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Abstract

The skin wound treatment represes@n important research area due
G2 GKS SaaSyidAialt NetSa 2F (GdKAa GAa
organ. A new approach to tackle the wound healing process issbeli
gold (AuNPbr silver (AgNP) nanoparticles as smart nanomedicine tools,
thanks to their intrinsic therapeutic effects, such as the angiogenic
regulation as well as thanti-inflammatory andantibacterial activity,
respectively. Moreover, the nanopacte conjugation with bioactive
molecules is a promising strategy to set up multifunctional nanoplatforms
GAGK Widzyr 6t SQ GKSNI LISdziAO | OlAzy
synergically with the others in modulating the biological response at the
biointerface.

According to such premises, this industrial Ph.D. thesis deals with the
investigation of newly developed hyaluronametal nanoparticle
nanocomposite systems for improved performances in the wound care
application in comparison with the market products.

Hyduronic acid (HA) treatments are well known and have been used
for tissue repair to treat general wounds, ulcers and bedsores, as well as
for the topical treatment of burns. The industrial partner of this Ph.D.
project is Fidia Farmaceutici that is, aft#ty years of research othe
field of hyaluronic acid, at the forefront in H#&lated R&D, technological
development, production and commercialization, not only in Italy but
worldwide.

Plasmabased treatments enable one to efficiently synthesize or
modify nanomaterials using eefmiendly and often singlstep processes,
thus considerably lowering labour investment and costs. As a result, the
nanoparticle synthesis and their functionalization is more straightforward
and can be carried out on a much largecale, compared to other
methods and procedures involving complex chemical treatments and
processes.



The foreign partner of this Ph.D. project is the Universitée de
Brussels (ULB), where the synthesis and characterization of gold and silver
nanoparicles coated with hyaluronic acid at different molecular weights
have been carried out at by plasma reduction methods, in comparison to
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Keywordswoundhealing, metal nanoparticles, hyaluronic acid, plasma
chemistry, antiangiogenic peptides, hybrid nanobiointerfaces.
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Motivation

1.1 MOTIVATION

Chronic wounds have emerged as a major cause of mortality,
especially in patients with diabetes and other pathologies. Growing
incidence of chronic wounds and associated pathologies along with the
limitations of current therapies have established a strowegd for novel
and innovative approaches to accelerate wound healing.

Nanoparticles, especially inorganic metal nanoparticles, are promising
candidates for addressing various pathological conditions, including
wound healingNanotechnologybased diagnosts and treatments have
achieved a new horizon in the arena of wound care due to its ability to
deliver a plethora of therapeutics into the target site, and to target the
complexity of the normal wountiealing process, cell type specificity, and
plethora of regulating molecules as well as pathophysiology of chronic
wounds?

Many requirements must be fulfilled to form a working system applied
in vivofor advanced wound healing. A crucial pointhis pro-angiogenic
response by the nanwound care formulation that, at the same time,
could reduce the wound infectionindeed, wound infections impose a
remarkable clinical challenge that has a considerable influence on
morbidity and mortality of patients, fluencing the cost of treatment.

Another relevant issue is the setup of a lowst, green and reliable
methodology for the synthesis and functionalisation of the inorganic
nanomedicine foraddressing wounds. Plasms a physical method that
allows to synthetize metal nanopicles at atmospheric pressure using
microplasma electrochemistry (plasHiquid electrochemistry or gas
liquid interface discharges).

Moreover, plasma chemistry may effa simple, onestep, rapid and
environmentcompatible method to obtain biologically active nano
systems.
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Aim of the thesis

1.2 AIM OF THE THESIS

In this work, silver (AuNP) and gold (AuNP) nanoparticles
functionalized with hyaluronic acid (HBAave been designed, synthesised
and characterised by both physicochemical and biological investigations
The focus is on the setup of a reliable synthetiprapch, by comparison
of wet chemistry and plasma chemistry reduction methods, to fabricate
multifunctional plasmonic nanoplatforms with tunable angiogenic
properties in view of potential application in wound healing.

