioay.[6,7]

Van Bekkum in early ‘90s was the first to reporttthe catalyst TEMPO could be
used for the regioselective oxidation of primargo#ols in polysaccharides (starch
and inulin were included in the initial report) géve the corresponding polyuronic
acids with an almost complete conversion.[8]

A possible mechanism of reaction of TEMPO-NaClO-Nastems involves the
initial oxidation of the persistent radical TEMP® IHaOCI, which is transformed in
the active oxidant, an oxoammonium species. Thigcieg oxidizes the
polysaccharide primary alcohol to aldehyde, beieduced in hydroxylamine. In
agueous solution, the aldehyde is hydrated antyttieated form is then oxidized to
carboxyl group by another oxoammonium molecule gmmeén solution. NaOCI is
responsible for the initial oxidative activationEMPO and also for the reoxidation
of hydroxylamine in oxoammonium (see Scheme 5.2).

The TEMPO-mediated oxidation has been demonstiatde a viable route to the
selective oxidation of different polysaccharidagtsas cellulose, pullulan, including

xyloglucan extracted frordymanea Courbaril seeds.[9,10]

106



Synthesis and characterisation of carboxylated xyloglucan

HO
Primary hydroxyl group Aldehyde Carboxyl acid

Scheme 5.Mechanism of TEMPO-mediated oxidation of a genpdlysaccharide primary hydroxyl

groups to carboxyl groups

Along with the above described oxidation reactepaecondary reaction occurs which
leads to scission of the polysaccharide chain. 3ét®ndary reaction has been mainly
attributed top-elimination.[11] Such reaction occurs preferefhgiainder alkaline
conditions, when in position C6 there is an aldehywdhich is the first product of the
oxidation. This condition favours the increase laef ticidity of the hydrogen at C5,
which is deprotonated in the alkaline reactiondieg to the formation of a double
bond between the carbohydrate C4 and C5 as int@teeavhich then evolves with
the elimination of the group linked to tifiecarbon (C4) (Scheme 5.3).[6] Hence,

alkaline conditions are necessary for the occuga@ichisp-elimination.
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Scheme 5.3Mechanism of-elimination

However, it has been observed that chain scissioars also when the oxidation is
conducted at acidic pH (i.e. pH around 5), everugfioin this condition it is less
emphasized and the products of the reaction amactesised by a lower decrease of
molecular weight and a lower degree of carboxytafi12] This observation

suggests thgt-elimination is not the only mechanism that leamshain scission.

In order to investigate this aspect, Shibata ethake studied the oxidation of
celluronic acid, a variant of cellulose that isealdy carboxylated. They have
suggested that hydroxyl radicals, formed from NaBn@ TEMPO at pH 10-11,
cause chain scission during the oxidation (Scherdg. Fherefore, they have
proposed the addition of radical scavengers teyiséem to suppress chain scission,

but they have observed only a mitigation of thise&t[6]

Hydroxylamine Oxoammonium

Scheme 5.40ssible scheme of formation of hydroxyl radichlsing TEMPO-mediated oxidation
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The relationship between the presence of TEMPOlysttand the chain scission
reaction is still quite controversial.

In a more recent report focused on the mechanisohaif scission in xyloglucan,
Spier et al. have studied the influence of TEMP@cemtration on the molecular
degradation of the polysaccharide, observing thatreiasing the catalyst
concentration, the degree of chain scission waseddeduced. In other words, they
observed that the higher is the content of TEMP® Jdwer is the chain scission, an
observation that contradicts what previously regmiby Shibata et al., that retains
TEMPO responsible of the formation of hydroxyl i@as and of a higher chain
scission because they did not study the effecEdIPO concentration in the system.
Thus, Spier et al. have suggested that TEMPO acis‘sacrificial molecule”: being
a preferential substrate for the oxidation by NaBit@s oxidized at the place of the
polysaccharide chain by this oxidant specie, ptotgdhen the polysaccharide from
chain scission and non-selective oxidations. Theams not only that a higher
concentration of TEMPO decreases the chain scisignee, but also decreases the

degree of carboxylation.[7]

Beside the role of TEMPO in the oxidation reactamd, in particular, in the chain
scission concurrent reaction, other authors haudied the influence of NaClO
concentration and time of reaction on both carbatkgh and chain scission
levels.[10,13] In particular, it has been showrt thaf EMPO-NaClO-NaBr reactions
the increase of NaClO concentration causes anaeeref the carboxylate groups
content as well as an increase of the chain scisiégree. But while the degree of
carboxylation reaches a plateau, the degree ohdtésésion increases proportionally
to the increase of the oxidant species, withouthizay a plateau.[13] The increase of
chain scission after complete carboxylation of @riynhydroxyl groups may also be
related to the presence of carboxyl groups at @6o(fred primary hydroxyl groups
position) that, in an alkaline environment, favoffslimination due to the increase

of the acidity of C5, as previously explained.
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The increase of reaction time has been shown tugesimilar effects. Lucyszyn et
al. have observed that increasing the reactionitirttee oxidation of xyloglucan from
Hymanea coubaril seeds, both carboxylation and chain scission esgre

increased.[10]

In conclusion, the TEMPO-mediated oxidation carabgable strategy to introduce
ionisable and reactive functional groups in xylagln chains and it also leads to
reductions of its high molecular weight.

Degree of carboxylation and degree of chain saissice the most important
measurable parameters to evaluate the effect obxfdation reaction. The most
widely used techniques to evaluate the reductiana&cular mass are size exclusion
chromatography (SEC) and/or dynamic light scatterifbLS), while for the
determination of the carboxyl groups content, défé¢ techniques have been
proposed, including titration (conductimetric or mefric), nuclear magnetic
resonancefC-NMR), high performance anion exchange chromafgra[7,14,15]

In most reported cases, the oxidation reactioeifopmed at temperature below 5 °C
and at alkaline pH (between 9.5 and 11) in ordelndee a good balance between

carboxylation and chain scission.[12,14]

In this work, the introduction of carboxyl groups xyloglucan chains is aimed to
promote electrostatic interactions with oppositdigirge polyelectrolytes. Indeed, this
type of non-covalent interactions are consideresl itain driving force of co-
assembly in interfacial systems, leading to theemtdy of building blocks from
molecular- to macro-scale. Co-assembly offers thppodunity to form
thermodynamically stable structures without the efsehemical crosslinking and is
considered a powerful tool for the production ofnpdex and adaptable biomaterials
with highly tunable properties and significant bigical effects.[16—19]

In particular, the assembly of anionic carboxylatgtbglucan (CXG) with a

positively charge peptide amphiphile (PA) sequeisca possible approach for the
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fabrication of fibrous scaffolds for wound healiagd this topic will be discussed in
details in the following chapter (Chapter 6).

The obtained CXG was characterised for its molecsieucture modification, its
behaviour in solution, by dynamic light scattergugd viscosity measurements, and
its thermal stability.

In the prospect of its use to produce co-asseniyedogel dressings/scaffolds for
wound healing, a cytotoxicity test was also perfedm

Furthermore, a preliminary study to verify the #@pilof CXG to interact with
oppositely charge molecules and, in particular, hwipoly-D-lysine (PDL),
polyethilenimine (PEI) and a positively charge pegtamphiphile (PA-H3), was

performed.
5.2. Materials and Methods
5.2.1.Materials

Tamarind seeds xyloglucan (XG) was kindly provided DSP Gokyo Food and
Chemical Co. (Japan). 2,2,6,6-Tetramethyl-1-pipeyidxy (TEMPO), sodium
bromide (NaBr), sodium hypochlorite solution, sadiuborohydride (NaBb),
ethanol, and HCI (1M), NaOH (1 M) were purchaseahfrSigma Aldrich and used
without further purification. Poly-D-Lysine (PDL, MW= 150-300 kDa) and
polyethilen imine (PEI branched, MW=800 Da) wereghased by Sigma Aldrich.
Peptide amphiphile f@Val)s(Ala)s(His)s, named in this chapter PA-H®as
synthesized as described in Appendix A.1.3 andilit e presented in detail in
Chapter 6.

5.2.2.Methods

Synthesis of the carboxylated variant of XG

The carboxylation reaction and the setup used aseribed in detail in Appendix
A.1.2. Briefly, 0.2%wt XG aqueous solution was fedcwith 0.128 mM TEMPO,

0.81 mM NaBr and 15% NaOCI solution for 4h at 5ti@ler an inert atmosphere,
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providing continuous magnetic stirring. During reéawc, the pH was constantly
monitored and maintained at the constant value af @2 by addition of small
volumes of 0.1M NaOH. The reaction was stoppeddujiteon of NaBH to the final

concentration of 4 mM. The product was recoveredpbgcipitation in ethanol

followed by freeze drying.

Fourier-transform infrared spectroscopy (FTIR)

FTIR analysis was performed using a Fourier Tramsfonfrared Spectrometer
(FTIR) (Spectrum Two FTIR spectrometer, Perkin Ejm&amples were prepared
starting from both the fully protonated and depnetied CXG, prepared as described
in Appendix A.2.3. All spectra have been normalizeith respect to the peak

correspondent to the stretching of methylene gr¢2p56 cnt).

Determination of carboxyl groups by titration
The quantitative analysis of carboxyl groups of CX@s performed by acid-base
titration as described in Appendix A.2.6. In partar, CXG was titrated with 0.05M

NaOH solution and the equivalent point was deteatquH 7.

Gel filtration chromatography

Gel filtration chromatography was conducted usirghadex SB HQ (804 and 806)
columns coupled with an Agilent 1260 Infinity HPlv@th a refractive index detector
(see also Appendix A.2.7 for detail on the equipthelll samples were eluted with
a flux of 0.6 ml/min of 0.02%wt sodium azide aqueaolution. Prior to injection in
the column, the polymer aqueous solution was &tewith 1.2 um cellulose acetate
(Millipore) syringe filters. Chromatograms of thansples were compared with

chromatograms of pullulan standard solutions.

Satic and Dynamic Light Scattering (SLSand DLS)
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Static light scattering (SLS) measurements werdopeed using a Brookhaven
Instrument BI200-SM goniometer (Biophysics InsgtutPalermo Unit, National
Research Council) Briefly, the scattered light irsiey was measured at 10 scattering
angles, namely 30°, 45°, 50°, 60°, 75°, 90°, 1Y, 135° and 150°. CXG and XG
samples were prepared at different concentratioes @.5 mg/ml, 1 mg/ml, 1.4
mg/ml, 2 mg/ml, 2.5 mg/ml) in MilliQ water. The nmaements were performed at
20 °C = 0.1 °C. The weight-average molecular we{@ht) was determined from a
Zimm plot analysis.[20]

For dynamic light scattering (DLS), all the analys®lutions were prepared starting
from 0.1%wt aqueous solutions of XG and CXG.

For the study of interactions between CXG and padit charged molecules, CXG,
PDL, PEI and PA-H3 0.1 %wt aqueous solutions wespared and then mixed in
different weight ratios to prepare CXG/polycatioystems. Compositions of the

analysed systems are reported in Tab. 5.1.

Tab. 5.1Composition of CXG or XG and polycations (i.e. RIEI or PA-H3) mixtures

System Composition CXG/Polycation
wiw
CXG CXG 1 mg/ml -
XG XG 1 mg/ml -
PDL PDL 10 pg/ml -
PA-H3 PA-H3 10 pg/ml -
CXG/PDL 100:1 CXG 1 mg/ml + PDL 10pg/ml 100
CXG/PDL 50:1 CXG 1 mg/ml + PDL 20pg/ml 50
CXG/PDL 25:1 CXG 1 mg/ml + PDL 40pg/ml 25
XG/PDL 100:1 XG 1 mg/ml + PDL 10pg/m 100
XG/PDL 50:1 XG 1 mg/ml + PDL 20pg/m 50
XGIPDL 25:1 XG 1 mg/ml + PDL 40pg/ml 25
CXG/PEI 100:1 CXG 1mg/ml + PEI 10 pg/ml 100
CXG/PEI 50:1 CXG 1mg/ml + PEI 20 pg/ml 50
CXG/PEI 25:1 CXG 1mg/ml + PEI 40 pg/ml 25
CXG/PA-H3 100:1 CXG 1mg/ml + PA-H3 10 pg/ml 100
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All the solutions analysed through SLS and DLS wiétered with 1.2 pm syringe
filters to remove gross contaminants and artefiota the solution.

For single measurements performed at 90° scattarigle and at 20°C the method of
cumulant[21] and/or the exponential stretched nthere compared to obtain
information on the apparent hydrodynamic size aittihwof the size distribution.
Further details on the instrumentation of both @h8 DLS and on the fitting methods
are described in Appendix A.2.8.

Shear viscosity measurements

Shear viscosity measurements of CXG and XG 4%witigois were performed in
rotation mode at 20 °C. Details are discussed ipefylix A.2.2.

Due to the different viscosities of the systems, plate-cone geometry was chosen
for CXG 4 %wt, while for XG 4 %wt the plate-plate@metry was preferred.

Z-potential measurements
For {-potential measurements, XG, CXG, PDL, PEI and PFRAddlutions 0.1 %wt
solutions were prepared in MilliQ water and perfedrusing a Malvern Nano ZS-

Series Zetasizer.

Thermal analysis

Thermal-gravimetric analysis (TGA) was conductethgia TA Instruments Q500.
Pre-conditioned samples were analysed in a temperaange of 20-500°C at a
heating rate of 10°C/min. For other details seeefgiix A.2.4.

Differential Scanning Calorimetry (DSC) was perfewdnwith a Perkin-Elmer

DSC4000 calorimeter. The samples (7-10 mg) wergleal in aluminium pans and

Scans were recorder during a heating /cooling cyateed out in a range of 25-300
°C under nitrogen atmosphere at a heating rate @/htin. A detailed description of

the setting parameters is provided in Appendix &\.2.
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Biological evaluations

Cell culture of adenocarcinomic human alveolar bepdhelial cells (A549), mouse
embryonic fibroblasts (NIH-3T3), keratinocyte cédilhe (HaCat) is described in
Appendix A.3.1.

Cell viability test
Preliminarily, cell viability was measured by MTSsay described in Appendix A.3.2.

Different concentrations (0.5, 0.3, 0.6 and 1.29mfigof XG and CXG have been
tested and these solutions have been seeded oA%ménolayer in a 96-well flat-
bottom plate and incubated for 48 hours. Resulte wgpressed as the percentage of
MTS reduction relatively to the control.

Other evaluations on the cytocompatibility with Isefrom the skin, namely
fibroblasts (NIH-3T3) and keratinocytes (HaCat)revperformed.

Cells were seeded in a 98 well-plate at a concémtraof 10*1G per well and
incubated with 2.5 mg/ml CXG solution at 37°C ihwanidified atmosphere with 5%
CO, and 95% air. The experiment was made in triplieatd cell monolayers were
used as control. After 3 days of incubation celie, medium was removed and cells
were stained with the LIVE/DEAD (4uM pg/ml calcein and 2uM ethidium
homodimer) viability/cytotoxicity kit from Thermoigher Scientific. Viability was
then qualitatively assessed using a Leica TCS SBgfoCal and Multiphoton

microscope.
5.3. Results and discussion
5.3.1.Carboxylated xyloglucan physico-chemical charactesation

The presence of carboxyl groups after the TEMP@lgsed regioselective oxidation
was evaluated by FTIR spectroscopy measuremerftgg®.1 the spectrum of native
XG is compared with spectra of CXG both in disstezigFig. 5.1a-b) and protonated
form (pH 7 and pH 3, respectively) (Fig. 5.1c-d).
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XG spectra, both at neutral and acidic conditi@ns,characterised by the broad band
at 3600-3200 crhthat refers to the stretching of the O-H bénoan free and bound
water and polymeric hydroxyl groups, also invohredydrogen bonding. The band
at 2925 crit is attributed to the asymmetric stretching of Gahile the bands at 1150
cnt! and at 1050 crh very common in all polysaccharides, are due © &d C-C
stretching vibrations of pyranose rings.[22]

The spectra of CXG in the fully protonated and ipdyt deprotonated forms show
some differences compared to the native XG. Irptréally deprotonated form, CXG
displays a peak at 1620 dmattributable to the asymmetric stretching of the
carboxylate anions. In the fully protonated forhe hew peak at 1737 cris assigned

to stretching of the carboxyl groups. [23] These @ear evidences of the successful

derivatization of some of the XG hydroxyl groupwmicarboxyl groups.

a b
—— XG pH7
—— CXG pH7
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8
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c
—— XG pH3 d
—— CXG pH3
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4000 3500 3000 2500 2000 2000 1800 1600 1400 1200 1000 800 600
Wavenumber cm-1 Wavenumber cm-1

Fig. 5.1FTIR spectra of XG and CXG in the 4000-2000a, c) and 2000-400 chtb, d) ranges, with
CXG in its partially dissociated (a, b) and fullsoppnated (c,d) forms
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The carboxyl groups content of CXG was determingcH-metric titration. The
titration curves (not shown), typical of a weakdacindicate a concentration of
carboxyl groups of ca. 1.0 - 1.2 mmwebr/Jcxe, corresponding to the conversion of

about 70 + 5% of the primary hydroxyl groups preéserthe polymer.

It is expected that the presence of carboxyl gronpise oxidised xyloglucan causes
a modification of the surface electrical chargeéhaf polysaccharide chains in water.
Indeed, th&-potential values (Tab. 5.2) of CXG dispersion nueed in MilliQ water
(at pH 6.5) are negative, while for XG were abarioz

Tab. 5.2¢-potential values obtained in MilliQ water

Sample pH Z Potential (mV)
XG 6.5 0.118 £3.75 mV
CXG 6.5 -21.6 £8.69 mV

Furthermore, it is expected that the oxidation tieacdnduces a modification of the
molecular weight distribution of the polymer. GFr@matography of XG and CXG
are reported in Fig. 5.2. The CXG chromatograshifted towards the higher elution

times with respect to XG, which correspond to lowedecular weights.
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Fig. 5.2GFC chromatograms of XG and CXG

More detailed information on the molecular weigistidbution of CXG was obtained

by comparing XG and CXG chromatograms with pullidéandards (Fig. 5.3). While

XG shows a chromatogram overlapping pullulan stedgitom 2560 kDa to 400 kDa
(Fig. 5.3a), CXG chromatogram envelops pullulamdéads between 200 kDa and
800 kDa (Fig. 5.3b).

a — XG b —— CXG
—— Pullulan 200 kDa — Pullulan 200 kDa
—— Pullulan 400 kDa —— Pullulan 400 kDa
Pullulan 800 kDa ——=- Pullulan 800 kDa

Pullulan 1300 kDa
Pullulano 2560 kDa

v

A.U.

i

18 20 22 24 26 28 30 32 34 20 22 24 26 28 30 32
Elution time (min) Elution time (min)

Fig. 5.3Chromatograms of XG (a) and CXG (b) compared withufan standards
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This reduction of the Mw was also confirmed by Zimplots derived from static light

scattering measurements at different angles, wéiehreported in Fig. 5.4a-b. The
average weight molecular weights of XG and CXG Itedul185 + 85 kDa and 400
+ 86 kDa, respectively.

3,5e-6 1,0e-5
Mw=1185000 + 85000 g/mol a Mw=400000 + 86000 g/mol b

3,0e-6
8,0e-6

2,5¢-6
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K .
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sen? (6/2) +3000c sen” (6/2) +3000c

Fig. 5.4Zimm plots XG (a) and CXG (b)

DLS measurements were performed at 20°C on both &xd3XG 0.1 %wt solutions.
The stretched exponential fitting method was appt® obtain information on the
apparent hydrodynamic size and width of the sizgridution. This fitting method
allows to calculate the average relaxation timpdgnd the stretched coefficierf)
giving information on the apparent hydrodynamicesiand width of the size
distribution or changes in the interactions amdegdbjects in solution, respectively.
Higher 1. are generally related with objects or particleshwitigher apparent
hydrodynamic size, whil@ coefficient is comprised between 0 and 1, with lfgna
values corresponding to wider distributions.

Decay curves of CXG and XG and parameters obtaafted the fitting are reported
in Fig. 5.5 and in Tab. 5.3, respectively. Thetstred exponent is lower for CXG
than for XG. This could mean that CXG solution @m$ objects in a wider range of
different hydrodynamic volumes (higher polydispfisior since this parameter may
also reflect a change in the interactions as altresuhe structural and molecular

modifications occurred upon oxidation, it can prolgebe interpreted as attenuation
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of the attractive (mainly hydrophobic) interactioamong polysaccharide chains
owing to the establishment of repulsive electrastateractions due the presence of

carboxylate anions.

106 °  XG
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o 0%% o  CXG
0,8 A
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N
©]
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Fig. 5.5Decay curves of functionalized XG and XG obtaingdh.S measurements

Tab. 5.3Stretched exponential fitting parameters for namefionalized xyloglucan and after oxidation

reaction
System Tc (Lsec) B
XG 904.55 0.61
CXG 1104.39 0.45

The effect of the oxidation on the viscosity of tfa polymer solutions was also
analysed. In Fig. 5.6 shear viscosity as functioshear rate for XG 4 %wt (Fig. 5.6a)
and CXG 4 %wt (Fig. 5.6b) aqueous solutions arentep.
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Fig. 5.6 Shear viscosities of XG 4 %wt (a) and CXG 4 %wtghleous solutions

While for XG solution the flow curve is dominateg e characteristic shear thinning
behaviour, [24] CXG shows the typical behavioua dfewtonian fluid with a constant
viscosity in the whole analysed shear rate randps Tesult can be related to the
decrease of the molecular weight of CXG that accomgs the oxidation reaction,
but also to the electrostatic repulsion betweenctieged groups introduced in the

polymer chains, which may limit chain entanglements

Thermogravimetric analysis on XG and CXG was pentxt and results are reported
in Fig. 5.7a-b.

As observed in Chapter 4 (paragraph 4.3.1), XG shamvextremely good thermal
stability; the onset of thermal decomposition is340 °C (Thax Of DTG curve),
followed by a steep mass loss that is almost caieglat 370°C with a residual mass
of about 34% (Fig. 5.7a). This uncommon thermabiitg has been attributed to a
“hyper-entangled” supramolecular conformation, whiconfers relatively high
stiffness and local high chain packing densityhi lbng polymer molecules.[25]
CXG shows a significantly different degradation fileo the onset of degradation
occurs at about 225 °C, the mass loss is very dwarad the residual mass is higher
(Fig. 5.7a). The reduction of CXG molecular weigah be responsible of the decrease
of onset of degradation; indeed, generally as tfits in a chain increases the thermal

stability of the polymer increases. The degradapiaatess of CXG occurrs in a much
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wider range of temperature, with a main peak of@fi& curve at 250°C and a long
tail that stretches at 350°C. Thealof the second event is closer to thgylof the
native XG. This may suggest that there is a chaichain variability of the oxidation
degree. The CXG early onset of degradation carxpki@ed with a possible loss of

the hyper-entagled supramolecular structure andrtiegylation.[26]

120

— %G — XG
100 4 —— CXG —— CXG

80

60

Residual mass %

40 +

Deriv. weight (%I°C) a.u.

20 4 —

100 200 300 400 500 100 200 300 400 500
T(°C) T(°C)

Fig. 5.7 Thermo-gravimetric analysis of XG and CXG polymewgers (a) and correspondent derivative

curves (b)

The difference in the percentage of residual ma4%, for XG and 40% for CXG,
suggests that CXG generates a more stable degmagmtiduct. This result has been
shown also by Freitas et al. for the carboxylatibrlymenaea courbaril xyloglucan.
They observed a correlation between the residuakraad the level of xyloglucan
oxidation, showing that the higher is the levebgidation, the lower is themperature
of the onset of degradation and the higher is #s&dual mass, due to increasingly
stable products of degradation.[27]

DSC thermograms of XG and CXG are reported in 5i@. Both XG and CXG show
a broad peak between 85 °C and 100 °C. These thewents can be related to the
evaporation of the water retained inside the saspldndeed, a
heating/cooling/heating cycle between 30°C and €0Bds shown that this peak is

not present when the samples are heated for tlimdditne, thus confirming that is
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attibutable to the evaporation of water. Interagiinthe evaporation of moisture is
shifted to higher temperatures in CXG with respgeckG. Since the polymers have
been conditioned in the same way before the asalyss suggests that the percentage
of “bound water” is higher for CXG than for XG, asresult of the increased

hydrophilicity of the carboxylated polysacchari@8]

— XG
— CXG

e
40 60 80 100 120 140 160 180 200
T(°C)

Heat flow (endo up)

Fig. 5.8DSC thermogram for native xyloglucan and CXG
5.3.2.Biological evaluation

As already mentioned, carboxylated xyloglucan wasipced for the fabrication of
co-assembled structures to be used as scaffoldsdiond regeneration. Preliminary
cytotoxicity evaluations were performed to detemnthe CXG suitability for the

application.

MTS assay on adenocarcinomic human alveolar bagakdial cells A549 incubated
with CXG at 1.25 mg/ml, 0.6 mg/ml, 0.3 mg/ml and®mg/ml reveals that after 48h

of incubation cells are 100% viable at all theg¢dstoncentrations (Fig. 5.9).
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Fig. 5.9Cell viability percentage of A549 cells incubatethaCXG and XG at 0.15 mg/ml, 0.3 mg/ml,

0.6 mg/ml and 1.25 mg/ml compared with a cell maget (CTRL) used as control

This result encouraged to perform other viabilggts on cells from the skin, namely
NIH/3T3 and HaCat.

After 3 days ofin vitro cell culture, cells were stained with LIVE/DEADstaining
and the confocal images were recorded. Represemtatiages are reported in Fig.
5.10. No significant differences between the neated cells (control) and the cells
incubated with CXG can be observed. The same resdtobtained for all the tested
cell types. This result, although only preliminagpcourage to proceed with the use

of this polymer for the fabrication of skin scafislthrough co-assembly.

Treated cells Non-treated cells

Fig. 5.10Confocal images of NIH/3T3 and HaCat cells incebawith 2.5 mg/ml CXG solution (dead-

red; live-green)
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5.3.3. Preliminary study on interactions between CXG and plycations
through DLS

In the perspective of using CXG to prepare scaffdldrough co-assembly with
oppositely charged molecules, a preliminary studlyit® ability to interact with

positively charge polyelectrolytes was performed.

Molecules chosen for this study are poly-D-lysind poly(ethylenimine) and peptide
amphiphile. These three molecules were chosen piesentatives of possible
different co-assembly scenarios. Indeed, PDL isnaat macromolecule with a
relatively high molecular weight, PEI is a smaltldsranched molecule and a peptide
amphiphile sequence (PA-H3) that is a small mokectilat self-assemble in
nanofibers (diameter around 6-8 nm) characterisgda bmarked surface charge

density. The latter will be presented in detailtia following chapter (Chapter 6).

Their {-potentials values are reported in Tab. 5.4, tagetiith the value of CXG.

Tab. 5.4¢-potential values of CXG, PDL, PEI and PA-H3 in Ml water

Molecule pH ¢ potential (mV)
CXG 6.5 -21.6 +8.69
Poly-D-Lysine (PDL) 6 +62.4 +4.88
Poly(ethylenimine) (PEI) 6.5 +19.5+2
Peptide amphiphile (PA-H3) 5 +46.0 £ 1.45

Dynamic light scattering (DLS) analysis of CXG daa (0.1 %wt) with small
guantities of the various polycationic moleculesswarried out to investigate if

conformational changes and/or aggregation phenomena.

The scattered light intensity decay curves of CXpiesence of polycations are
reported in Fig. 5.11, 5.12 and 5.13. All the cuerweere fitted according to the

stretched exponential method and when possible &l#o cumulant method to
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determine the apparent average hydrodynamic diarigteof the objects in solution

and the polydispersity index (P1).

Hence, a comparison among CXG, PDL and their megat different weight ratios
is reported in Fig. 5.11a and parameters obtaired the fitting of the decay curves
are reported in Tab. 5.5. PDL solution has a lcaverage relaxation time and a higher
stretched exponential with respect to CXG. Thesarpaters correspond to a system,
containing smaller objects and in a narrower raofjydrodynamic volumes. In
particular, it was possible to calculate the hygramic diameter of these objects
with cumulant fitting and it resulted of about 1%t with a Pl equal to 0.34 (see Tab.
5.5).

The addition of a small amount of PDL to a CXG $iolucauses a significant change
of the decay curve of CXG. In particular, stretcleggonential fitting of CXG/PDL
100:1 system shows that there is a significanti@se of the average relaxation time
of the binary system compared to the precursorgisak of CXG and PDL (values
reported in Tab. 5.5). This change can be attribttethe interactions between the
two molecules which lead to the formation of obgeiat solution, having an apparent
hydrodynamic diameter of about 511 nm. A furthetitidn of PDL (CXG/PDL 50:1)
provokes an increase of bothandp which can be translated into a decrease of the
heterogeneity of the objects in solutions with exdpo the system with weight ratio
100:1, having also a smaller, Bf about 469 nm. Furthermore, it was observedahat
further increase of PDL content to 25:1 weightaagems to follow the same trend
(decay curve not shown). However, it was believed the observed decrease of the
hydrodynamic size of objects in solution was adyuadlated with the phenomenon
of multiple scattering. This phenomenon is charéstie of larger particles systems
with high refractive index contrast in which phatoare scattered multiple times by
the sample before to being detected. This hypahess confirmed by the

observation that a further increase of PDL con{@ftl weight ratio) causes the
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formation of dense aggregates visible with nakegbsemaking the solution opalescent

and thus not suitable for DLS analysis.

The same study was repeated using the neutralX@téntial= 0.118 + 3.75 mV) at
the place of CXG and decay curves are reportedign 3=12b. All the XG/PDL
systems analysed shown similar decay curve witlsignificant variation of th§d
coefficient with respect to XG, while it was registd a slight increase afprobably
due to the sum of the scattering of the two sepamablecules rather than to
interactions between the two components.

This result suggests that the interactions betw€XG and PDL are mainly
electrostatic, confirming the importance of introthg carboxyl groups into XG

polymer chain in order to promote assembly withagiiely charged molecules.
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Fig. 5.11Decay curves obtained by DLS measurements of CRGAR) and XG/PDL systems (b)
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Tab. 5.5Fitting parameters of the decay curves reportdedgn5.12; “n.a” = fitting method non-

applicable
System T B Dy (nm) PI
CXG 1104.39 0.44 n.a. n.a.
XG 904.55 0.61 n.a. n.a.
PDL 866.96 0.88 151.58 +44.2 0.34
CXG/PDL 100:1 210942 081 511.16 + 193.0 0.57
CXG/PDL 50:1 2696.15 0.88 461.71 £179.3 0.5
XG/PDL 100:1 1562.64 0.61 n.a. n.a.
XG/PDL 50:1 1470.56 0.63 n.a. n.a.
XG/PDL 25:1 1592.73 0.64 n.a. n.a.

Once established the importance of electrostatéractions, it was decided to study
how these CXG/PDL aggregates formed in solutionracoelified or perturbed by
changing the pH that, modifying the protonationfdépnation equilibria, strictly
affect the surface charge of molecules.

Hence, for this study, increasing amounts of HOlensdded to CXG/PDL 50:1 and
decay curves of the resulting systems are repamtEdy. 5.12a.

Very small amount of HCI (1mM) do not cause anyrngein the system. While,
increasing 10 times the concentration of HCI (10 )n&IXG/PDL system shows
significant increase of the average relaxation tame a drastic decrease of fhe
coefficient (see Tab 5.6). Both these two pararsepeogressively decrease with
further addition of HCI (15mM and 20 mM, respectiye

These results should indicate that the acidifieafftmal pH with HCI 20 mM =2-3)
cause the protonation of CXG, which lead to a desweof the negative charges
carboxyl groups with a subsequent weakening otmlstatic interactions with PDL.
In particular, it is hypothesized that the objeftiamed by CXG and PDL are not
affected by the small addition of HCI (1mM), whéé&er the addition of HCI (10 mM)
these objects start to disassemble, resulting innarease of the hydrodynamic

dimensions. The disassembly results then more eiafter the addition of HCI 15
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mM and 20 mM, having a decay curve that is inteliatecbetween those of precursors
molecules (Fig. 5.12b).

10 | . * CXG/PDL 50:1 104 o CXG/PDL 50:1 HCI (20mM)
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Fig. 5.12Decay curves obtained by DLS measurements of CXG&3Btem with increasing amount of
HCI (1 mM, 10 mM, 15 mM and 20 mM) (a) and the camgon between CXG/PDL system with HCI 20
mM (pH 2-3)

Tab. 5.6Fitting parameters of the decay curves reportdeddn5.13

System Tc B Dn (nm) PI
CXG/PDL 50:1 1247.55 0.95 254.89 +57.58 0.20
CXG/PDL 50:1+HCI (1 mM) 1289.78 0.93 254.89 +57.58 0.20
CXG/PDL 50:1+HCI (10 mM)  2482.09 0.68 n.a. n.a.
CXG/PDL 50:1+HCI (15 mM)  1929.81 0.66 n.a. n.a.
CXG/PDL 50:1+HCI (20 mM) 1234.54 0.61 n.a. n.a.

A similar investigation was performed using polyiethimine (PEI, MW= 800 Da) as
polycation with a significantly lower molecular wéit with respect to PDL (MW =
150-300 kDa).

Decay curves of CXG/PEI systems and the correspgnfiiting parameters are
reported in Fig. 5.13 and Tab. 5.7, respectivelySneasurement of PEI is not shown
because at the investigated concentrations it doegroduce any scattered light due

to its low molecular weight.
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The addition of PEI to CXG solution causes a sigaift decrease of the average
relaxation time accompanied by an increase ofcdtest coefficient with respect to
CXG solution, corresponding to a decrease of therbgeneity (or polydispersity) of
the system.

The comparison among all the investigated CXG/PElghv ratios, reveals that
increasing the content of PEI in the system, cawusesight increase of: (not
significant) as well as an increaseppftorresponding to objects in a narrower range
of hydrodynamic sizes. In particular, hydrodynamiiameters of objects formed by
CXG/PEI 50:1 and 25:1 are very similar, and theyenestimated of about 108 nm

and 105 nm, respectively.
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Fig. 5.13Decay curves obtained by DLS measurements of CK[Z{stems

Tab. 5.7Fitting parameters of the decay curves reportdeign5.14

System Tc B Dn (nm) PI

CXG 1104.39 0.44 n.a. n.a.
CXG/PEI 100:1 536.22 0.75 n.a. n.a.
CXG/PEI 50:1 541.38 0.88 108.3 £38.5 0.50
CXG/PEI 25:1 572,60 0,88 105.8 +38.8 0.54
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Finally, interactions between CXG and peptide ambpié PA-H3 were studied.
Decay curves of CXG, PA-H3 and CXG/PA-H3 systemraported in Fig. 5.14. PA-
H3 is characterised by a low average relaxatioe tamd a high stretched exponential
that are related with a system containing objents inarrow range of different
hydrodynamic volumes (low polydispersity). In paular, the estimated apparent
hydrodynamic diameter of PA-H3 assembled objeat$ &out 89 nm (see Tab. 5.8).
The addition of a small amount of PA-H3 to CXG smn (CXG/PA-H3 100:1
weight ratio) provokes a very significant increa$¢hetcand an increase @f with
respect to both CXG and PA-H3 (fitting parameteqsorted in Tab. 5.8) as effect of
the interactions between CXG and the peptide anmilbipThe further increase of
PA-H3 content (50:1 weight ratio) in the systemsemithe formation of an opalescent

dispersion that was not analysable through DLS.
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Fig. 5.14Decay curves obtained by DLS of CXG/PA-H3 system

Tab. 5.8Fitting parameters of the decay curves reportdeign5.14
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System Tc B D (nm) PI

CXG 1104.39 0.44 n.a. n.a.
PA-H3 459.47 0.88 83.9+29.6 0.49
CXG/PA-H3 100:1 14,970.5 0.68 n.a. n.a.

A comparison among all the analysed systems hathingsame CXG/polycation
weight ratios (100:1) is provided in Fig. 5.15.

The three molecules PDL, PEI and PA-H3, due ta tiigerse molecular structures,
molecular weights and assembly in solution, inteveith CXG in a different way.
From decay curves in Fig. 5.15, it is possiblerjua that the interaction of CXG with
the small and branched molecule of PEI form thellestaobjects, followed by objects
formed by CXG and PDL that have a bigger appargdtddynamic dimension and
by the very big objects formed by CXG and PA-H3.