In chapter 2we highlightthe questionof how does hyaluronic acid at
different molecular weights influensghe physicochemical properties of
HA-conjugated metal nanoparticles. Specificallwilver or gold
nanoparticles were synthesised in haluronabhased solutions with
molecular weifpts ranging from 200 kDa to 1,200 kDd\tvisible
spectroscopy and dynamic light scatterning were used to scrutthise
HA@NP hybrids in terms respectivedy optical and hydrodynamic
diameters, as well as the stability against aggregation upon ageing and
ionic strengths.The chemical structure at the nanopartigelymer
interface and the fingerprint of the nanopatrticle bioconjugation with HA
were determined by ATR/FTIRIoreover, the correlation between the
intrinsic viscosity and the haluronan MWs wamneestigated by &iscotek
GPC/SEC system, with integrated refractive index viscometer and light
scattering detectors.

In chapter 3 we focus on thetunability of the anti-angiogenic
properties of AUNP and AgNP for anticancer therapies. To this purpose,
hyduronic acid which specifically interacts with €2 receptor that is
overexpressed in several tumoral cell lines, was used as targeting agent
for the surface functionalisation of the metal nanoparticlée cellular
uptakeof HAcoated nanoparticles/asinvestigated irhuman cancer cells
of prostate (P€3) or neuroblastoma (SBY5Y), where the &2 receptor
IS overexpressed or in quiescent state, respectivEéBection 3.1).
Moreover, as further step of complexity, we conjugatéide pro-
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angiogenic lonMW (200 kDa) hyaluronic acid within anti-angiogenic

peptide sequene (GHHPHGK)n that study, he HA@NP hybrids were
synthesiseckeither via plasma chemistry doy wet chemistry reduction

and the samples tested in human umbelical vein endothelial celly @)
(Section 3.2

In chapter 4 the biophysical and biological study on the hybrid
biointerface between the HA@NP systems augbported lipid bilayers
(SLB, used as model cell membraresr actual ceb is addressed. In
particular, theperturbation upon the interaction with the Héoated NPs
(fabricated either via plasma or via chemical reduction) ofutiseoelastic
properties of preformed SLBsor of the cytoskeleton actin were
scrutinised by QCND acoustic sensig or confocal microsgamaginfg,
respectively.

Finally, chapter 5 tries to answer the questionof how HA
functionalised gold and silvernanoparticles can be used as
multifunctional platforms able to promp@at the same timea pro
angiogenic response and an antibacterial agtivithe hybrid HA@NP
systems,fabricated either via wet chemistry reduction or by plasma
chemistry method were studied in comparison by spectroscopic- (UV
visible, ATR/FTIR) and microscopic (TEM, AFM) analyses. The biological
assays of cytotoxicity and ansbterial activity were performed in
endothelial cells and irEscherichiaColl SafilococcusAureus strains,
respectively.
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Introduction

1.3 STATE OF THE ART

1.3.1 Wound healingand nanomedicine
1.3.1.1 Brief introduction to wound healing

Statistics indicate that chronic wounds affect around 6.5 million
patients annually, with wound care and management incurring huge
economiccosts? Conventionally, chronic wounds are addressed using
various FDAapproved silveibased formulations and other biomaterials.
However, the toxicity associated with these conventional approaches,
along with the increased frequency of chronic wound cases, medees
development of alternative therapies for effective wound healing
necessary.

One of the most important research fieddue to the crucial
physiological and aesthetic role of skin, concerns the treatment of
wounds?® With the increasedn the world age population, the research
has felt the necessityto find appropriate solutions in wound care and
aesthetic field; moreover, unhealthy lifestyles such as unhealthy eating
habits, sedentary life, stress and environmental factors such as pollutions
lead to crescents diseases with implicasam the skin lealth

In the last years, the aesthetic exigees were to find less invasive
skins treatments (compared to chemical peels and la€ers) in order to
treat not only the aging signs but also wounds derivate from invasive
surgical procedures or burn&dardto-heal and chronic wounds typically
present a huge challenge to the clinical team charged with their
treatment. Wounds that are extremely painful and/or unsightly can have
an extreme psychological impact on the patient, and this can be as crucial
consideration as the complexities involved managing the physical
healing. While resource expenditure on hdodheal wounds can be
guantified, quality of life is less easy to evaluate, but is clearly of
paramount importance to the patierft.

A negative spiral magccurwhenthe wound causebringa negative
emotional statewhichhas an impact on wound healing atidht, in turn,

8
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leads to further negative emotions. Social isolation may also occur if an
individual lacks energy because of sleep deprivation. Sleep plays an
important role in the healing process and lack of sleap interfere with

the immune system. Pain is usually reported as one of the main reasons
why individuals with chronic wounds have sleep disturbances. Chronic
g2dzy Ra +ftaz2 IFFSOG Iy AYRAGARdzZ f Q&
living, further contribting to social isolation. It has been reported that
individuals avoid certain activities such as shopping, walking or exercising
because they cause or exacerbate pain.