10 ’ * CXG/PDL 100:1
L e CXG/PEI100:1
CXG / PA-H3 100:1
0,8 1
il 0,6 1
N
O
0,4 1
0,2 1
~ OGSO T
0,0 . . N
le+l le+2 le+3 le+4 le+5
T (Msec)

Fig. 5.15Comparison of decay curves obtained by DLS of CXI/FCXG/PEI and CXG/PA-H3
systems at 100:1 weight ratio
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It is possible to hypothesize that PEI as smallemwle can favour intramolecular
“ionic crosslinking” points in CXG chains, resulgiim very small objects. While PDL
is a bigger linear molecule with a certain degrédexibility and it can interpose
between CXG chains inter- and intra-molecularlyrpoting a sort of “suture-line
crosslinking” of CXG chains. On the other hand, sssembly of PA-H3 molecules
in nanofibers exposing their multiple positive as on their 3D nanostructure, can
allow the “crosslinking” of more than two molecules their surface resulting in
significantly bigger objects. A pictorial represation of this hypothetic mechanism

of interaction between CXG and the various polyo&iis presented in Fig. 5.16.

PA-H3 nanofibres

Fig. 5.16Pictorial representation of the interactions betw€XG and PEI, PDL or PA-H3 (all drawings

are not in scale)
5.4. Conclusions

The overall results shown in this chapter demotestitaat xyloglucan extracted from
Tamarind seeds was effectively carboxylated by TE#MPO-mediated oxidation
reaction. It was found that after oxidation the ewnllar weight of CXG was

significantly decreased and that properties, sushwater solubility and thermal
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stability, have been also altered resulting inrardéase of solubility in water and a
lowered thermal stability. Furthermore, the ovesaitface electrical charge of CXG
chains in water resulted negative. CXG resulted eydatoxic towards two different

cell types, therefore suitable for the assemblpyddrid polymer matrices for tissue
engineering. Preliminary study of the interactidietween the negatively charged
CXG and positively charged molecules (PEI, PDL aPd-H3) revealed the

importance of electrostatic interactions for thexfation of objects in solution in sub-
micron scale of CXG and polycations. The interaiof CXG with these molecules
was shown strongly affected by the nature of tHgqadion used. In particular, these
results suggest that CXG is able to interact wjihasitely charged small or macro-
molecules as well as with self-assembled struct@®sthe peptide amphiphile

nanofibers.
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6. Carboxylated xyloglucan-peptide amphiphile co-assembled scaffolds for
wound healing

6.1. Introduction and aim

The term self-assembly refers to a spontaneousophemon that literary means ‘to
put together or build’ (assembly) ‘without outstap or on its own’ (self). [1] Self-
assembly of single molecules into supramoleculasctires is driven by non-
covalent interactions, namely hydrogen bonds, iofiends, hydrophobic
interactions, van der Waals interactions, and watediated hydrogen bonds. These
interactions can be relatively weak in isolationt,lwhen combined together, they

give rise to very stable constructs.[2]

The simplest self-assembly systems are nano-sizéerias composed of small
molecules aggregated through short range interatitto supramolecular objects
such as clusters of molecules,[3] ribbons,[4] tBéselices.[6]

More complex systems, as observed in biology, aehigigher levels of self-
organization and form hierarchical structurdadeed, biopolymers such as
polypeptides, nucleic acids and polysaccharidesabieapable to self-associate in
structures of different levels of complexity.[7]

Self-assembly can be either static or dynamicicSsatf-assembly involves systems
that reach a global or local equilibrium stateglifnolecular crystals or folded
proteins, and do not dissipate energy. In this ,cthee formation of the ordered
structure may require energy at the beginning,dmge the structure is formed, it
remains stable. In dynamic self-assembly buildingcks operate far from
equilibrium and the interactions responsible foe flormation of structures or
patterns between components only occur if the myssedissipating energy. Any
living organism is a perfect example of dynamid-ssembly.[8]

Co-assembly is a specific self-assembly mechanisanh ¢an be either static or
dynamic and that occurs when different buildingckkbassemble simultaneously,

leading to a synergic architecture, that could b®tachieved by the isolated self-
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assembly of either building block. Co-assemblymsfte opportunity to incorporate
multiple relevant molecules while generating newparties that go beyond the
individual components and in particular the formatiof novel hybrid materials
exhibiting new architectures, higher and tunablectmaaical properties, higher

stability, and improved bio-functionality.[1]

Supramolecular self-assembly has gained in theMastiecades increasing interest
as powerful approach for fabricating novel supraoolar architectures for
regenerative medicine, such as non-invasive, iafet scaffolds that are
functionalised to be bioactive or used as delivestyicle for cell therapies.[9,10]

A broad range of self-assembling systems have bgplored as biomaterials for
the fabrication of those scaffolds, either for imgakxisting damaged tissues in the
body or to provide a favourable environment foeexally transplanted components
like stem cells.[11-13]

The use of biological components (i.e. peptidestgins, polysaccharides) for self-
assembly offers the additional benefit of high catitylity and low cellular toxicity,
and are usually biodegradable and easily clearenh fthe body, allowing for
“traceless” scaffolds.[2] However, the use of natwomponents for the fabrication
of self-assembly materials has been hampered bgitfieulty in controlling their
conformation and nanoscale assembly with the pogcisequired to form well-
organized constructs with predictable structure pmagperties. This limitation has
driven the development of simpler and more pretletaeptide-based molecules

such as peptide amphiphile (PA).[12]

PA molecules are naturally inspired and generaliypgosed of four key structural
features{i) the first segment is a hydrophobic domain, ¢gfly consists of a long,
traditionally saturated, alkyl talil; (i) a secosdgment, immediately adjacent to the
tail, consists of a short peptide sequence thanptes hydrogen bonding and the

formation of intermoleculaB-sheets secondary structures; (iii) a third segment

140



Carboxylated xyl oglucan-peptide amphiphile co-assembled scaffolds for wound healing

typically contains acidic or basic amino acids tovyide charge and enhance
solubility in water; and (iv) the fourth optionagment at the terminus opposite the
hydrophobic tail is used to integrate within thelecole a bioactive signal, which
may consist of an epitope to interact with cellefgors, a segment that binds
proteins or biomolecules, or a pharmacological afjga4]

The mechanism of PA self-assembly has been attdbtd at least three energy
contributions:hydrophobic interactions of the alkyl tails, hydemgoonding among
the middle peptide segments, and electrostaticlsiems between the charged
amino acids. The first two are attractive forcest tend to promote the aggregation
of PA molecules, whereas electrostatic repulsisomfthe charged components
favour disassociation of PA molecules. The finaleasbly into high aspect ratio
nanofibers reflects a delicate balance of eacthe$a energy contributions (Fig.
6.1).[15]

Fig. 6.1 Schematic representation of a peptide amphiphi¥@ (Rolecule (a) and its assembly in
nanofiber (b); figure adapted from Stupp et al.[7]

A canonical PA nanofiber is 6-12 nm in diametered&ing on the PA sequence
and up to several microns in length. Typical PAofdrers are highly charged,

which helps with solubility in water. ScreeningRA nanofibers charges with ions,
primarily divalent or higher valency, or reducingaege density through changes in
pH results in the formation of viscous liquids eigy[16]

When the bioactive epitope is incorporated in PAeoadle, a useful strategy to

guarantee spacing of epitopes for optimal recagmitiy proteins or receptors is the
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mixing of an epitope-presenting PA with a short@r¥dthout the epitope, used as
diluent molecule, which would allow the bioactivgrel to be displayed protruding
from the fibre surface. Such a strategy has beed ts optimize RGDS epitope

spacing and maximize cell adhesion to PA nanofifielp

PAs can easily interact with several biologicallgtiee molecules, such as
polyelectrolytes or proteins, thus enabling the igtesof well-defined and
hierarchically ordered self-assembled structurekibiing multifunctionalities.
[15] The range of molecules used in co-assemblyh WRAs includes both
proteins[17] and polysaccharides.[18-20] In paltiguhyaluronic acid (HA) has
been the most widely used polysaccharide to corgtssewith PAs.[13,18,21] This
polysaccharide was shown able to co-assemble Witim B broad range of different
structures, such as sacs or membranes addresesliengineering applications.
[13] Co-assembled systems including PA can beadsioessed to skin regeneration.
For instance, co-assembled 2D membranes incorpgrdiA as a structural
component of the skin extracellular matrix (ECMnhdapeptide amphiphiles
presenting RGDS as biochemical signals to prometé adhesion, have been
proposed to mimic the skin tissue microenvironnj2gi.

More recently, also alginate (Alg) has been rembtteco-assemble with PAs and
in particular to form multi-layered biomaterialsr feell culture[19] and core-shell
microparticles as targeted drug delivery systenj.[20

In all the above mentioned reports it has been deinated that strong electrostatic

interactions are the driving force of the co-asdgritbinterfacial systems.[17,23]

In this work, electrostatic interactions betweemctionalised XG variant (described
in Chapter 5) and various peptide amphiphile mdeEswere exploited to obtain
co-assembled hydrogels with the desired morphology.

In particular, co-assembly was aimed to the devaklpg of xyloglucan-based

fibrous scaffolds for wound healing applications.
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The fibrous microstructure is considered partidylamteresting in the design of
wound healing scaffolds, because of its efficiet@ypromote nutrients exchange
and metabolic waste elimination.[24]

To achieve this goal, the ideal conditions for¢beassembly of these two building
blocks were investigated. A PA sequence that ceraBke with CXG was identified
among a selection of PA molecules synthesizedh®istope.

Interactions between the two building blocks weharacterized through different
techniques (i.e. circular dichroism spectroscopR, $pectroscopy, dynamic
mechanical analysis, transmission and scanningrefemicroscopy,).

Biologicalin vitro evaluations were performed in order to evaluagestlitability of
the co-assembled gel for tissue engineering agita with a specific focus on
wound healing.

Preliminaryin vivo wound closure experiments using wild-type mouseehaere
performed in order to assess an eventual enhanc¢eiitie wound healing process.
Because biological processes associated with whaating are not fully clarified,
the treatment of chronic wounds may require adatidbiological signals that
should instruct cells to regenerate the tissue.[25]

For this reason, the incorporation of a bioactipitope to the selected PA molecule
that co-assemble with CXG is the ultimate goal idep to add bioactivity to the
obtained scaffold.

QHREDGS peptide sequence was chosen as bioactipesuitable for wound
healing. This sequence is an integrin-binding segedrom angiopoietin-1 and it
has been reported to have effect on the treatnfiehronic wound.[26] This epitope
has also been extensively investigated for othgenmeration medicine purposes
such as angiogenesis, osteoblast differentiatiohfer the treatment of myocardial
infarction.[27,28] The effect of QHREDGS peptide wound healing was to
promoted keratinocyte adhesion and collective ntigman vitro, as well as effect
against HO; stress which is generally present in the wound Bigglisic et al. also

tested the QHREDGS peptide immobilized to a chitesallagen hydrogeh vivo
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on diabetic mice, reporting that the diabetic wounahling was accelerated by
enhanced re-epithelialization and granulation #@srmation in presence of this
small peptide.[26]

For this reason, a variant of the selected PA sempiencluding QHREDGS
bioactive epitope to enhance wound healing in deraounds was synthesised and

preliminarily characterised for its future incorption in CXG/PA systems.

6.2. Materialsand methods

6.2.1. Materials

Xyloglucan (XG) was purchased from Megazyme Intdomal (Ireland) (see
Appendix A.4.1).

All the Fmoc-protected amino acids and rink amidsim were purchased from
Novabiochem (USA). 1-Hydroxybenzotriazole hydratéiOBT) and N,N-
diisopropylcarbodiimide (DIC) from Sigma AldrichoRdimethylsiloxane (PDMS)
was prepared using SYLGARDL84 kit from Sigma-Aldrich (see Appendix A.1.4).

6.2.2. Methods

Precursors of synthesis

Carboxylated-XG (CXG) was synthesized as descrilmed\ppendix A.1.2 and
discussed in Chapter 5.

Peptide amphiphiles (PA) sequences synthesizedisew in this study are reported
in Tab. 6.1.
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Tab. 6.1 PA sequences synthetized and tested for the evaldg with CXG

Nomenclature Sequence
PA-K2 C,-(val), Ala) (Lys),
PA-K3 C,(val), (Ala) (Lys),
Positively PA-K4 C,(val), (Ala) (Lys),
Charged .
o9 PA-H2 C,(Val), (Ala) (His),
PA-H3 C,-(Val), (Ala), (His),
PA-H3i0 Cie-(Val)sAla)s(His)s(Gly)s(Arg)(Glu)(Asp)(Gly)(Ser)
Negativel
Charged. PA-E3 C,(Val), Ala) (Glu),

All PA were synthesized by solid-phase peptide lsgsis using standard fluoren-9-
ylmethoxycarbonyl (Fmoc) chemistry on rink amidesineand purified using a
preparative HPLC with an acetonitrile/water gradiezontaining 0.1%vol of
trifluoroacetic acid. The PAs used for this workvbaa degree of purity of about
98%wt. Synthesis and purification procedures aeerileed in detail in Appendix A.
1.3.

Molecular structures of two representative PA sagas among the ones tested are
reported in Fig. 6.2 and in particular they are IR®{Fig. 6.2a) and PA-H3 (Fig.
6.2b).
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Fig. 6.2 Molecular structure of PA-K3 (a) and PA-H3 (b)rapresentative peptide amphiphile sequences
among the ones synthesised and used in this chapter

Gel preparation

For a preliminary screening carboxy-xyloglucan (QX@els with all the PA
sequences reported in Tab. 6.1 were preparedngtdirtim CXG and PA solutions at
1 %wt in isotonic HEPES buffer.

The gels were obtained by injection of PA solutiosto CXG solution deposited on
PDMS coated surface (see Appendix A.1.4) and weprglibrated at 28 °C and
relative humidity (RH) 38% for 24h.

Gels with the selected PA (PA-H3) were preparedtista from CXG and PA
solutions at 1 %wt in isotonic HEPES buffer anchgghe same method of injection
of PA-H3 into CXG solution on PDMS coated surfaC&G and PA-H3 solutions in
HEPES buffer were at pH 8 and 4.5, respectively.thke characterisations, different
variants of gels were prepared at different voluateos between CXG and PA-H3
solutions both at 1 %wt, namely CXG/PA-H3 = 1:11,23:1 and 5:1 (also named in
this chapter CXG_PA-H3 1:1, CXG_PA-H3 2:1, CXG_PA-8t1 and CXG_PA-H3

5:1). Compositions of the gels that were used is Work are reported in Tab. 6.2.
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Final concentration of the solid content is equal dll the samples (1 %wt), and
weights ratios of CXG and PA-H3 are 1:1, 2:1, a8l &:1. The gel formation was
visually captured using a Leica MZ 12-5 microsc¢b@x).

Tab. 6.2 composition of CXG/PA-H3 gels

Sample CXG %wt PA-H3 %wt o/f‘\j\'l'tdlr‘:‘:?]teeg;
CXG_PA-H3 1:1 0.5 %t 0.5 %t 1 %t
CXG_PA-H3 2:1 0.66 %t 0.33 %t 1 %t
CXG_PA-H3 3:1 0.75 %t 0.25 %t 1 %t
CXG_PA-H3 5:1 0.83 %t 0.16 %wt 1 %t

(-Potential

{-potential measurements of CXG and PA-H3 0.01 %iteons, were performed in
MilliQ water at pH from 4 to 8 (adjusted by additiof small volumes of NaOH (1M)
or HCI (1M)) and at a temperature of 20 °C. Reswere averaged on three

measurements. Details on the instrumentation ugediscussed in Appendix A.2.10.

CD spectroscopy

CXG and PA-H3 solutions for CD analysis were pregan isotonic 10mM HEPES
buffer at 0.01 %wt. Mixtures were prepared mixin@& and PA-H3 0.01 %wt
HEPES solutions at different volume ratios 1:1, 3:1 and 5:1, so that the systems
reflect the composition in the gels but 100 timeserdiluted.

These mixtures were incubated 15 min before thesorement. Spectra were
acquired in a range of wavelengths between 190r26Qvith a step size of 0.5 nm.
Absorbance values of all the samples in the ingastd range of wavelengths were

all assessed below 1. Other details are discuss®popendix A.2.11.
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Fourier-Transform Infrared (FTIR) spectroscopy

For the FTIR measurements, CXG_PA-H3 1:1, 2:1,81d 5:1 gels were washed
with MilliQ water, frozen in liquid nitrogen anddeze-dried. The freeze-dried gels
were then mashed and diluted to about 2 %wt coretion in dehydrated KBr for
the preparation of the tablets (see Appendix A.2.3)

Transmission el ectron microscopy (TEM)

Precursors solutions of CXG, PA-H3, hyaluronic afith) and PA-E3 used to
prepared TEM samples were all prepared at 0.05i#%isbtonic 10mM HEPES and
mixed at different volume ratios: i.e. CXG_PA-H3lat, 2:1, 3:1 and 5:1, HA_ PA-
H3 at 3:1, and CXG_PA-E3 at 1:1. Preparation of sheples grids for TEM is
discussed in Appendix A.2.12.

Scanning electron microscopy (SEM)

Pre-formed CXG_PA-H3 1:1, 2:1, 3:1 and 5:1 gelseneashed with MilliQ water to
remove salts, frozen in liquid nitrogen and fredred. Samples were coated with a
gold layer before to image fracture surface morpgiels of the gels. Other details are

described in Appendix A.2.5.

Rheology

A TA Instruments AR-G2 rheometer was used to perftiie measurements on all
the pre-formed CXG_PA-H3 1:1, 2:1, 3:1 and 5:1 g&lparallel plate geometry with
8 mm diameter was used for all measurements. Tlsengee placed carefully in the
headspace with a spatula, and the geometry waddtemned to the pre-set 250 um
gap.Oscillatory frequency sweeps were performed inngeaof angular frequencies
between 1 and 100 rad/sec, using a fixed strainso% and at 25 °C. The strain value
was chosen within the linear viscoelastic regiothefsystems, previously determined
by strain sweep tests performed at 1 Hz frequeAayel of PA-H3 in PBS with the

same solid content of the gels was used for comsmari

148



Carboxylated xyl oglucan-peptide amphiphile co-assembled scaffol ds for wound healing

Compression test

CXG_PA-H3 1:1, 2:1, 3:1 and 5:1 gels, were usedtiercompression tests (Instron
5967 Tensile & Compression tester). The tests warged out in culture media. A
preload of 0.0005 N was used to contact the samdedetermine the gauge length.
The samples were compressed to 20 % strain at 1%epend and then held for 120
s. Videos of the compression test were used tarotita gel area. The gel shape was
approximated to a sphere%wt agarose sphere gels were used for compa#sgel.

pf PA-H3 in PBS with the same solid content of tjeds was used for comparison.