Cutaneous wund healing is an essential physiological process
consisting of the collaboration of many cell strains and their products.
Regeneration and tissue repair processes consist of a sequence of
molecular and cellular events which occur after the onset ofsaéidesion
to restore the damaged tissue. The stages of wound heakiggfe 11)
proceed in an organized way and follow four processes: haemostasis,
inflammation, proliferation and maturatiof.

» Haemostasis
D S
; > Proliferative
: ) Remodelling
18 "

Figure 11. Sequential illustration of the stages involved in tissue repair.

Time {days)

In the first step ohaemostasisthe lesioned blood vessels contract to
restrict the blood flow.Next, platelets express sticky glycoproteins on
their cell membranes that allow them to aggregate, forming a méss.

In the vasculak ¥ b | Y Y lespéhdeBhe coagulation is the first step
consisting of the aggregatioof thrombocytes and platelets in a fibrin
network: The fibrin network, in addition to restablishing homeostasis
and forming a barrier against the invasion of microorganisms, organizes
GKS ySO0SaalNE GSYLRNINE YIFEGNRE ¥F2N
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function as a protective barrier, maintaining th@ { A y Q& Ay (i S3I NR
Immediately after a blood vessel is breached, the vasodilatation step
takes place in order to prevent blood loss and to collect inflammatory cells
and factors in the area. This vasoconstriction lasts five to ten minutes and
is followed by vasodilation invhich histamine makes blood vessels
porous, allowing the tissue to beconeedematous increased porosity of
blood vessels also facilitates the entry of inflammatory cells like
leukocytes into the wound site from the bloodstred?!3 417 Because
inflammation playskey roles in fighting infection, clearing debris and
inducing the proliferation phase, it is a necessary part of healing.
However, inflammation can lead to tissue damage if it lasts too
long*®Thus the reduction of inflammation is frequently a goal in
therapeutic settings?

The next step is th@roliferative stageand it aims to diminish the
lesioned tissue area by contraction and fibroplasia, establishing a viable
epithelial barrier to activate keratinocytes. This stage is responsible for
the closure of the lesion itself, which includes angiogenesis, fibroplasia,
and reepithelialization. Angiogenesis is the physiological process through
which new blood vessels form from pexisting vessels; because of the
activity of fibroblasts and epithelial cells requires oxygen and nutrients,
angiogenesis is imperative for other g&s in wound healing, like
epidermal and fibroblast migratiotf: 11 1216, 20, 21 Simultaneously with
angiogenesis, fibroblasts begin accumulating in the wound site
Granulation tissue consists of new blood vessels, fibroblasts,
inflammatory cells, endothelial cells, myofibrabts, and the components
of a new, provisional extracellular matrix (ECM). The formation of
granulation tissue into an open wound allows theeithelialization
phase to take place, as epithelial cells migrate across the new tissue to
form a barrier betwen the wound and the environment. Basal
keratinocytes from the wound edges and dermal appendages such as hair
follicles, sweat glands and sebaceous (oil) glands are the main cells
responsible for the epithelialization phase of wound healihg.

10
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Contractionis a key phase of wound heali(lgemodelling, Figure 1.1)
Contraction commences approximately a week after wounding when
fibroblasts have differentiated into myofibroblast3.?! Myofibroblasts,
which are similar to smooth muscle cells, are responsible for contraction.
22These events signal the onset of the maturation stage of wound healing.

When the levels of colggen production and degradation equalize, the
maturation phaseof tissue repair is said to have beg(iRemodelling,
Figure 1.1)During maturation originally disorganized collagen fibres are
rearranged, crossinked, and aligned along tension lindhe phaes of
wound healing normally progress in a predictable, timely manner; if they
do not, healing may progress inappropriately to either a chronic wound
such as a venous ulcer or pathological scarring such as a kelofd scar.

The use of hyaluronic acid to modulate thw®unds regeneration is
becoming increasingly popular to improve the wound repair, decrease the
healing time, the inflammation and improve the appearance of the wound
by modulating the healing process. For example, the application of a
dressingconsistingof low molecular weight hyaluronic acidommercial
product example, Hyalofif) on the bottom of the lesion, determines
both the formation of welvascularized granulation tissue and marked
macroscopic proliferation margirfs.

In fact, in the proliferation phase to form granulation tissue
hyaluronic aciqsynthesized mainly by fibroblag@llows thediffusion of
nutrients and the elimination of waste products. Hyaluronic acid
facilitates themigration and proliferation of fibroblasts and keratinocytes
and represents aeservoir of growth factorsThis is due to the ability of
hyaluronic acid to absorb water, maintaimound moistureand limit
cellular adhesion to extracellular matrix molecules. This masmd
fibroblasts maintain a bidirectional interaction, since fibroblasts
participate in the synthesis and remodelling of the extracellular matrix
and this modulates the activity of these cells. In addition, it has been
demonstrated thatdegradation produts of hyaluronic acid are pfo
angiogenic Subsequent remodelling of granulation tissue involves

11
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lowering hyaluronic levels and increasing the proportion of other
proteoglycans and collagen improve tissue resistance and elasticity.

There are dferent commercial solutions such as Hyalosilver (Fidia
Farmaceutici S.p.A, lItaly) that allow to treat chronic wounds using the
hyaluronic acid together with the metal silver. In a recent study of
Gazzabin et &}, tests this product on 25 patients with chronic wound
studying the synergic effect of the hyaluronic acid, which promote wound
healing, repair and angiogenesis, and metal silver with the known
antibacterial properties. At the start of the studyatents presented with
wounds with moderate exudate (76%), odour (72%), while erythema was
present in the periwound skin in 48% of patients. All patients presented
with at least one sign of bacterial colonisation at baseline, the most
relevant of which waseduced or delayed wound healing (92%), changes
in granulation tissue (72%) and smelly exudate (56%). The results of this
study show improved neoangiogenesis (and consequently blood flow
which is useful in controlling bacterial loadhe signs of bacteal
colonisation (smell, exudate and erythema of the periwound skin) at the
end of the 28 days of treatment (with the exception of two cases were
exudate did not modify against baseline) decrease. At the end of the 28
days of treatment, all wounds were oddess.

A study published in the International Society For Pharmacoeconomics
'Y R hdzi O2 Y SValuenis HeSlthoNdeR* @riows the ecoamic
impact and full burden of chronic nonhealing wounds in thetional
United StatesMedicarepopulation. The study analysed the Medicare 5%
Limited Data Set for CY2014 to determine the cost of chronic wound care
for Medicare beneficiaries in aggregats; wound type, and by setting.
Chronic nonhealing wounds impact nearly 15% of Medicare beneficiaries
(8.2 million) br more than suggested by previous studies. A conservative
estimate of the annual cost is $28 billion when the wound is the primary
diagnoss on the claim. When the analysis included wounds as a secondary
diagnosis, the cost for wounds is conservatively estimated at $31.7 billion.
The highest cost estimates regardthe site of service were for hospital
outpatients ($9.9%511.4 billion) demortsating a major shift in costs from

12
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hospital inpatient to outpatient settings. Includintpe cost of infections,

the most expensive chronic wounds were surgical wounds ($11.7 to $13
billion) and diabetic foot ulcers ($6.2 to $6.9 billion). Onirdividual
wound basis, mean Medicare spending per wound was $3,415 to $3,859.
The most expensive wounds per beneficiary were arterial ulcers ($9,105
to $9,418) followed by pressure ulcers ($3,696 to $4,436). Surgical
infections were the largest prevalenceategory (4.0%), followed by
diabetic wound infections (3.4%)).

Moreover, in the work of Nussbaum et &t, it is possible to observe
that the chronic wound (organized into 12 broad wound categories:
arterial ulcers, chronic ulcers, diabetic foot ulcers, diabetic infections,
pressure ulcers, skin disorders, skin infections, surgical wounds, aurgic
infections, traumatic wounds, venous ulcers, and venous infections) afflict
female and male over 75 years old (19.7% and 19.6 %, respectively); also
in the case of the surgical wounds and diabetic wounds the percent is
homogeneous for both male and feteacases.

Multiple factors can lead to impaired wound healing. In general terms,
the factors that influencéhe reparationcan be categorized into local and
systemic. Local factors are those that influedaectlythe characteristics
of the wound itselfsuch as sufficient oxygenation of the wound tissues,
bacterial infection, the presence of foreign body intcetlvound and
venous sufficiency?