Compression moduli reported are averaged on 8 mmasuts per type of sample.

Biological assessment

Cell culture description is provided in Appendix3AL.

Cell viability
For cell viability on top of gels, HaCat cells wesgeded on the gels (10®1¢klls, 96

well plate). After seeding, the samples were puateuragitation for 30 min at 200 rpm
and then maintained in a humidified 5% £&mosphere at 37 °C for a maximum
period of 7 days. After 2 and 7 days, respectivalg|ls were stained with
LIVE/DEAD® ThermoFisher assay (see Appendix A.3.3) for 30ubais before
analysis with a confocal microscope Confocal L&&esinning Microscope (CLSM)
(Leica Laser Scanning Confocal TCS SP2).

Cells encapsulation

For encapsulation of HaCat within CXG_PA-H3 gelslisswere suspended in a 1
%wt PA-H3 solution. Gels were rapidly formed in@&Well plate by injection of PA-
H3 solution containing 10*FCcells into 1%wt CXG solution to form the gels. @t
10 minutes, complete medium was added onto the. Jdéie constructs were
maintained at 37 °C under 5 % &for 7 days with medium changes every two days.
The cells were stained with LIVE/DEADstaining (see Appendix A.3.3) after 2 and
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7 days of culture, as described previously, andibated for 30 min before the
confocal analysis using a Confocal Laser Scanniiggddcope (CLSM) (Leica Laser
Scanning Confocal TCS SP2).

Cells attachment

For the cell attachment assay, HaCat cells werdeskim serum-free medium on top
of the gels. After seeding, the samples were pdeuagitation for 30 min at 100 rpm
at 37 °C and then maintained in static conditioa imumidified 5% C@atmosphere
at 37 °C for 4h in serum free medium in order tovalcell attachment on gels surfaces
without the influence of the proteins present oe #erum. After 4h, serum-free
medium was replaced with fresh complete medium.[Beswere maintained in static
condition in a humidified 5% Cfatmosphere at 37 °C + 0.1 °C for 24h. Cells were
then fixed using a 4 %wt paraformaldehyde (PFA)usoh for 1h at room
temperature. Samples were washed after fixatiaettimes with PBS and stored in
PBS at 4 °C until analysis. Before confocal analysamples were treated with DAPI
at a 1/1000 dilution (nuclei staining) and with pbialin 555 at a 1/1000 dilution
(cytoskeleton staining). Details of the stainingtpcol are reported in Appendix
A.3.4. Images of the cells were then acquired usinGonfocal Laser Scanning

Microscope (CLSM) (Leica Laser Scanning ConfocaST&€P2).

Scratch test

Effect of gels on HaCat cell migration was inveategl by forming a scratch on a
monolayer of cells. For this test, HaCat cells waaaked with CM-Dil cell tracker
(ThermoFisher sci.). Cells were incubated for 15 miith the cell tracker at a
concentration of 4uM before trypsinisation. HaCainwlayers were then grown at
30*10° cells/cm? and incubated until 98% confluence veashed. Complete medium
was discarded, and cells were washed with HBSSisnl{ThermoFisher sci.). A
defined area was scratched with a pipette tip tjindbhe monolayer and the detached

cells were gently washed away again with HBSS &oluGels were carefully placed
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on top of the scratch and gently pressed to hageoa contact with the scratched
area. Either complete medium or serum-free mediwrevhen added. Monolayers
were treated or not with 5pg/mL mitomycin C to imhihe closure of the monolayer
as a result of proliferation.

The images of the scratched areaizet scratched area before the placement of gels
and at 44n were acquired using Confocal Laser Scanning Mampe (CLSM) (Leica
Laser Scanning Confocal TCS SP2). The size of ¢hatched area was calculated
using ImageJ software (http://imagej.nih.gov/ij)IN USA). Percentage of closure

was estimated as described in Appendix A.3.5.

In vivo wound closure

Ten-week-old male CD1 mice were anesthetized bfjuis@ne inhalation, and the
dorsal skin was shaved and sterilized with an atalwab. Two full-thickness
circular 5 mm biopsy punch excisions (surface afeB9.63 mm) were made using
a biopsy punch. The wounds were made approximatety apart on the dorsum of
mice and left to heal by secondary intention. Wisuwere left untreated or had a
hydrogel added to the wound bed. The hydrogelsewdY irradiated prior to
application. The wounds were covered by Tegaderi) (Bansparent wound
dressing, which was secured at the edges by Vetbh@msdie Adhesive (3M). Mice
received a single intramuscular injection of ansigénmediately following surgery.
Following the surgery, mice were housed individgalith access to food and water
ad libitum. Wounds were collected at day eighttresunding. The horizontal and
vertical diameters of the wounds were measurecetmip calculation of the wound
area. Wounds were excised and bisected usinglpescaialf of each wound was
shap frozen in liquid nitrogen and the other hadfviixed in 10% Neutral Buffered
Formalin for 24 hours followed by storage in 70%agtol to permit histological
analysis at a later time point. Other in-depth iinfation are provided in Appendix
A.3.6.
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6.3. Resultsand discussion
6.3.1. Gel formation and char acterisations

Peptide amphiphiles (PA) and carboxy-xyloglucan @G3Xvere used as building
blocks for the formation of co-assembled fibrousveeks to be evaluated as scaffolds
for wound healing applications.

A modified version of xyloglucan has been obtaitlkedugh a TEMPO-mediated
oxidation reaction in order to insert carboxyl gueun the polymer chain as ionisable
functional groups that can promote electrostatieractions with oppositely charged
molecules. The XG carboxylation reaction and thepprties of CXG have been
already discussed in Chapter 5.

The PA molecule suitable to co-assemble with CXG wlaosen among a range of
different sequences, all characterised by threifes: (i) the hydrophobic palmitoil
tail, (ii) the B-sheet forming motif (-(VagfAla)s-), and (iii) an ionisable amino acid
sequence. In particular, the sequences testedthav&ame palmitoil tail and tife
sheet forming sequence and differ for the ionisalohno acid sequence. They were
combined with CXG and incubated for 24h. HEPES dwffias chosen for the
preparation of the CXG and PA precursors solutidresause it is a cell-friendly
buffer that does not induce gelation of PAs.

(-potentials in HEPES buffer of the tested PA seqasrare reported in Tab. 6.3.
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Tab. 6.3 {-potentials values of the tested PA sequences iPESbuffer at pH 7.4

Name ¢ potential (mV)
PA-K2 +38,12 + 1,36
PA-K3 +34,77 £ 0,75
PA-K4 +35,62 + 1,10
PA-H2 +8,8£1,36

PA-H3 +15,9+0,48
PA-E3 -29,94 + 0,84

The selection of the suitable PA sequence as wetifahe method to co-assemble
CXG and PA were made on the basis of the visugsassent of structural integrity,

uniformity and resilience of the obtained gels.

To establish a reproducible method of co-assentifferent methodologies were
tried: (i) side-by-side contact of the CXG and RAusions; (ii) dropping PA solution
on top of the CXG solution or vice versa; and (iijecting the PA solution inside
CXG solution and vice versa (Fig. 6.3). The firstthod leads to a membrane-like
structure at the interface between the two compgraunt not very uniform, while the
second method leads to the formation of a donetdtkucture. The third method leads
to a uniform sphere-like gel, that is a preferredpe for this study.

Furthermore, it was observed that the formatioged§ obtained by injection of PA
inside CXG was much more reproducible than thectige of CXG inside PA and

thus this approach was adopted for this work.
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Fig. 6.3 Schematic representation of different co-assemigthodologies and pictures of the
corresponding representative gel structures: sydgide contact of the two solutions (a, a’); onkigon

drop above the other (b, b’); injection of one siolu drop inside the other (c, ¢’)

The chosen method of co-assembly was employechéidentification of the most
suitable PA sequence, among all the sequencegdedgnrTab. 6.1, that co-assemble
with CXG forming uniform and resilient construd®ctures of the obtained CXG/PA
systems are reported in Fig. 6.4.

As expected, the use of the negatively charged BAekeals no visible interaction
with CXG (Fig. 6.4a). All the positively charged PAesult in opaque constructs,
more or less dense depending on the PA sequende(feise 6.4b-f). In particular,
both PA-H2(Fig. 6.4e) and PA-H@ig. 6.4f) form compact constructs, that are more
uniform and resilient for PA-H3. For this reaso®-R3 was selected for further

characterisations.
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Fig. 6.4 Microscopy images showing the interaction betwe¥®@nd PA-E3 (a), PA-K2 (b), PA-K3
(c), PA-K4 (d), PA-H2 (e) and PA-H3 (f)

To the best of my knowledge the PA-H3 sequencenkeasr been reported in the

literature and never been used in co-assembly pothisaccharides. The sequence
was proven cytocompatible thanks to a study comdisy Matagroup at Queen Mary
University of London, that revealed that amongfadl sequences tested in this work,
PA-H3 shows the best cytocompatibility (E.Collinagt unpublished results). In the

design of PA-H3, th@-sheet forming sequence was included to promotassembly

in nanofibers, as in the others studied PAs, ansl also proven to be able to form
gels in presence of PBS. This phenomenon, alsategptor other PA sequences, has
been attributed to the screening of the PA nanofhbegace charges by the buffer ions
and/or by deprotonation as a result of the charigeHo thus resulting in nanofiber

aggregation and gel formation.[7]

Electrostatic forces are needed in co-assemblyaamdbelieved the driving forces of
the assembly in interfacial systems.[17] The eleaticharges of polyelectrolytes are

related with the degree of protonation or deprationzof their ionisable groups, and

155



thus they are influenced by the pH. For this reami-potential of the two building
blocks was measured at different pHs. THgotential values reported in Tab. 6.4,
show that CXG surface charge is negative at neatrdlalkaline pH (ca. -28 mV at

pH 8), while PA-H3 is more markedly positive at ptldic pH (ca. +43 mV at pH 4).

Tab. 6.4 (-potentials of CXG and PA-H3 in MilliQ water

Z-potentials (mV)

Medium pH 4 5 6 7 8
. CXG -16.54+15 -17.56 £ 1.4 -21.8+0p -26.4+x 147 27712
MilliQ
water
PA-H3 +42.9+ 15 +46.0 + 1.45 +7.2+0.p -12.01 £(Q.6 13.2 £05

The influence of pH of the polymer solutions on #eictural integrity of CXG/PA-
H3 gels was investigated also by visual inspectitig. 6.5). Gels obtained from the
co-assembly of PA-H3 solution at pH 4 or 5 and C3@@ution at pH 7 or 8 resulted
compact and resilient, while looser gels were olg@ifrom PA-H3 solution at pH 6,
7 or 8 and CXG solution at pH 4, 5 or 6. As expécthe pH conditions that lead to
the more compact gel were also those in which thetentials of CXG and PA-H3
in absolute value, were higher. This result condithre important role of electrostatic
interactions in the co-assembly. As observed iemstbo-assembled systems stronger
constructs are obtained from strongly oppositeBrgh building blocks.[17,18]

On the basis of these results, HEPES buffer solstald CXG at pH between 7 and 8
and PA-H3 at pH between 4 and 5 were used.
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CXG

pH 4 pH7 pH 8

pH 4

PA-H3

pH 7

pH8

Fig. 6.5 Table reporting co-assembled structures of CXGR#dH3 both prepared in HEPES buffer at
different pHs (scale bar 1 mm)

The interaction between CXG and PA-H3, when aré po¢pared in HEPES buffer,
and the PA-H3 solution is injected into the CXGusiain, is very rapid at the interface
but long times are required for the gel to reasliiital “stable” condition (Fig. 6.6a).
A construct forms immediately after the introduatiof the PA-H3 solution into the
CXG drop, but is very fragile and gradually evolieto a resilient and tough gel,
reaching full maturation after 24h of incubatio®{€ and 38% RH).

The interaction between CXG and PA-H3 was obseivgide a PDMS channel (Fig.
6.6b). After the deposition of PA-H3 solution oneoride of the channel, CXG
solution was pipetted on the opposite side untilas in contact with the PA solution.
Due to the different method of co-assembly, in tase a membrane is obtained at
the interface of the two building blocks insteadaphere-like gel, as described above
(see Fig. 6.3a). As observed in the sphere-likesttoat, this membrane is

immediately formed and it grows over time (Fig6iH.
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Fig. 6.6 Optical microscopy images of interaction of CXG &#H3 after injection of PA-H3 into CXG
solution and follow up over time (a); CXG and PA-btdutions in contact inside a PDMS channel with a

diameter of 3 mm (b)

Following these first assessments, CD was perforimedder to investigate how the
secondary structure of PA-H3 is affected by thermttion with CXG. In Fig. 6.7a-d
the CD spectra of CXG_PA-H3 mixtures are repor&dce the concentration of PA-
H3 in the various mixtures is different, each speutis compared with the spectrum
of the corresponding PA-H3 system at the same carat@n than in the mixtures.
CXG does not have a chromophore that absorbs i2@e— 260 nm wavelength
range, therefore no ellipticity was observed is thavelength range. PA-H3 spectrum
shows a negative peak near 220 nm and a positiae ggeabout 202 nm, indicating
the presence @f-sheet secondary structure at all the reportedesurations.[29]

The CXG/PA-H3 mixtures show shifts of tResheet signal to higher wavelengths.
CXG_PA-H3 1:1 shows a shift of the minimum from 288 to 224 nm, CXG_PA-
H3 2:1 and 3:1 to 223 nm, and CXG_PA-H3 5:1 to 881 The band becomes also
progressively broader. These shifts suggest a lgessiodification of theB-sheet
secondary structure, probably due to interactiosisvben CXG and PA-H3. The

higher is the relative amount CXG in the syster,lthwer is the-sheet signal shift.
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Fig. 6.7 CD spectra of mixtures of CXG/PA-H3, at volumeastl:1 (a), 2:1 (b), 3:1 (c) and 5:1 (d),
having a total final concentration of 0.01%wt; eaaive is supplied with the spectrum of PA-H3 & th
same concentration than in the mixture. (%wt refitto CXG and PA-H3 in the various analysed system

are reported in graphs’ legend)

FTIR spectra of CXG, PA-H3 and of the CXG_PA-H3,21, 3:1, and 5:1 gels are
shown in Fig. 6.8a-c. The spectra were normaligetié85 cm' for simplicity of
representation.

The spectrum of CXG (Fig. 6.8a) shows the typicalkl peak at 3400 chrelated
to the stretching of —OH groups, the stretchingCefl at 2918 cm and 2883 cm
with subdued intensity because of the cyclic naafrsugar rings, the peak at 1620
cnt! t related to the stretching of the carbonyl groinpthe deprotonated form and
the band at 1040 chthat is typical of glycosidic bonds. The spectmi?A-H3 (Fig.
6.8a) is characterised by the broad peak at 3416acrd a peak at 3282 cnthat are
related to the stretching of O-H and N-H, respetiivThe peaks at 2960 crand at
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2920 cmt are attributable to the C-H stretching of the hllajl. Furthermore, the
peaks at 1635 cand 1541 cm are related to the stretching of the C=0 of thaam

I, and the bending of N-H of amide Il and both etwderistic of the peptide sequences.
Moreover, the three peaks in the finger print ragib965 cmt, 891 cmt and 851 cm

! are typical of aromatic compounds, and referrethéobending of C-H of aromatic
rings. Spectra of all the gels (Fig. 6.8b-c) loikde ithe superimposition of the spectra
of the two building blocks. Peaks at 1635 cand 1541 cm related to amide bonds
of PA-H3 are also present in gels spectra, whisb display the CXG print in the
characteristic glycosidic band at 1039°tm

CXG
—— PA-H3
—— CXG_PA-H3 1:1

Abs A.U.

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

—— PAH3

—— CXG_PA-H31:1
- CXG_PA-H32:1

—— CXG_PA-H33:1

—— CXG_PA-H35:1

Abs AU.
Abs A.U.

4000 3500 3000 2500 2000 1500 1000 1800 1600 1400 1200 1000 800

wavenmber (cm™1) wavenmber (cm™1)
Fig. 6.8 FTIR spectra of solely CXG, PA-H3 and of CXG_PA-H3 (a); comparison between PA-H3
and CXG_PA-H3 gels 1:1, 2:1. 3:1 and 5:1 in the letamalysed range of wavelengths (b) and its zoom
in a range between 1800 grand 800 cm
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The influence of the interactions between CXG afeH3 on the morphology of their
supramolecular aggregates was investigated thro&gh microscopy (Fig. 6.9). PA-
H3 forms short and homogeneously dispersed fibfedbout 10 nm diameter (Fig.
6.9a), while CXG has an amorphous structure (Fp)6 When the PA is combined
with CXG in any of the ratios used, large fibrogg@gates form (Fig. 6.9c-f) with a
significant increase of both the length and thendiger of the fibres. Furthermore, the
absence of isolated fibres around these aggregai@sthe CXG_PA-H3 systems
suggests that CXG is able to sequestrate the PAibHS and incorporate them within

its structure to form a non-covalently crosslinkedwork.

Fig. 6.9 TEM images of PA-H3 (a) and CXG (b), compared V@G _PA-H3 mixture 1:1 (c), 2:1 (d),
3:1 viv (e) and 5:1 (f) volume ratios

Furthermore, it was proved that negatively chaf@adPA-E3) was not able to form
the same aggregates. PA-E3 fibres (Fig. 6.10ajnaich longer than PA-H3 fibres;
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when mixed with CXG they do not form aggregateseaping separate or covered by
CXG deposits (Fig. 6.10b).

/ / B s e pm

Fig. 6.10 TEM images of solely PA-E3 (a) and mixed with CXt&xed at 1:1 volume ratio (b)

The co-assembly of PA-H3 with hyaluronic acid (HA&s also observed by TEM.
The chosen HA has a molecular weight of ca. 400 kieace similar to CXG. In Fig.
6.11 TEM micrographs of PA-H3, CXG_PA-H3 3:1 and/RA-H3 at 3:1 are shown.
The assembly of HA/PA-H3 (Fig. 6.11c) is differértm the assembly of CXG/PA-
H3 systems (Fig. 6.11b). HA promotes the formatiddrmuch longer and thicker
fibres, which assemble in large bundles. The diffiebehaviour in co-assembly can
be ascribed to the different molecular structurethef two polymers, and charge
density: linear and strongly anionic for HA, withost branches and less anionic for
CXG.
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Fig. 6.11 TEM images of solely PA-H3 (a), CXG_PA-H3 3:1 systéh) and HA_PA-H3 system 3:1

volume ratio

Morphologies of CXG_PA-H3 gels were investigateatiygh SEM and are reported
in Fig. 6.12, together with the morphologies of C{&yg. 6.12a-a’) and PA-H3 gel
(Fig. 6.12b-b"). PA-H3 shows a non-porous strucaseavell as CXG but, differently
from CXG, it is characterized by the presence ofnoding fibers (Fig. 6.12b’).

All CXG_PA-H3 gels look very similar, displaying @orous microstructure (Fig.
6.12c-f), characterized by a submicroscopic fibrstuscture that can be attributed to
the presence of PA-H3. CXG_PA-H3 1:1 and 2:1 (Bid.2c-d) seems to have a
smaller porosity with respect to CXG_PA-H3 3:1 &t (Fig. 6.12e-f). In particular,
the gel with CXG_PA-H3 5:1 shows a structure tiesembles the typical xyloglucan
lamellar structure (see Fig. 4.8 in Chapter 4). dderthe increased amount of CXG
employed in the co-assembly, has an impact on tbestructure of the obtained gel.
The thicker and longer fibers of CXG_PA-H3 2:1 atid (Fig. 6.12d’ and f,
respectively), already observed by TEM, are alsarty evident in the pore walls of
the corresponding SEM micrographs.
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CKG.(PA-H3 3:1
354
oy

Fig. 6.12 SEM morphologies of CXG (a-a’), PA-H3 (b-b’) ankG_PA-H3 gels at different scale 1:1(c-
c’), 2:1 (d-d’), 3:1 (e-e’) and 5:1 (f-f') at diffent scale

Dynamic mechanical analysis was performed on PAgEBformed in PBS and on
the various CXG_PA-H3 gels and mechanical specaat@own in Fig. 6.13. All gels
show storage modulus (G") higher than loss mod(@i3, and G’ and G” that are
almost invariant with frequency in the whole invgated range of frequencies,
indicating a predominantly elastic behaviour, tisathe typical behaviour of highly
crosslinked, “strong” gels.[30] The pure PA-H3 bak also the typical behaviour of
a “strong” gel, yet it exhibits lower values of &d G”. The much higher values of
G” for the CXG_PA-H3 gels actually support the gahesvidence gathered from
handling these materials that tougher and moréaesimaterials were obtained when

PA-H3 nanofibres where mixed with CXG.
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The CXG_PA-H3 gels show higher G’ values at thedase of CXG content. It can
be expected that the ticker and longer fibres faringhe co-assembly reinforce the

network, improving its mechanical properties.
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Fig. 6.13 Dynamic mechanical analysis in shear mode of PAgel3ompared with CXG_PA-H3 1:1,
2:1, 3:1 and 5:1 gels

CXG_PA-H3 gels were also subjected to uniaxial defdion during compression in
culture media to simulate the biological microeamiment of the gel, when acting as
scaffold. The tests were performed on both the R3Agel formed in PBS and various
CXG_PA-H3 gels and the measured compression madelreported in Fig. 6.14.
An increase of the compression modulus is presdntedl samples containing CXG
with respect to PA-H3 gel. No significant differesccan be appreciated among

samples with different relative amount of the tvadymers.
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Fig. 6.14 Compression moduli (kPa) of PA-H3 gel, CXG_PA-H3,2:1, 3:1 and 5:1 gels

6.3.2. Biological assessment

New biomaterials need to be firstly testeditro to ascertain that their cytotoxicity
is not affected. Cell viability with and within thgels, attachment and migration have
been studied in order to evaluate the suitabilitthe described gels as scaffolds for
wound healing applications. Indeed, CXG/PA-H3 syt are able to form fibrous
structure that resembles to the extracellular m&@ECM) structure.

Prior to all biological assessments, all the gedsnely CXG_PA-H3 1:1, 2:1, 3:1 and
5:1, were incubated at 37 °C in complete cell ¢eltmedium to assess gels stability
in cell culture conditions. Gels were observed eMedays, with no dissolution of the
co-assembled CXG/PA-H3 gels, while the control P2-gkl in PBS started to
disassemble in small pieces after 10 days of indoda(Fig. 6.15). CXG_PA-H3 1:1
was excluded fronn vitro biological evaluations because among all the igetlse

less tough.

167



Time incubation in
medium at 37 °C

(days] 0 2 5 10 45
CXG_PA-H3
PA-H3
Dissolved

Fig. 6.15 Gel stability assessment in cell culture mediurd7atC; optical microscopy images of a
representative gel CXG_PA-H3 (top) and a PA-H3igéBS (bottom)

Cell viability was investigated in two differenttegs: (i) cells were seeded on top
of CXG_PA-H3 gels in order to assess their viapitih the surface of the gels (Fig.
6.16a) and (ii) cells were encapsulated withingaks (Fig. 6.16b).

(a) (b)

| J'
l Cells in PA-H3
solution :
Cell culture Ha e CXG solution
Cells . medium (PH 4) (pH 8)

J | |

Fig. 6.16 Settings used for viability testells seeded onto preformed CXG_PA-H3 (a) and cells

encapsulated within the gels (b)

In the first setting, cytotoxicity of CXG/PA-H3 gelwas investigated by culturing

HaCat cells onto the pre-formed gels. After 2 andays, gels were stained with
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LIVE/DEAD® assay staining (green - live cells, red - deald)célhe obtained results
are summarized in Fig. 6.17. After 2 days, no optimity was detected for all gels
and the different building blocks (CXG and PA-H&hich exhibit a viability

comparable to non-treated cells (Non tt) (Fig. &)1After 7 days, cells showed good

viability without sigificative statistical differare between gels and non-treated cells
(Fig. 6.17b).
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Fig. 6.17 Confocal images of HaCat cells stained with calggin (live indicator; green) and ethidium
homodimer-1(dead indicator; red) after 2 and 7 ge&-seeding onto CXG_PA-H3 gels. Results of
viability (percentage of alive cells) after 2 d¢g$ and 7 days (b) compared to cells seeded ortBlPA
gel, cells treated with CXG and untreated cells
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In the second setting, cytotoxicity of CXG/PA-H3 Igiewas investigated by
encapsulating HaCat cells within CXG/PA-H3 gels.d&scribed previously, after 2
and 7 days, gels were stained with LIVE/DERRssay. The obtained results are
summarized in Fig. 6.18. Also in this case, a go@bility was observed upon
encapsulation within all the gels and with the colrtuilding blocks both after 2 (Fig.
6.18a) and 7 days (Fig. 6.18b) of culture.

CXG_PA-H32_1 CXG_PA-H33_1 CXG_PA-H35_1 PA-H3
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Fig. 6.18 Confocal images of HaCat cells stained with calggin (live indicator; green) and ethidium
homodimer-1(dead indicator; red) 2 and 7 days afteapsulation within CXG_PA-H3 gels. Results of
viability after 2 (a) and 7 days (b) compared tlisceeeded onto PA-H3 gel, cells treated with CX@ a

untreated cells
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For the evaluation of cell attachment, cells wereded onto the hydrogels. Control
of cell attachment on CXG is not provided becaus®litions to gel CXG on its own
was not explored in this study. After 24h, numeroelis were seen attached on the
surface of the gels (Fig. 6.19). A significantlyver number of cells was found onto
the PA-H3 gel used as control (Fig. 6.19a). Thisepbation suggests an involvement
of CXG molecules in cell attachment and in parécut can be related with the
presence of CXG in the gels which seems to enhaalteattachment. A possible
explanation of this behaviour can attributed tophesence of galectin-7 receptors in
HaCat cells that can recognise galactose residassmt in CXG branches. Galectins
are a class op-galactoside-binding receptors involved in the niatlon of cell-
matrix interactions and reepithelization of woundsy carbohydrate-based
recognition.[31] This protein have also a role iound healing process.[32] Indeed,
they can promote reepithelization of skin by influimg cell migration and not cell
proliferation.[31]

Cells on the surfaces of the gels adopted a spresghology with a distribution in

clusters.

100 pm 100 um

Fig. 6.19 Cells attachment on PA-H3 gel (a), CXG_PA-H3 4}, 8:1 (c) and 5:1 (d) gels
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Closure of the scratched area of a HaCat monokfi@r24h was analysed and results
are reported in Fig. 6.20. Scratched monolayers wetubated with CXG in solution,
PA-H3 and CXG/PA-H3 hydrogel systems in presencabsence of mitomycin C as
inhibitor of the proliferation. In this setting,eltlosure that occurred in samples with
mitomycin was attributed to cell migration, whikesamples without mitomycin, the
closure was attributed to a combined effect of atign and proliferation.[33] In both
analysed conditions, with and without mitomicyr,the gels, including the control
PA-H3, show poor scratch closure compared to neatéd cells (Non tt), while CXG
shown a closure comparable with non-treated cEliss effect was attributed to the
administration of CXG to cell monolayer as a santiwhile all the others are gels
could, in this setting, act as a barrier impairiihg result.

For this reason, it is compared just the effecilbthe gels as they are administered
in the same physical form. Indeed, CXG_PA-H3 5:lLg@w a significant higher
scratch closure compared to all the other gelsoih lsonditions, with and without

mitomycin.
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Fig. 6.20 Histogram reporting the percentages of scratchuodoafter 24h observation in presence of
mitomycin (a) and without mitomycin (b); imagestbé scratch atand after 24h for CXG_PA-H3 2:1
(c-c’) and 5:1 (d-d’) in presence of mitomicyn; iges of the scratch atand after 24h for CXG_PA-H3

2:1 (e-e”) and 5:1 (f-f") without mitomicyn

In conclusion, fronin vitro biological evaluations it was observed that CXG-IF3\
2:1 and 5:1 hydrogels have better performance than3:1 CXG/PA-H3 ratio.
CXG_PA-H3 2:1 shown a high viability percentagebioth the tested setup and
CXG_PA-H3 5:1 shown better cell adhesion and betipability to enhanda vitro

wound closure. For this reason, these two gelg welected foin vivo testing.

Hence, a full-thickness excision wound was createdlLO-week-old female CD-1

mice. The PA-H3 hydrogel alone without CXG and agdrogel/no peptide (Non tt)
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were used as controls. A secondary dressing, Tegafilen, was applied on top of
the wound, with or without the hydrogel, to mainta moist environment and the
hydrogel in place. Image analysis of the wound grosrphology demonstrated faster
wound closure after 7 days in presence of allebtet] gels with respect to non-treated
wounds and results are reported in Fig. 6.21. Timdagity of the wound closure
percentages between CXG/PA-H3 gels and solely PAy¢l3nay be due to the late
time-point chosen in this experiment (7 days). gdjat was observeih vitro that
after 24 hours CXG enhanced the closure on thetctcran cell monolayer.
Furthermore, in previous reports the enhancemerinofitro scratch closure in
presence of xyloglucan has been observed at daggs namely between 24 and 48
hours.[34] Therefore, it is suggested that ead&a points are needed to conclude on
the effect of CXG on wound closure in mice. Moregpveistology analysis (in

progress) may as well reveal the effects of thegmmee of CXG in the gels.

% closure

& ;?:b N N
& @ e
¥ ¥
(AN Y
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Fig. 6.21 Percentages of wound closurevivo after 7 days
6.3.3. Future per spective

A variant of PA-H3 with the addition of QHREDGS ks@nal peptide sequence was
designed and synthesized and it will be named hafter PA-H3i,. Looking at the
chemical structures of PA-H3 (Fig. 6.22a) and PA:w@ig. 6.22b), the two PA
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sequences have the same structure including akil &/3As- B-sheet forming
sequence, followed by the sHpolar sequence, but PA-Eanclude a further portion
constituted by —& and the -QHREDGS sequence. The—$&quence between sH
polar and the bioactive peptide sequence, wasdnted as a spacer.

It has been shown in previous report that a nunatbehree aminoacids as spacer
favour a good display of the biosignal on PA napexfs. [11][35]

Glycine was chosen because it is the simplest aatitband it does not have pendant
group that could badly impact the assembly of thme$. To the best of my
knowledge, this is the first report of this peptataphiphile sequence.

(a)

Ny N N Ny NH,
H §  H § H § Hog !
N N N
[ JL L e e e e
Palmitoil \ \ \ A A A H H H

(b)
o

N
" ™ 0 oy OH
N\A/\/\N\)HmﬂNIrﬁﬂNJ\(HﬂNJ\rHﬂNﬁﬂﬂNHiN«(ﬂﬁNgﬂﬁ énﬁugnﬁwf\("”z
/E\Ho/i\HoéHoé\//H\O;/HOH “_H

N/

Palmitoil V V V A A A H H H G G G Q H R E D G S

Fig. 6.22 Molecular structure of PA-H3 (a) and of PA-d3enriched with a spacer and biosignal
sequences in blue and in red, respectively (b)

Some preliminary assessments were performed omgfnsPA-H3jo .

Morphology of PA-H3i, was investigated through TEM (Fig. 6.23). CompaoddA-
H3 fibres shown in Fig. 6.23a, PA-k3forms longer fibres (Fig. 7.23b-c) and
promote the aggregation of those fibres into fusexddles, very clear in Fig. 6.23d
(see the arrow). This different morphology on TEbuUId be correlated with the
presence of the biosignaling sequence in the PAdtnangly affect the assembly
observed for PA-H3 sequence. This phenomenon hes h&eady reported in
literature for other PA sequences with bioactiveines.[16]
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Fig. 6.23 TEM images of PA-H3 (a) and PA-g3at different scales (b,c and d)

Interactions between CXG and PA-4d3were visually tested (Fig. 6.24). For this
assessment, as used for CXG and PA-H3 systems,tIHBRES solutions of CXG
and PA-H3i, were prepared and injecting PA+#@#3inside CXG solution, the
interactions between these two components leatbimsar construct (Fig. 6.24a) with
respect to the tough and resilient gel that waainbtl with PA-H3 (Fig. 6.24b). This
different result suggests that further investigadiare needed before to proceed with

the integration of this PA in CXG/PA-H3 gels

Fig. 6.24 Picture of CXG/PA-H3, gel (a) and of CXG/PA-H3 gel (b)
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Stupp et al. suggested to overcome the problerffefeht assembly using a bioactive
PA, diluting the biosignal-presenting PA with a ractive shorter PA sequence. This
strategy has been demonstrated a valid alternatiakbow the epitope to be displayed
protruding from the fibre surface, as describethi pictorial representation in Fig.
6.25. Indeed, they demonstrated that PAs displagm&GDS epitope benefit from
the presence of a diluent molecule to co-assembib the epitope-presenting

molecule and space the RGDS epitope for optiméakeebgnition and adhesion.[11]

Fig. 6.25 Molecular graphics representations of binary P&fs assembled from 90% non-active diluent
and 10% P#, accented in yellow; figure adapted from [36]

Hence, the future plan for this work is to dilut&-A3, with the PA-H3. Firstly, the
bioactivity of PA-H3i/PA-H3 gels has to be assessed and different ragbseen
PA-H3ui, and PA-H3 have to be tested in order to identify better conditions in
which the biosignal give an optimal display andogaution by the cells. Secondly the
selected PA-Hg/Pa-H3 could be assembled in presence of CXG, vieltb by
physico-chemical characterisation of the new getsl subsequent biological

assessments.
6.4. Conclusions

This study has demonstrated the ability of CXGdessemble with PA-H3, forming
tough and resilient sphere-like gels with a fibrouisrostructure.

Co-assembly resulted influenced by the pH of trecprsors solutions and thus, by
their electric surface charge density. The bestgel obtained mixing CXG at pH
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between 7 and 8 and PA-H3 at pH 4 or 5. These thergH conditions that allowed
CXG and PA-H3 to be strongly oppositely charged-aSsembly of CXG and PA-H3
led to the obtainment of a fibrous network, as ob=# by both TEM and SEM
microscopies. The presence of CXG in the gels as@d both storage modulus upon
shear stress and compression modulus, in compatsdPA-H3 gels. The co-
assembled gels were stable for longer (up to 1 mowhen kept immersed in
physiologic fluid and did not induce cytotoxicitftexr 2 and 7 days of incubation with
HaCat cells.

Moreover, gels loaded with HaCat cells showed adgndocompatibility both after
2 and 7 days of incubation. Cell attachment seenfietenhanced for the CXG_PA-
H3 5:1 system and this gel also showed the bestrimscratch closure enhancement.
This is probably due to the recognition of galaetossidues by galectin-7 receptors
present in HaCat cells. Based on the in vitroltesabtained, CXG_PA-H3 2:1 and
CXG_PA-H3 5:1 were selected for in vivo studieswolund closure. An enhancement
of the wound closure after 7 days was observedlf@ystems tested.