The systemic factors are the overall health or disease state of the
individual that affect his or her ability to hedlhe age, for example, is an
important systemic factor, ithe population ofover 60 years is gwing
faster than any other age group (World Health Organization [WHO,
www.who.int/topics/ageing]), and increased age is a major risk factor for
impaired wound healing’ With the increas in age it is observable a
delayed wound healing aeciated with an altered inflammatory
response, such as delayedc@ll infiltration into the wound area with
alterations in chemokine production and reduced macrophage phagocytic
capacity?® Delayed reepithelialization, collagen synthesis, and
angiogenesis have also been observed in aged mice as compared with

13
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young mice’® Moreover, with the increasin age, the level of hyaluronic
acid, indispensable in the wound healing process, reduces on the skins
and compartments in the $uskin tissue as hyalurondmnding proteins
altering the histolocalization of hyaluronan and the wound healing
process speed’ Also, &x hormones play a role in agelated wound
heaing deficits. Compared with femalasales have been shown to have
delayed healing of acute wounds. A partial explanation for thisasthe
FSYIFIES SaGNRISya -estrafidl)ii mBlg SandrogghR M T |
0GSad2ad S N@hydsotestosteFone,pDHT), and their steroid
precursor dehydroepiandrosterone (DHEA) appear to have significant
effects on the wounehealing procesd' Moreover, sudies in both
humans and animals have demonstrated that psychological stress causes
a substantial delay in wound healing. Caregivers pebples with

11T KSAYSNDa I VR a0dzRSy G a dimfiRSNA2 A Y :
examinations demostrated delayed wound healing *3Diabetes affects
hundredsof millions of people worldwide. Diabetic individuals exhibit a
documented impairment in the healing of acute wounds. Moreover, this
population is prone to develop chrannonhealing diabetic foot ulcers
(DFUSs), which are estimated to occur in 15% of all persons with diabetes.
DFUs are a serious complication of diabetes, and precede 84% of all
diabetes-related lower leg amputation¥ Other factors which afflict
wound heaing are medications suchs chemotherapeutics, obesity®,
alcoholconsumptiori’, smoking® and nutrition 3

1.3.1.2. Hyaluronic acid

Hyaluronic aciabr hyaluronan(HA) polymes exist in varying lengths,
andeach molecular sizengeplays a key role in all wound healing phases.
Ly ONARSTIZ 2y 3> KSDaate sgadélling ddleSulesizE S& 0 H
with regulatory and structural functions and aatngiogenic properties;
when HA exists in high concentrations in this form, it creates a porous
scaffolding network, allowing for select diffusion of cells and proteins,
creaing pathways for cell migratioff. This is a key feature of HA, as cell
migration and proliferation is essential to sucsfsd wound healing?

14
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Instead, small HA fragments are involved in angiegis, inflammation
and immunostimulatiorf? smaller molecula size HA fragments, also
encourage cell migration, with very short, lemeight, HA fragments
inducing chemotaxis and mediugized HA chains stimulating
inflammatory cytokines expressida.

HA catabolism primarily occurs in two main ways, through six
hyaluronidases (HYALs) and reactive oxygen species (ROS). HYALs are
responsible for altering the various HA sizes needed during each wound
healing phasé? HYALinduced breakdown is quite systematic in contrast
to the ROS catabolism, which is often induced extrinsically &y &V

intrinsically by neutrophilé* LY | RRAGAZ2Y (2 1! Q&
LINR LISNIASax GKS OSftf adaNFIF OS AyidSN
roeinwoundhedl y 3> | & | ! Qa &aAl GifferenfrRlesd K I LIS

and interactions at each wound stage. During the inflammatory phase of
wound healing, HA synthesis increases rapfiellypon breach of the skin
large, heavy molecular size HA fragments are synthesised from platelets
and available HA in the bloodstredthThese HA fragments are able to
bind to fibrinogen to commence the extrinsic clotting pathwaRecause

of the large amounts of HA released at wounding, the wound site is
saturated with fluid leading to oedenfd.| ! Qa4 K& RNRLIKAf AO
causes swelling of the tissue surrounding the wound, creating a porous
framework for cells to migrate to the injury sittEdema can be observed
macroscopically in this initial stage of wound healing, allgwior
microscopic chemotaxis of inflammatory cells. This inflammatory process
is driven by the primary cytokines tumour necrosis faettpha (TNP 0 Z
interleukin-l beta (Ikmi 0 F8YAril is lstimulated when concentrations

of HA are high. These inflamnoay cytokines increase blood vessel
dilation, allowing increased cellular recruitment to the woutdThis
vasodiation presents as heat and redness, serving as a clinical indicator
of wound inflammation and progression. Inflammation and its associated
symptoms are essential for successful wound refrair.