Furthermore, a PA-H3 variant including a QHREDG $tjuke as biosignal to target
chronic wounds was designed and synthesized. tisrporation in CXG/PA-H3

systems will be studied in the future
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7. RFID epidermal sensor including xyloglucan-based hydrogel films: wound

dressing and wound monitoring applications
7.1. Introduction and aim

Nowadays, with the growing aging of people in manayts of the world and the

increasing incidence of chronic diseases suchaisetis or obesity, chronic wounds
and ulcers represent a very big economic and sizsiaé for health care systems all
over the world.[1] Chronic wounds and ulcers argipalarly distressful for patients

that suffer for restless and long-term pain, disimohtaused by the malodour, need
of frequent inspections and medications. Foot slcir example, occur in 25% of

diabetics and are the leading cause in the 85%etases of non-traumatic limbs
amputation.[2]

Wounds are typically managed as a co-morbiditytbéoconditions and there is still

a lack of knowledge on the biochemical physiopaifglof this type of wounds that

has hampered the innovation in new therapies, ditgs, clinical practices and

procedures.[3,4]

Furthermore, the choice of the dressing is a chgiley aspect of wound care since
there is no single dressing suitable for all tH&edint types of wounds (acute, chronic,
burn etc.) and the wound healing pattern can bg darerse and complicated by
comorbidity.[3]

In general, protection from infections and traunmghe most fundamental and
traditional role of a wound dressings in the meldizactice. Indeed, chronic ulcers
are highly susceptible to infection.[5,6]

Further features have been added to the woundigeasorder to support or enhance
the healing process, such as the ability to prowggration,[7,8] to absorb wound

fluids and exudates, release growth factors, ptewetreat infectious states through
the incorporation of anti-microbial agents. Furthere, it is important to prevent an
excessive exudates accumulation that could inbdéitproliferation and lead to skin

irritation, especially in chronic wounds in whidhetelevated proteolytic activity of
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exudates perpetuates wounds, damages the woundiégddes the extracellular
matrix, causing peri-wound skin problems.[9]

Hydrogels represent a very promising category aenmls for this purpose because
they are hydrophilic networks, able to maintainoadybalance between hydration of
the wound and fluids absorption, generally non-adkee to the skin and high
conformable. This topic has been already treatéchimpter 2 (paragraph 2.3.2.1.4).
However, passive hydrogels are not sufficient tallehge the complex scenario of
chronic wounds.

A possibility to improve hydrogel dressings coule the embedding of diagnostic
tools to measure biologically relevant paramet&@3.Continuous or semi-continuous
interrogations and readouts can be used to redoeefrequency of medical
interventions, to detect potentially problematiodibions that require attention, but
also to collect relevant data to resolve predidtigads and elaborate more efficacious
therapies.

In particular, epidermal electronics is one of mhest innovative and promising field
of wearable devices which allows to operate inaicentact with the human skin.[10]
While technologies that can detect specific mark#rthe wound healing process
probably still need to await a clear understandiftipe chronic wound biochemistry,
there are parameters that have been already igentid be critical to healing,
including level of hydration and temperature. Indlean optimal level of hydration is
required for optimal wound management; excessivistun@ results in maceration,
while too little results in wound drying out andgaired tissue regrowth. On the other
hand, an increase of the temperature of the wouay Ipe an alert for the early
detection of bacterial infections, avoiding frequémspections of the wounds that
cause dressing-change discomfort for the patiedt &leo avoiding unnecessary

administration of antibiotics.[6]

Ultra High Frequencie@JHF) radio frequencies identification (RFID) istkype of
technology that envisages all the characteristfalfdl the vision of “smart” plasters

for wound monitoring that can gather and returf®rmation about the wound
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environment. RFID permits indeed to conjugate sensand communication
capabilities without the needs of local power sympldedicated electronics, it is able
to interact with human epidermis and wirelesslynsrait data.[11] Furthermore,
multifunctional sensing can be achieved throughube of a new family of RFID
microchips equipped with an integrated temperatenssor. Parameters such as
temperature and fluid loss could be locally dediy the “smart” plaster and
remotely transmitted by using devices either inocaged into or near wound
dressings. Furthermore, the possibility to direatlydify the clinical therapy, e.g. by
modulating the local release of drugs through omaled heating of the device,
according to the state of the wound, could operranfsing opportunity in the

management of chronic ulcers or infected acute wsun

Itis here proposed to couple the XG-PVA(GL1)_CXlngel film, already presented
in Chapter 4, with an inexpensive, lightweight URFID tag to produce a hydrogel
wound dressing that can battery-less monitor teatpe and moisture level of the
bandage in contact with the wound.[11] The hydrdiyel XG-PVA(GL1) _CX was
selected for this study among all the formulatidescribed in Chapter 4, because its
chemical crosslinked structure guarantees thetaesis to dissolution when in contact
with aqueous media, it shown the higher swellingrde and its porous structure was
preferred over the lamellar structure of XG-CX finfFurthermore, it shown good
biocompatibility and hemocompatibility.

This work investigated the electrical propertiesl &ime radiofrequency response of
the selected film. It also complements the charaetton of this material with its
biaxial mechanical properties and swelling behakimth in immersion and in contact
through a porous membrane with simulated biologitatls. Furthermore, it was
evaluated also the ability of the film to uptakel aelease a hydrophilic molecule and
in particular a fluorescent probe, in the perspectf the film loading with a
hydrophilic antibiotic. Then, the ability of thérfi to retain serum protein and to have

a barrier effect against bacteria wereitro evaluated.
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7.2. Materials and methods
7.2.1. Materials

Xyloglucan (XG) was kindly provided by DSP Gokyodéband Chemical Co.
(Japan). Poly(vinylalcohol) (PVA, MW=16kDa, 98% deg of deacetylation),
aqueous (glutaraldehyde at 25%wt (GA, containing 8%mwonomer, 22%wt
hemiacetal and oligomers), glycerol (GL), HCI (1MgOH (1M), NaCl, fetal bovine
serum (FBS) and Atto 633 were all purchased frogm@rAldrich. All the reagents

used in this work were employed as received.
7.2.2. Methods

Preparation of the hydrogel films

The preparation of XG-PVA(GL1) CX film has been g@eted in Chapter 4 and
described in detail in Appendix A.1.1. Briefly, X&Qowt)/PVA(2 %wt) at 50%
volume ratio were reacted with glutaraldehyde idiacenvironment for one hour at
room temperature and under constant agitation.r Afies time, the solution was
neutralised and glycerol was added under agitafitie. homogeneous mixture was
casted into a glass petri dish and air-dried.

Mechanical properties

The mechanical properties of the hydrogel woundging were evaluated by means
of biaxial tension tests on a BAsglanar biaxial TestBench instrument equipped with
four 250 N electromagnetic engines. From the hyelrddms, 20x20x0.6 mm
specimens were obtained by means of a regularantefixed to four clamps, each
corresponding to one motor. The tests were cawigdn displacement control by
stretching the specimen, in each direction, ateedmf 1 mm/s. The forces in two
directions were monitored through two 250 N loallisoghile the strains field at the
specimen surface were obtained with a digital vidensometer (DVE) assuming
as reference length the position of five markeosi(fat the corners and one at the

centre) which displacements were monitored by a&40@8 pixel digital camera with
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a refresh rate of 50 Hz.Results obtained were averaged on 5 measureménts o

different samples.

Swelling degree
Swelling tests were carried out with two setupgrupmmersion of the samples in the
swelling medium (Fig. 7.1a), and by placing the gk® on 6-well plate equipped
with Transwell insert (Fig. 7.1b). Samples were-weaghed after equilibration in air
at 50% RH, exposed to the medium for determineibgerof time, then removed
from the swelling medium, blotted with filter papend weighed. Temperature was
kept at 25°C. The swelling degree was determinelifi@rent media, namely, distilled
water, 0.9 %wt NaCl isotonic solution and fetal im@vserum (FBS) and it was
assessed gravimetrically using the following earati

SD% = (W — Wy) / Wq x 100

where W corresponds to the hydrated weight of the sampieVelinrepresents the

sample “dry” weight.

(a) Film (b) Film

Membrane

Fig. 7.1 Two different swelling setups for swelling degreeasurements: film completely immersed in th

swelling medium (a) and film in contact with theedlimg medium through a porous membrane (b)

In vitro hydrolytic degradation

Thein vitro degradation test was performed by the immersiairpfilm samples in
15ml of PBS solution (pH 7.4) at 37°C, during 6 lgeAt pre-determined periods,
the samples were removed from the degradation mediashed with distilled water

to remove degrade fractions, freeze dried and weighed
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Scanning Electron microscopy (SEM)

Surface morphology was imaged by a Field Emissican8ing Electron Microscope
(FESEM-JEOL) at an accelerating voltage of 10 k\amBles were previously
swollen in MilliQ water or subjected tm vitro degradation, then frozen in liquid
nitrogen and freeze-dried. Freeze-dried samples veet to expose their inner
structure, mounted on SEM aluminum stubs by meé&rsgraphite adhesive layer
and coated with a gold layer by JFC-1300 gold aqd@teOL) for 90 s at 30 mA before

scanning.

Electrochemical |mpedance Spectroscopy (EIS)

A Solartron FRA (Frequency Response Analyzer)-124658ument with a Dielectric
interface-1249 equipped with a two-electrode celhswused to measure the
electrochemical impedance of the XG-PVA(GL1) CXtogkl film. To perform the
measurement, the dry film was cut in a disc hagimiipmeter 2.1 cm and a thickness
of about 0.5 mm. Then it was analysed in a randeegfiencies between 2@nd 106
Hz at room temperature, both in dry and wet coadijtthat means swollen at the

equilibrium in water or in isotonic 0.9 %wt NaCllgtion.

Radiofrequencies (RF) response characterisation

The dielectric-properties (permittivity and conduity; ¢ ando, respectively) of the
XG-PVA(GL1)_CX based hydrogel films were investiggtin the 200-1500 MHz
band. A modified multilayer microstrip ring resooatwas used.[12] The
measurement setup, shown in Fig. 7.2, is compogethd ring and the ground
plane/feed network, located in separate planesdti8je purpose to enable the easy
placement of an arbitrary sample between the tyerta Compared to conventional
single-layer resonators, the multilayer structunaldes also a stronger interaction

between the sample and the ring fields, forcindattier to physically cross the sample
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before coupling with the ground plane. This featisrparticularly important for thin
film characterization, as in this case.

Dielectric properties of the XG-PVA(GL1)_CX film we estimated through a
combined experimental and numerical procedure. MNreasents of the
measured/simulated scattering parametes) {&rsus frequency were carried out by
using a Vector Network Analyzer (Fig. 7.2b). In alel, a numerical model of the
multilayer ring resonator, including the samplec@mputed by a Finite Element
Method (in the FEKO implementation, https://www deikfo). The peak frequency,
fr, and the quality factor (Q®ffmacfminless) Of the measured/simulated:>S

intrinsically bring information about the unknowarmittivity and conductivity of the

sample.
(@) e (b)
o
Weg
Film

w

Feed line v
ol | [ ]:l

. !
I Ring Ring  Upper supportl I h

Film (g,0)

I Lower support I I b

Fig. 7.2 Suspended ring resonator. Traces are etched owdfR@ PCBsg = 4.24, tai = 0.016). Size:
Lg=136mm, W=90mm, g=0.25mm, R=25.9mm, w=2.2mm, [=40.75mm antl$75mm (a);

measurement set up (b); inspired by Amendola [@43l.

XG-PVA(GL1)_CX hydrogel film under test (thickne®sl7mm, diameter 8.5cm),
was investigated both in the “as prepared” statkdaning a progressive absorption

of isotonic NaCl solution emulating the releaséhef wound exudate.

Uptake and release of Atto 633 fluorescent probe
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A weighed piece of XG-PVA(GL1) CX film was immerséd the uptake PBS
solution of Atto 633 (1,33 pg/ml). At pre-determiigme, an aliquot of Atto 633 was
collected and analyzed using a UV-670 SpectrophetenfJasco). After the measure,
the collected aliquot of solution was returnedhe tiptake solution. For the release
study, the loaded film was immersed in fresh PB8ioma and again at predetermined
time, an aliquot of the solution was analysed thfoUV spectrophotometry and this
time it was replaced with fresh PBS medium. Thecemtration of Atto 633 both in
the uptake and release solutions was determineduriag the absorbance at 629 nm
through calibration curve.

Uptaken fractions were calculated as follow:

%[Atto 633] _ [0 633] —[Atto633],
o 0 Uptaken — [Atto 633]; *

Where [Atto 633]is the initial concentration in the uptake solatand [Atto 633]is

the concentration of the probe in the analysediatiq

Released fractions were calculated as:

[Atto 633]geicasea
%[Atto 633 = Tioean . x 100
/0[ (] ]Releaseal [AttO 633]tot up. x

Where [Atto 633} p.is the total amount of Atto 633 that was uptakehzyfilm and

[Atto 633]releasedS the amount of the molecules in the analysediatiq

Serum absorption test

Two pieces of the same size of XG/PVA film werelsmhin fetal bovine serum (FBS)
for 24h. After the incubation time, one piece of fim was stored (control) and the
other piece was placed in a paper filter funnelwadhed three times with PBS. Both
the samples were dissolved in loading buffer atCO&hd resolved by 10% SDS-
PAGE gel. The protein pattern was visualized binstg with Comassie brillant blue

R-250. Band intensities were analyzed with a gelideentation system (BioRad) and

the protein levels were expressed as densitomettyarcentage of the control.
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Antibacterial and bacterial retentivity tests

Antimicrobial activity of XG/PVA films was testednd=scherichia coli (E. coli), a
gram negative bacterium. Depending on the testehbatstrain was grown in typical
Luria-Bertani broth (LB) medium or in LB agar platerhe day before the test, one
colony was inoculated in LB medium and incubate@®@#tC overnight (0.n.). An
aliquot (100 uL) of an o.n. bacterial culture wasled to two test tubes containing
fresh LB medium and left to growth for 120 min. Thgponential growth was
determined by spectrophotometric measurement (690 Then, UV sterilized XG-
PVA(GL1)_CX (1 cnd) was added only in one of the test tube and tlserblance
was measured every 30 minutes up to two hours.

For the retentivity test 100 ul of an of.coli culture was spread onto LB agar plates
in which some pieces of UV sterilized film (1 mvere placed. After incubation at
37°C o.n., the film and the agar underneath thr filere removed and separately
incubated in LB liquid medium for 2 hours. Absorbanwas measured at

spectrophotometrically at 600 nm.

Bacterial infiltration test

E. coli was cultured in LB medium at 37°C o.n. then, l®f the bacterial culture

was gently dropped up the center of the film sw&féza.1 crf) placed on LB plate

and 10ul directly on LB plate (control) and incubated @@ o.n. Then, the piece of
agar underneath the XG/PVA film and the agar cdmtféhe same dimension, were
removed and incubated in LB medium. The bacterath was determined every

30 min by spectrophotometric measurement (600 nm).
7.3. Resultsand discussion
7.3.1. XG-PVA(GL1)_CX complementary characterisations

XG-PVA(GL1) _CX film was already presented in Chapte Briefly, chemical
crosslinking with a high yield was achieved by thee of glutaraldehyde as a
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crosslinking agent. GA promotes the formation oétat and hemiacetal bonds
between XG chains, and between XG and PVA. GlycfBdl) was added to the
formulation before drying and provides the filmwvihe required flexibility and water
retention properties. GA continues to react alsoinguthe drying process and
promotes some degree of glycerol grafting. In addlito covalent crosslinking, we
expect hydrophobic association and hydrogen bortdifigive a role in the formation
of the network since XG/PVA solutions are able & when mixed with glycerol

without addition of GA.

The mechanical properties of the film were investigl by biaxial tension tests. From
the stress-strain curves (here not shown for hypvid transversely isotropic
mechanical behaviour is deduced. The plane oftmge isotropy is the cross-section
of the specimen and, henceforth, two different telamoduli for the two load
directions (E11, E12) used in the mechanical t@ste identified. In more detail, the
membrane stress modulus avoiding the scatteritigeafpecimen thickness that is not
constant along the specimen. Fig. 7.3a shows tbege values of the elastic moduli
in the two directions with the confidence intervalstained from the statistics of the
analysis. The film resulted anisotropic along thad directions, in good agreement
with the film morphology shown in Fig 7.3b.
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Fig. 7.3 Membrane elastic moduli in the two analysed dicexsi(E11 and E12) (a) and SEM image of the
cross-section and surface of the hydrogel film

In Fig. 7.4a the swelling curves for samples imreéris MilliQ water, isotonic NaCl
solution or fetal bovine serum (FBS) are reportéitms swell more and faster in
MilliQ water, reaching a plateau in about 8 h. The presence @fl Naisotonic
concentration, reduces both swelling rate and SD#%eaplateaux, as expected, due
to the decrease of the chemical potential of wiatédre swelling medium and, in turn,
the osmotic contribution to the swelling pressurg][ The swelling in a very complex
medium as FBS reach in proteins, salts and othteients for cells does not change
significantly the SD% but it drastically changes ttonsistence of the films that after
6 h become slimy and very difficult to handle; #fere the test was interrupted. This
behaviour suggests the preferential uptake by ithre df some components of the

serum, as it will be discussed in the following.

When films are in contact with the different swedji media through a porous
membrane (Fig. 7.4b), which better simulate theesul exchange conditions of a
wound dressing, they swell more slowly (especiallgaline and FBS) and generally
reach a plateau after 15 h of exposure to the. fllie SD% at plateau for water is
similar to the value measured upon immersion, wihieeSD% obtained for isotonic

saline solution and FBS are slightly lower, prolyahie to the formation of a thin and
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relatively dry skin on the top surface of the filnat is exposed to air. The higher error
bars for these measurements are caused by theuttiffin removing all the residual

fluid present in the porous membrane used as stippor
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Fig. 7.4 Percentages of swelling degree upon immersiohdrstvelling medium (a) and in contact with

the swelling medium (b)

XG-PVA(GL1)_CX was also subjected io vitro hydrolytic degradation in PBS at
37 °C. The polymeric network weight loss was meedwafter 4, 8 and 12 days and
after 6 weeks. During the first 4 days the polymetwork loses 47% of the initial
mass. Then, it does not show any significant chaoigeesidual weight in the

following 8 days, reaching a total mass loss of6d& after 6 weeks of incubation.

In Fig. 7.5 SEM images of the freeze dried hydragehples, before and after 8 days
in vitro hydrolytic degradation, are reported. The prepared” XG/PVA film shows
a finer and more heterogeneous microporous strigtith an average pore size of 25
pum (Fig. 7.5a). After 8 days of immersion in PBI& tnorphology of the films is
characterised by a larger porosity (between 50 Bs@ pm) (Fig. 7.5b). The
micrographs obtained at higher magnification evigenhicker pore walls after

incubation in PBS and the presence of small glahyleobably due to the presence
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of high crosslinking density region3hese globules are also present in the “as
prepared” films (see Fig. 4.8 in Chapter 4).