Conversely, HA also has a role in reducing and moderating the
inflammatory response, through its interaction with the hyaladh TNF
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stimulated gene6 (TS@)* TSG is stimulated by inflammatory

cytokines IkL and TNP = OF dza A y 3  andtherNidaintnataiyd & | Y R
expression of the TS&protein. Once expressed by cells, TES@oteins

are retained in HAich environments, binding to high molecular weight

HA polymers which form heavy chains. These heavy HA chains prevent
inflammation by inhibiting neutsphil migration and inhibition of plasmin

through negative feedback lood8. Following on from the late
inflammatory plase, the proliferative phase of wound healing marks the

arrival of fibroblast migration. These dermal cells are drawn to wound

tissue by small HA fragments¢@® saccharides) and growth factors.
Fibroblasts, create collagen and glycosaminoglycans (GAGB)ding

HA), constructing and anchoring the newly formed extracellular matrix

(ECM). The developing ECM is visibly identifiable as granulation tissue,
displaying the structural properties of HA. With collagen and elastin
providing the fibrous scaffolding,! QFAfft & Ay GKS 3IILAQ 0
gel?® As shown during the inflammatory phase of wound healing, long,

hea 1! OKFAya F2N¥Y (KAa 3ISt 0SOI dzasS 2
saturation, HA displays the elastic recoil properties similar to cartiage.

This malleability is an important clinical feature of granulation tissue, as

wound healing often occurs in areas of high movement or pressure that is
22Aydasz LIXFYydFN adz2NFFOS 2F FSSiod 2A0K
porous neéworking abilities, the macroscopic granulation tissue would not

able to hold its shape to allow for normal wound healing. HA contributes

to this process by its short chain lengths called oligomers, which are as

small as 620 molecules in lengt#% These oligomers bind to the
hyaladherin CD44 and act as stimulatingagiments for matrix
metalloproteinases (MMPSY.The MMPs are essential for new capillary
sprouting by breaking down the basement membrane of the wound. This

allows for new capillary buds to sprout from existing ones. Borgognoni et

al 5! studied low weight (shorthain) HA and its effects on angiogenesis.

In their study, primary (sutured) andcesondary (open) wounds were

created in rats. Both groups were treated with HA gel. The results showed

an increased microvasculature compared with control groups, but only
wounds healing by secondary intention demonstrated accelerated
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healing. The final coponent of the proliferative phase of wound healing
is epithelialisation which begins very early after woundih@he skin
O2y il Aya Yz2ald 2F GKS o02ReéeQa 1! 3
intercellular layers (basal stratum) of the epidermis as well as in the
dermis. The main cell type in this & layer is the keratinocyte, which
expresses hyaladherin CD44 in large amoghis.the skin, HA functions

to hydrate the basal stratum, creating the aforementioned porous
structures for nutrient channelling. Upon wounding, keratinocytes and
their HA structures are torn apart, commeng the inflammatory phase

of wound healing. Through CD44 interactions, keratinocytes migrate to
the wound site, collecting at wound edges. Keratinocytes then form a
delicate cover over the new wound from the wound borders. These cells
0KSYy Qf &rdeadd dddricCiorng &tover of epithelial cells over the
new wound. These new cells then differentiate to create the various
epidermal skin layers, providing a protective barrier against infection and
fluid loss*

In the scientific literature there is an increasing interest hyaluronic
acid conjugate to small molecufdsand peptidé* to improve the
biological activity of the compounds. Curcumin is a promising wound
healing agent thanks to its antioxida®t, anti-inflammatory® and
antimicrobiaP’ properties but its clinical applicatiois limited due to
hydrophobicity and lack of stability. Results show that the conjugate
accelerates healing by increasing skin penetration and dermal localization
of curcumin; it also reduces the scar formation du¢htecombined effect
of HA and curcumif®