Fig. 7.5 SEM images of a prepared XG/PVA films (a, a’) afir 8 days of incubation in PBS at 37°C
(b, b)

The ability of the film to absorb and release afascent hydrophilic dye, Atto 633

(Fig. 7.6a), was investigated through UV-Vis spestopy. Atto 633 uptake and

release curves are reported in Fig. 7.6. Film spens, previously swollen in water

to their equilibrium state, incorporated ca. 80%tlué dye present in the uptake

solution within 24 hours and released ca. 98%efdhded molecule in 24 hours (Fig.
7.6b).
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Fig. 7.6 Molecular structure of Atto 633 fluorescent dye (&) uptake/release profile by XG-PVA
(GL1)_CX (b) and a digital picture of the film aftine uptake of the Atto 633 blue dye (c)

7.3.2. Electrical propertiesof the XG/PVA hydrogel film

The principle of functioning of an RFID device cdegh to a hydrogel dressing is
based on the change of electrical conductivityheffims upon absorption of wound
exudates. Electric impedance spectroscopy was eappth measure the electric
properties of the films in the “as prepared” coinditand in the equilibrium swelling
state either, in water or in simulated physiolobitaid. As shown in Fig. 7.7a,
Nyquist diagrams (Z” vs. Z") for the swollen filnase distorted semicircles, sensibly
smaller for the film swollen by the isotonic salieelution. Contrariwise, the “as
prepared” film shows only a small portion of thensgrcle (in the high frequency
region), followed by a linear zone. These resultidate that the “as prepared” film
has a mainly capacitive behaviour, while the swolfédms are conductive, the
resistivity being lower when the film is swollen bgline solution.

Fitting of the impedimetric spectra with differegiectrical equivalent circuits gave
no satisfying results. Therefore, we adopted tmmédisms of complex impedance,
Z*, and permittivity, e*, to describe the dielectric relaxation phenomeral
determine the bulk conductivity of the films. [1@&}1

According to this approach, the complex dielediiection can be calculated as:
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v'c G )
wC, o wgg £ @@

e'(w) =

where Y*=[Z*(0)]™? is the measured complex admittance, C and G thesuned
capacitance and conductaneethe angular frequencyw€2xf) and G the equivalent
capacitance of the free space. The frequency-deper&IC conductivityo'(w), is

then obtained as [17]:

o'(w) = &"(w)we,

where g is the permittivity of free space and the imaginary part of complex
permittivity.

Fig. 7.7b shows the'(w) vs. frequency diagram for the different systemdar 0.2
V. The plateau at intermediate to high frequen€l€38-105 Hz) corresponds to the
DC conductivity,cq;, of the films. The conductivity is mainly attrilaltie to ion
mobility: indeed oqcis higher for the equilibrium swollen films thatrtain ca. 77%
of water, with respect to the “as prepared” filtnatt has only 15% of water. The
presence of sodium and chlorine ions causes am ofdeagnitude increase ofi.
The decrease of (o) at low frequencies could reflect both electrodi&agzation and

diffusion phenomena (see the Nyquist plots of Figa).

- 1e-1
b J—
-8e+3 . o000,
5
.
* XGIPVA - Leasesenssssssessssrsresssced
& . ©  XGIPVA swollen in water g U
@ XGIPVA swollen inisotonic NaCl -
-de+3 . o
.
° o**
.
. 0000000000%% Lo ®  XGIPVA
peo ey, 1e-7 ©  XGIPVA swollen in water
®  XGIPVA swollen in isotonic NaCl
0
T T 1e-8
0 3000 6000 9000 12000 15000

1e-2  1e-1 1e+0 fe+1 1e+2 1e+3 1e+td 1e+5 1e+b
z f(Hz)

Fig. 7.7 Electric impedance spectroscopy of as prepared&naa saline swollen hydrogel films.
Nyquist diagram (a); frequency-dependent condugtiti)
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Radio frequency (RF) response of the film was messboth in the dry state and
during the exposition with simulated body fluidshel measured 1% scattering
parameter corresponding to the dry membrane isslowig. 7.8a. The estimated
permittivity of the dry film is rather low, equad 1.1, while the membrane exhibits a
non-negligible conductivity d=3.2x1072 S/m). The dynamic exposition to body
fluid was induced by placing the hydrogel film orsynthetic sponge soaked with
isotonic saline solutioref=75.2,6=1.67 S/m at 870MHz) for a fixed time interval (2
min). Then, it was placed between the two layerthefring resonator and the,S
scattering parameter versus frequency was measuhésl procedure was repeated
four times up to the full immersion of the sampitithe saline solution (for 2 min).
A digital scale was used to further monitor theidldispersion by continuously
weighing the membranes after each exposure toltite The amount of absorbed
fluid after each exposure was evaluated in term$&B% of the membrane. The
radiofrequency response of the membrane significahanges at the increase of the
SD%. The increase of the permittivity and the electonductivity of the membrane
produces a progressive shift of the &irves (Fig. 7.8b) that spans in the frequency
range 985 < f < 780 MHz.
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50/ 50/,
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_6 - 1 + 4 - - “ i i i "
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Fig. 7.8 Measured & for the dry membrane (a) ang:Bieasurements vs frequency during the

progressive absorption of saline solution (b)
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Dielectric properties of the XG-PVA(GL1)_CX estiradt at different SD% are

reported in Fig. 7.9. In the selected frequencydb@90-1500 MHz), the hydrogel

film exhibits a significant variation of permittiyi up to 10 times its initial value and

an increase of electrical conductivity, confirmitigat such membranes can be
exploited for sensing applications.
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Fig. 7.9 Estimated dielectric properties of XG-PVA (GL1)_@Xdifferent SD%: permittivity (a) and
conductivity (b)

In order to verify the recovery capability of thengple, i.e. the capability to release
the amount of the fluid absorbed by the film, thennbrane was left to air-dry at room
conditions. Its weight was then monitored every rhawntil the membrane has
recovered the initial weight. A comparison betwées measured:sin the case of
the “as prepared” membrane and thermSeasured after the recovery process is shown
in Fig. 7.10. Despite the slight frequency shiéindting the need of a longer recovery

time, the dielectric properties of the membranecamaparable.
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Fig. 7.10 Measured $ in dry state and after recovery

By repeating the same procedure adopted aboveathe XG-PVA (GL1)_CX film
has been exposed to the isotonic saline solutiangacond cycle of swelling, with
the purpose of assessing the reproducibility of electromagnetic features. The
overlapped results related to the estimated digdegtoperties with respect to SD%
are shown in Fig. 7.11. In the early stages ofséheond cycle of swelling, values of
g. ando are in good agreement with values obtained froenfitst cycle, while
increasing the degree of swelling these valueg stadiffer. This phenomenon is
probably due to irreversible modifications of thembrane structure during the first
swelling cycle and to the leaching of the non-grdfglycerol, as observed in the

vitro degradation.
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Fig. 7.11 The overlappe@stimated dielectric properties of the sample v86SiD the film in the
case of two consecutive exposures to the salingicol

7.3.3. Serum absorption and antibacterial properties characterisations

The ability of the film to retain serum protein atwdact as a barrier against bacteria
werein vitro evaluated.

To assess the potential ability of XG-PVA(GL1) CKmf to absorb and retain
proteins contained in the exudate, two pieceslof fivere immersed in FBS for 6
hours. After this time one of the films was waslaed proteins retained within the
film were analysed by electrophoresis. The othec@avoiding the washing step was
used as control. In Fig. 7.12a it is shown the ted@horetic pathways of the two
samples. The most intense band corresponds todhrexutar weight of albumin. By
optical density analysis (Fig. 7.12b) it is possitbd assume that about 50% of the

serum proteins have been retained in the hydrdgebfter washing.

This result suggests that the film could be ablalisorb and reduce exudate levels

maintaining a balanced degree of wet and it maggtite re-epithelization.
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Fig. 7.12 XG-PVA (GL1)_CX film absorption of serum proteiri8ectrophoretic pathway of FBS
proteins retained within the film or protein adsegton film surface (a), and optical density analysi

the serum proteins (b)

An important function of an ideal wound dressinghs protection from infections,
that especially in the case of chronic wounds laeentajor cause of mortality.

For this reason, the effect of XG-PVA(GL1)_CX filon bacterial growth was
evaluated. For this test a non-pathogemnicoli bacterium was chosen and thus an
aliquot of overnight bacteria growth was incubaitedwo test tubes containing LB
and left to growth for 120 min. The potential aritirobial effect of XG/PVA film
was estimated by measuring bacterial growth. HeK&PVA film was added to
only one of the test tube, while the other tubehait film was used as control.
Spectrometric measures of both samples were acairdifferent interval of times
up to 240 min. From results shown in Fig. 7.13 ppéssible to argue that no difference
in the growth curves between the control and thepdawas detected, indicating that
the dressing material have not intrinsic antibaateffectiveness.
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Fig. 7.13 Spectrophotometric measurements of XG-PVA(GL1)_@X fncubated wittE.coli and the

control without the film

Furthermore, the possibility that the wound dregs$iare studied could have bacterial
retentivity was investigated. Indedfl,coli were seeded on a LB agar plate and pieces
of XG/PVA film of the same dimensions were placetbis plate and incubated
overnight to allow the bacterial growth. In agreeingith the above results, bacterial
growth was not inhibited (Fig. 7.14a). Subsequeittig XG/PVA film, the portion of

LB agar under the film and a portion of LB agar fiamm the film of the same size
(control) were separately incubated in a fresh L&limm and after 120 minutes the
growth was measured (Fig. 7.14a). The experimeetallts (Fig. 7.14b), indicate
that the number of bacteria was significantly higihehe sample containing the film
with respect to the one with agar underneath thme, findicating that the wound

dressing may have bacteria retention properties.
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Fig. 7.14 Schematic representation of bacterial retentiondies<G-PVA(GL1)_CX (a) and results from
optical density (O.D.) of an agar piece collectadffom the film, the film and the piece of agadanthe
film (b)

Moreover, the ability of XG-PVA(GL1) CX film to pxdde protection against
bacterial infiltration was further investigated. ide, XG/PVA film was placed on a
LB agar plate and 19l of E. coli were gently dropped in the centre of the film’s
surface as depicted in Fig. 7.15a. After 24 holiesagar below the film and a piece
of agar with bacteria collected far from the filren& cut and incubated in LB medium,
and the bacterial growth was measured every 30tesné&or this analysis a piece of
solely agar without bacteria was used as contioé groliferation curves, shown in
Fig. 7.15b, clearly indicate that the piece of agader XG/PVA film does not show
any bacterial growth, being comparable to the abmtithout bacteria. This result
suggests that the film is able to prevent bactarfdtration and it can act as a barrier

against infections when used as wound dressing.
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Fig. 7.15 Schematic representation of bacterial infiltrateoqperiment (a) and optical density spectra (b)

However, XG-PVA(GL1)_ CX film does not contain angtime compound and its
antibacterial activity may be improved by the impanation of an antimicrobial or

antibiotic.
7.4. Conclusions

In the present study, it was demonstrated theléiggiof integrating passive RFID
sensor tags in XG-PVA-based hydrogel films in thespective of developing “smart”
plasters to monitor fluid loss and temperature @foaund. Swelling ability of XG-
PVA(GL1) _CX was measured using a setup that conidlate the conditions of a
dressing on an exuding wound and thus its abiitgtisorb simulated exudates (FBS)
was estimated to be around 200% of its initial Weidhe ability of the film to retain
about the 50% of proteins contained in the simdlateudates, could prevent the side

effects due to proteolytic activity of excessiveidate in the wound site.

The electrical characterization at frequencies betwl and 106 Hz, revealed the
conductivity of the film increases when swollersaline solution, essentially due to
the presence of the ionic species. RF charactetisatvealed that the film is able to
change RF response of the tag depending on itdisgvelegree and its dielectric
properties, permittivity and conductivity, are ieased at the increase of SD% at the
high frequencies range confirming the possibildyetxploit this device for sensing

applications and in particular to monitor exudatgslin a wound.
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Furthermore, XG-PVA(GL1)_CX film was found able @bsorb and release a
hydrophilic fluorescent probe and this results ssgghe investigation about loading
and release ability of this film with relevant agtimolecule (e.g. antibiotic). Finally,

the film was demonstrated to have good abilitydbaes barrier against bacteria and

thus in an application as wound dressing it catgetahe wound from infections.
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CONCLUSIONS

This PhD project has given a contribution to the development of new materials

addressed to an advanced wound management.

In particular, this research:;

introduced a new platform of materials for wound healing applications,
which uses as main component a polysaccharide readily available at low
cost, usually employed in food industry but with great potential for
biomedical applicationsthanksto itsintrinsic active properties which could
enhance the healing process;

produced new hydrogel films stable in contact with fluids, transparent, thus
allowing the inspection of the wound without dressing removal, wearable
thanks to their flexibility and resilience, and with tunable swelling degree
and microstructure;

used for the first time - to the best of my knowledge - a carboxylated XG
to obtain new co-assembled materials suitable for biomedical applications
and in particular for wound healing;

investigated for the first time the co-assembly of peptide amphiphile with
CXG as method to produce fibrous and cytocompatible scaffolds that
promote cell adhesion and that are able to enhance the healing process in
Vivo;

proved the concept of the integration of a hydrogel film with an RFID
antennato develop a sensor that can monitor fluid loss and temperature of

awound bed.
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FUTURE DEVELOPMENTS

This study may provide inspiration for future research projects focused on the

development of the here presented materials and device (Fig. I1).

CXG
+ co-assembled
structures

- | 7\

Di li l
h;:fo(;:f;ﬁx Wound management Bioacti fold Nano-carriers for the
ioactive scaffolds : :
device to monitor fluid de"‘(’ie"v of therapeuticor
iagnostic agents

loss and temperature

|

Actuators for
on-demand release of drug
upon heating

l

XG-based RFID-based
hydrogel films device

“Smart”’ wound dressings having therapeutic
and regenerative properties as well as wound
monitoring functions

Fig.ll Future developments of the here presented platform; red lines represent possible
improvements of the new materials and device developed as part of my thesis (in blue boxes)

In particular,

e a more detailed in vitro and in vivo biological characterisation for the
application of the xyloglucan-based films as wound dressings and for the
validation of the polysaccharide intrinsic properties to the benefit of wound
healing;

» theinfluence on the healing process of the X G-based films (with no PVA)
semi-ordered microstructure on cell growth;

» thepossibility of loading drugs, growth factors and/or cells on the dressing,
to exploit scaffolding properties;
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the development and further optimisation of the RFID-based sensor, that
could become aso actuators if the hydrogel film would be loaded with an
active molecule, or be appliesin other fieldsthan advanced wound dressings,
CXG/polycations interactions could be explored to design multifunctional

carriers for therapeutics or diagnostic purposes.
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APPENDIX A
Experimental
A.1l. Preparation procedures

A.1.1. Preparation of XG and PVA solutions

Xyloglucan aqueous solution (4 %wt) was prepareddding the dry biopolymer to
MilliQ water and stirring overnight at room temptna, while PVA (2 % wt) was
dissolved in MilliQ water at 80°C for about 1 hour.

A.1.2. Xyloglucan functionalisation protocol

Carboxylation reaction was conducted on XG disgkrige water at 0.2 %wt.
Polymer solution was initially de-oxygenated with fdr 30 minutes. The reaction
was performed on 150 ml of polymer solution, by iagd3 mg (or 0.128 mM)
TEMPO, 12.5 mg (or 0.81 mM) NaBr and 720 of 15% sodium hypochlorite
solution (NaOCI) at 5°C under inert atmosphere pmyiding continuous magnetic
stirring. Both pHmeter and temperature probes (R112 pH/ORP Meter, Hanna
Instrument) were assembled inside the bottle andvpbl constantly measured (Fig.
A.1). Thus, during the oxidation process small wodés of NaOH 0.1 M were added
to maintain the pH around 9. The reaction was stdmdter 4 hours, by adding 22.8
mg (or 4 mM) NaBH powder. Functionalized polymer was recovered by
precipitation in ethanol followed by freeze drying.
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Fig. A.1 Reaction setup: pH and temperature probes weeendodsd inside a reaction bottle, providing a

constant flux of Mand inside an ice bath to maintain the temperatei@wv 5 °C

A.1.3. Peptide amphiphile synthesis and purificatio

Peptide synthesis and purification was performed)aeen Mary University of
London.

Peptides were prepared on a 0.5 mmol scale usingdjficaiions of previously
published protocols. (MBHA) Rink Amide resin (Novabhem Corporation, UK)
was used to generate a terminal amide.

All the amino acids and other reagents were disgbim N,N-dimethylformamide
(DMF).

Amino acid couplings were performed using four gglénts (4mmol) of Fmoc-
protected amino acids (Novabiochem Corporation)ur feequivalents of 1-
hydroxybenzotriazol (HOBT, Carbosynth Limited) astk equivalents of N,N’-
diisopropylcarbodiimide (DIC, Sigma—Aldrich) for 1kRmoc was removed with 1-
hour treatment of 20% v/v piperidine (Sigma—Aldjiam DMF. After treatment with
piperidine, Kaiser test (phenol, 80% in ethanol, NXGh H)O/ pyridine and
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Ninhydrin, 6% in ethanol, Sigma-aldrich) was usedheck the effectiveness of the
Fmoc deprotection at each aminoacid coupling. Metig Fmoc removal from the
last amino acid residue of the desired sequencealkghtail moiety of palmitic acid
(CigH3202, Calbiochem) was conjugated to the free N-terminlise alkylation
reaction was performed using four equivalents effdtty acid, four equivalents of
HOBT, and six equivalents of DIC in DMF/dichlororhahe and the reaction was
carried out overnight. The reaction was stoppedmienegative Kaiser test was
obtained.

After the reaction was finished, the resin was wdsBeveral times with DCM
before cleavage from the resin. Cleavage of pegidphiphile from the resin and
deprotection were carried out with a mixture ofludracetic acid (TFA, Sigma-
Aldrich)/triisopropylsilane (TIS, Alfa Aesar)/watef95:2.5:2.5) for 3h at room
temperature The solution was then collected by filtration arltlveashings were
combined and rotoevaporated to remove residual TH&. viscous peptide solution
was precipitated by addition of cold diethyl ethEhe precipitate was collected by
centrifugation and was washed several times witk ether followed by drying

overnight under vacuum.

For peptide purification, freeze dried peptide aippite was dissolved in deionized
water at 5 mg/ml concentration and purified using2@45 binary gradient
preparative High-Performance Liquid Chromatograpiaters, USA) with a 2489
UV/Visible detector (Waters, USA) using a C18 cotuifitlantis Prep OBD T3
Column, Waters, USA) and a water/acetonitrile geaticontaining 0.1%v TFA.
Purified fractions of peptide in solution were feozand then lyophilized to collect
the pure peptide. The mass of the peptides wasrowd by electrospray ionisation
(ESI, Thermo LXQ, Thermo Scientific, USA) and metassisted laser desorption
ionisation-time of flight mass spectrometry (MALDBRF MS, Applied Biosystems
4800 Proteomics Analyzer (TOF/TOF) mass spectramete
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A.1.4. Preparation of PDMS surfaces

To prepare polydimethylsiloxane (PDMS) (Sylgard J1&%w Corning, USA)
surfaces used for the preparation of CXG/PA-H3 delwas used the following
protocol: the desired amount of elastomer was veslgimside a glass beaker, 10
%wt of the curing agent was added to the elastandrthe mixture was manually
stirred. Once the mixture was homogeneous, it veasqul into plastic petri dishes.
To prepare PDMS channel, a cylindrical aluminiumkstvith a diameter of 3 mm
was placed on the precursors mixture. Then thd pets placed in a pre-heated

oven at 60°C for at least 1 hour.

A.2 Characterisations

A.2.1. Unreacted glutaraldehyde evaluation

A weighted amount of “dry” XG or XG/PVA crosslinkedydrogel films was
immersed in MilliQ water for 20 minutes. After thisne, an aliquot of MilliQ water
in which the film was immersed was analysed usingVa670 Spectrophotometer
(Jasco). This procedure was repeated several tuméiscomplete disappearance of
the characteristic glutaraldehyde absorption pe&88 nm. A calibration curve of

GA was built for the quantitative analysis of thA& @&leased by the films.

A.2.2. Shear viscosity measurements

Shear viscosity measurements presented in Chapted £hapter 5 were performed

in a stress-controlled Rheometer Ar G2, TA Instraotee(Bipohysics Institute

Palermo Unit, National Research Council) in rotatlomode. Low concentrated
samples were analysed with an acrylic plate-cormmgéry (angle < 0.0174 rad,
radius 20 mm, truncation 3@m) and a gap of 3Qdm, while concentrated samples
were analysed with an acrylic plate-plate geomédigm. 4 cm) and a gap of 500

um. Shear viscosity measurements were performed &tC2and the duration of
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measurements was chosen according to the explbest sate range. Temperature

control was provided by a Peltier plate.

A.2.3. Fourier-transform infrared spectroscopy (FTIR)

FTIR analyses were carried out with a Perkin El®pectrum 400 apparatus at the
University of Palermo. Samples of XG-based fiim$d@ter 4) were prepared by
freezing and freeze-drying the film samples. Tleefe-dried products were mashed
and diluted with potassium bromide anhydrous powdenave final concentration

of the sample of about 3 %wt; then they were cosgeé into pellets.

CXG samples presented in Chapter 5 having carbgeotips in dissociated form,
were prepared dissolving an amount of CXG in MiliM@ter before the analysis and
assuring that pH was around 6-7. While samplesX& Qvith carboxyl groups in
undissociated form, namely in the protonated formre prepared dissolving CXG
in MilliQ and adjusting pH to about 3 by additiohldCl (1M); both solutions were
subsequently lyophilised and then mashed with KiBral conc of the sample 3
%wt) for the preparation of a tablet. All the spaatvere collected by accumulation
of 32 scans between 4000 and 400'cwith a resolution of 4 cthand normalised

to do the comparison.

FTIR measurements of CXG/PA-H3 mixtures (Chaptewéje performed at Queen
Mary University of London using a Brukler Tensor ZHTIR spectrometer.

CXG/PA-H3 gels were freeze dried and then mashgitésence of KBr so that the
samples had a concentration of 2-3 % in the andlysalets. Spectra were acquired

by accumulation of 32 scans between 4000 and 800 with a resolution of 4 crh

A.2.4. Thermal gravimetric analysis (TGA)
For XG- and XG/PVA-based films_(Chapter 4), therngadvimetric analysis of
(TGA) was conducted with a Setaram, Labsysevo, T&DBC at University of
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Palermo. Samples were pre-conditioned at 20 °C Hndo RH, and tested in a
temperature range of 20-500 °C at a heating rate0ofC/min. The characteristic
temperatures associated to the various phenomemacalculated as the peak

temperature of the first derivative function (DTG).

TGA analysis on XG and on CXG_(Chapter 5) was pentml with a TA

Instruments Q500 at Queen Mary University of Lond@amples were pre-
conditioned at 20 °C and 10 % RH and then loadeglatinum sample holder and
tested in a temperature range of 20-500°C at aingeaste of 10°C/min under

constant nitrogen flux.

A.2.5. Scanning electron microscopy (SEM)

Fracture surface morphology was imaged by a fiefdssion scanning electron
microscopy (FESEM) system (JEOL) at an acceleratiogage of 10 or 20 kV.

Freeze-dried samples were mounted on SEM aluminstubs by means of a
graphite adhesive layer. Then, samples were caogitbda gold layer by JFC-1300
gold coater (JEOL) for 50 s at 30 mA for 60 or 1fronds, depending on the

porosity of the sample, before scanning.

A.2.6 Carboxyl-groups titration

A volume of 15 ml of CXG 0.1 %wt was poured in agf beaker containing a
pHmeter probe (HI 2211 pH/ORP Meter, Hanna InstmtineTitration was

performed under constant agitation using a stamz=atdNaOH 0.05M solution as
titrant. The equivalent point was detected when ngldlched 7. The amount of
carboxyl groups was subsequently calculated equaidles of NaOH added at the

equivalent point.

A.2.7. Gel filtration chromatography (GFC)
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Gel filtration chromatography is a size exclusidmarnatography in which water is
used to transport the sample through the colume. difrtomatographic profiles of
XG and CXG (Chapter 5) were obtained by using twodg&x SB HQ columns in
series (806 and 804) connected to an Agilent 1860ity HPLC and equipped with
a 50ul sample loop (equipment belonging to UniversityPaflermo). Samples were
filtered with 1.2 um cellulose acetate (Milliporgyringe filters before analysis to
eliminate contaminants. All samples were elutedhwx02%wt sodium azide
solution at 0.6 ml/min and the refractive index wasorded with a Smartline RI
detector 2300 Knauer.

A.2.8 Static and dynamic Light Scattering (SLS, DL%

Both for static and dynamic light scattering measugnts presented in Chapter 5,

samples were placed into a thermostated cell campat of a Brookhaven
Instrument BI200-SM goniometer (equipment belongingBiophysics Institute,
Palermo Unit, National Research Council). The tenafpee was controlled to within
0.1°C using a thermostated recirculating bath.

The light scattered intensity and time autocorietefunction (TCF) were measured
by using a Brookhaven BI-9000 correlator and a M0solid-state laser (Quantum-
Ventus MPC 6000) tuned at= 532 nm or a 50mW He—Ne tunediat 632.8 nm.
Measurements were taken at different scatteringpv@ci=4n Ao-1/sin@/2), where

n is the refractive index of the solutidn,s the wavelength of the incident light,
ando is the scattering angle. For both SLS and DLS psasnwere filtered through 5
or 1.2 um cellulose acetate (Millipore) syringe filters bef the measurements to

remove gross contaminants and big aggregates.
Dynamic light scattering (DLS): In DLS experiments the correlator operated in the

multi-t mode and the experimental duration was set to haleast 2000 counts on
the last channel of the correlation function.
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Stretched exponential or cumulants fittings weredu® analyse the obtained decay
curves. For single measurements performed at %ifesimg angle and at 25°C the
method of cumulant [1] and the exponential stretcimethod were compared to
obtain information on the apparent hydrodynamice send width of the size
distribution. According to the cumulant method, tlegarithm of electric field
autocorrelation function can be expanded in terrmisth@ cumulants of the

distribution:

ka 2 3 4
ln[g(T)]EK(—T,F)z—FT+§T — 3" +a’[

The fitting of the auto-correlation function totaesched exponential is given by

the equation:

B
9@ =Aesp(-(z) 7
wheret is the relaxation time anf@lis the stretched exponential and it is related to
the width of the relaxation time distributiofl. values are in the range 0-1, with

smaller values corresponding to wider distributions

The average relaxation timecan be calculated by:

e

Wherer is the decay rate.

Satic light scattering (SLS): For SLS, data were corrected for the background
scattering of the solvent and normalized by usatigene as calibration liquid.
Determination of CXG and XG weight-average molecweight from SLS was

obtained from Zimm equation [2]:
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K, 1 q* Ry’
=—1|1 0(q*) ) + 24,c + 0(c?
AR, Mw( + 3 +0(q*) | +24,c+ 0(c?)

A Zimm plot is built from a double extrapolation teero angle and zero
concentration from many angle and many concentrati,easurements. In the

simplest form, the Zimm equation is reduced to:

c

1
©®-0,c->0)=—
AR ) M,,

for measurements made at low angle and infinitgtidih since P(0)=1. Experiments
were performed at 10 different angles (i.e. 30®, 8®°, 60°, 75°, 90°, 105°, 120°,
135°, and 150°) which satisfy condition gR 1 and 5 different concentrations (i.e.
0.5 mg/ml, 1 mg/ml, 1.4 mg/ml, 2 mg/ml, 2.5 mg/ml).

A.2.9 Differential scanning calorimentry (DSC)
DSC of CXG and XG (Chapter 5) was performed witRexkin-EImer DSC4000

calorimeter belonging to University of Palermo. »@d CXG samples of about 7-

10 mg were weighed in aluminium pans that wereeskeahd a hole was made in the
center of the lid. Heating/cooling cycle was catr@ut (i) heating the samples from
30 °C to 200 °C at a heating rate of 10 °C/min untnstant nitrogen flow, (ii)
holding the temperature for 5 minutes, then (i6pking from 200 °C to 30 °C at a

rate of 10°C/min, and finally (iv) the first heatistep was repeated.

A.2.10{-potential measurements

(-potential measurements presented in Chapter 5 and Chaptearé performed
using a Zetasizer Instrument (NANO-ZS ZEN3600, Matvinstruments) belonging
to Queen Mary University of London (UK), on 0.1 %sdlutions. When required,
pH of the samples was adjusted adding small amofuHCI| (1 M) or NaOH (1M)

to reach a desired value. Samples were let toibrat# for 120s before measuring
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the C-potential, using an applied voltage of 50.0 V. Tsults presented are the

average over three measurements.

A.2.11 CD spectroscopy
CXG and PA-H3 solutions for CD analysis were pregan isotonic 10mM HEPES
buffer at 0.01 %wt. Mixtures were prepared mixin@& and PA-H3 0.01 %wt
HEPES solutions at different volume ratios 1:1,, 31 and 5:1. Absorption of the

sample was firstly assessed below 1. CD spectra weorded under a constant
flow of nitrogen at a constant pressure of 0.7 NMRd temperature of 25°C with a
Pistar-180 spectrophotometer from Applied Photofusyéequipment belonging to

Queen Mary University of London,UK) in a range frd®0 nm to 260 nm at a step

size of 0.5 nm. Data were averaged over three spfmteach sample.

A.2.12 Transmission electron microscopy (TEM)

Samples were casted onto carbon film coated copfg plasma etched holey
carbon-coated copper grids (Agar Scientific) anclbated for 5 min. Excess was
removed on filter paper before incubation with 2 9twanylacetate filtered solution
for 30 seconds. Grids were then washed with ult@puater for 30s and air dried
for 24h at room temperature. Bright-field TEM imagiwas performed on a JEOL
1230 Transmission Electron Microscope operatednaaceleration voltage of 80
kV (equipment belonging to Queen Mary University lafndon, UK). All the

images were recorded by a Morada CCD camera (IrBygtems). At least three

images were taken per samples for further analysis.

A.3 Biological evaluations

A.3.1 Cell culture

Biological assessments presented in Chapter 4,t&hamand part of the evaluations

presented in_Chapter 5 were performed at the ustitof biomedicine and
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immunology (IBIM) of the National centre of ResdaftCNR) of Palermo (ltaly),
using adenocarcinomic human alveolar basal epitheklls (A549) and human
neuroblastoma cell line (LAN5). These cell linesraveultured with RPMI 1640
medium (Celbio srl, Milan, Italy) supplemented with % fetal bovine serum (FBS)
(Gibco-Invitrogen, Milan, Italy), 2 mM glutamine, % penicilin and 1 %
streptomycin (50 mg/ml). Cells were maintained inhamidified 5 % CQ
atmosphere at 37 = 0.C. Confluent cells were detached using 0.25% (wt/v)
trypsin-EDTA.

Other experiments presented in Chapter 5 and all evaluations presented in
Chapter 6 were performed at Queen Mary Univerdityamdon, using keratinocyte
cell line (HaCat).

HaCat were cultured in 75 éncell culture flask in Dulbecco’s Modified Eagle’s
Medium (DMEM) from ThermoFisher sci. supplementedhwl0% fetal bovine
serum (FBS) from ThermoFisher sci. and antibiotituson (streptomycin 100
mg/mL and penicillin 100 U/ml, Sigma Chem). Celleer&s maintained in a
humidified 5 % CQ atmosphere at 37 = 0'C. Confluent cells were detached using
0.25% (wt/v) trypsin-EDTA.

A.3.2 MTS assay
Cell viability was measured by MTS assay (Promegéial S.r.l., Milan, Italy).

MTS [3 - (4,5-dimethylthiazol-2-yl) — 5 - (3-carbgxethoxyphenyl) - 2 - (4 -
sulphophenyl)-2H-tetrazolium], utilized accordingo tthe manufacturer’s
instructions. The absorbance was read at 490 ntheMicroplate reader Wallac
Victor 2 1420 Multilabel Counter (PerkinElmer, Inklonza, Italy). Results were

expressed as the percentage of MTS reductionvehatio the control.

A.3.3 LIVE/DEAD ® viability test
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For the evaluation of cell viability presented_ihapter 5 and Chapter 6, cells were
stained with 10 mM calcein AM and 1 mM ethidium tadimer-1 (Life

Technologies, UK), incubated 30 minutes with thairshg before the analysis.
Stained samples were then visualized on an inve@edfocal Laser Scanning
Microscope (CLSM) (Leica Laser Scanning ConfocalST&P2) belonging to Queen
Mary University of London (UK). Viability percentagvas estimated from confocal
images, using ImageJ-Fiji macro processing and agezt on three different

experiments ((http://imagej.nih.gov/ij) (NIH, USA).

A.3.4 Cytoskeleton and nuclei staining
For cell attachment evaluations presented in ChajtelaCat cells attached on the
gels were fixed with 4% paraformaldehyde (PFA)Xdrour at RT. Afterward, cells

were washed again 1 or 2 times with PBS buffeetoave PFA and incubated for 5
minutes at 0°C with the permeabilising solution (Tmton x-100, 0.028 g NacCl,

0.003 g MgCJ, 1.099 g sucrose in 20 ml of PBS). After this tirsamples were

washed three times with PBS prior treatment witt6{diamidino-2-phenylindole

(DAPI) 1/1000 dilution for the staining of the nachnd with phalloidin 555 1/1000
dilution for the staining of the cytoskeleton fod 4ninutes. Samples were finally
washed from the staining agents with PBS and stime®BS at 4°C. Stained
samples were then visualized on an inverted Cohfloaser Scanning Microscope
(CLSM) (Leica Laser Scanning Confocal TCS SP2) mgilog to Queen Mary

University of London (UK).

A.3.5 Scratch test
Scratched areas were then estimated using ImageJ-Boftware,
((http:/fimagej.nih.gov/ij) (NIH, USA).

The percentage of scratch closure was calculatéallas:

A, —A
i 4R 100
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Appendix A

Where, Ais the initial scratched area,Ais the scratched area after 24h.

A.3.61n vivo wound closure

Ten-week-old male CD1 mice were anesthetized bfjuis@ne inhalation, and the
dorsal skin was shaved and sterilized with an atalwab. Two full-thickness
circular 5 mm biopsy punch excisions (surface afeB9.63 mm) were made using
a Biopsy Punch (Stiefel). The wounds were mademately 1 cm apart on the
dorsum of mice and left to heal by secondary indent Wounds were left untreated
or had a hydrogel added to the wound bed. Thedgygals were UV irradiated
(300,000 microJoules per émprior to application. The wounds were covered by
Tegaderm (3M) transparent wound dressing, which sexsured at the edges by
Vetbond Tissue Adhesive (3M). Mice received a lgirigtramuscular injection of
buprenorphine (Vetergesic) at 0.03 mg/kg immedjafellowing surgery as an
analgesic. Following the surgery, mice were houselividually with access to
food and water ad libitum. All experiments wer@iegved and approved by the
animal use committee at Queen Mary University ofidan and were conducted in
accordance with licenses granted by the United #ang Home Office. Wounds
were collected at day eight post-wounding. Thezuntal and vertical diameters of
the wounds were measured to permit calculatiorhefviound area. Wounds were
excised and bisected using a scalpel. Half of @amind was snap frozen in liquid
nitrogen and the other half was fixed in 10% NduB#fered Formalin for 24 hours
followed by storage in 70% Ethanol to permit hisgital analysis at a later time

point.

A.3.7 Statistical analysis

Numerical data were expressed as mean * standsiatida or + standard error of
the mean. All experiments were repeated at leastetlimes. Analysis was
performed using GraphPad Prism 15 (La Jolla, USXe-way analysis of variance

(ANOVA) for multiple comparisons were employed. Nparametric statistics were
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used when the samples did not present a normaibdion (Mann-Whitney test).

Statistical significance was accepted when p<0.05.

A.4 Supplementary information

A.4.1 Gel filtration chromatograms of xyloglucan puchased from DSP Gokyo

(Japan) and xyloglucan purchased from Megazyme

From GFC chromatography (Fig. A.2) the two batcloésxyloglucan resulted

comparable and they were use indifferently in thésis.

—— XG Megazyme
—— XG Gokyo (Japan)

16 18 20 22 24 26 28 30 32

Elution time (min)

Fig. A.2 GFC chromatogram of XG from Megazyme vs. XG frogk&G(DSP)
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