Ongoing studies on the hyaluronic acidrnosine conjugate show that
this preparation offes the biopharmacological properties of both
compounds. When the caosine reaches the biological fluids, it will be
rapidly destroyed by the serum carnosinase. The conjugate is
characterized by the presence of a covalent amide bond between
carnosine and hyaluronic acid, which is not immediately hydrolysable;
carnosine,n its conjugated form, is therefore more resistant to the action
of serum carnosinase and the conjugate maintains the carnosine linked
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and intact for a period of time which is sufficient in order to allow the
same carnosine to reach the site where it veMert its action, giving a
technical effect of slow release. Carnosine, in fact, has important
biological properties such as améidical and antperoxidative, in some
cases it prevents cataraetanti-inflammatory activity (demonstrated in
tissues of the digestive system, in the eyes and $kifiis bieconjugate

is studied in vivo for the treatment of the arthritf3.

1.3.2. Nanomedicine

Innovative methods for treating impaired and hai@theal
wounds are needed. Novel strategies are needed for faster healing by
reducing infection, moisturizing the wound, stimulating the healing
mechanisms, speeding up the woundosure and reducing scar
formation. Nanotechnologyased therapy has recently announced itself
as a possible nexgeneration therapy that is able to advance wound
healing to cure chronic wound8? Nanomaterials are defined material
with a sizebetween 1 and 100 nrf?

Currently, it is possible to distinguish dwtypes of Nanomaterials
(NMs) for wound-healing therapy. NMs which are able to heal due to the
features of nanescaled material or NMs as cargo foeligering
therapeutic agent$*

Nanotechnologybased products uskin wound healing were divided
into five groups according to NM comptisn: polymer, carborbased,
lipids-contained, ceramic, metahnd metal oxide naoparticles and
different typesof scaffolds with embedded NM§hanks to their optic and
biological properties, the high surface/volume ratind the possibility to
conjugatewith other therapeutics, metal nanoparticles are one of the
most studied systesifor the wound healing treatment, in fact about the
39% of the publicatiortoncerningthe application of nanomaterials in
wound healing concerns NP.

In particular, siter (AgNP) and gold nanoparticles (AuNP) are largely
studied thanks to their therapeutic effects on the wound healggch as
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antibacteriaf® and antiinflammatory activit§®) and their wide range
activity in different phases of wound healinghodulating both
inflammation and proliferation phasés.

1.3.2.1. Gold and silver nanoparticles in wound healing

Recently, a nanomediciHgased approach for the skin wound
treatments based on the metal nanoparticles has emergegahticular,
silver (AgNP) and gold (AuNP) NP have been demonstrated to exhibit
significant therapeutic effects on wound healiffg.Pharmaceutical
formulation based on NP are largadynployed in the wound treatment
protocols. Some of the properties exhibited by the different metal NP by
the application to woundsire: the antibiotic activity? the capability of
targeted drug releas€ cytokine regulation 72 and antioxidant
activity.”®> Moreover, NP used in the wound healing treatments could
provide the drug delivery to a selected target and they lead to
permeabilize the stratum corneurtt.

Silver has been used for decadesa variety of forms (metallic silver,
silver nitrate, silver sulfadiazine) for the treatment of burns, open
wounds, and several chronic infected wourfés.

Recently, due to the increase antibiotic-resistant pathogenic
bacteria and limitations on the use of antibiotics, the use of sibased
topical products has gained popularity, mainly in the management of
open wounds’® Nanotechnology is used to modify silver in materials at
the nanascale dimension, resulting an change of its chemical, physical
and optical properties. This has consequences in improving tissue
penetration and modifies its function at a cellular leVelAgNP are
clusters of silver atoms ranging in diameter from 1 to 100 nm, which have
gained interest as antibacterial agerfs. The direct administration of
AgNP to wounds shows efficient antimicrobial activity compared to other
conventional formulations; their extremely large surface area to volume
ratio provides better contact with microorganisms.
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The prefered attack of the NP to the respiratory chain and cell division
mechanism drives to cell death. Furthermore, NP could also release silver
ions (Ad) enhancing their bactericidal activity.The three common
mechanisms of action on bacteria proposed are: (1) uptake of frée Ag
ions followed by disruption of ATP producti@and DNA replication, (2)
AgNP and Ageneration of reactive oxygen species (ROS) and (3) AgNP
direct damage tahe cell.”® Consequently, AgNP are efficient even at a
very low concentration, whitminimizes the chance for tissue toxicity due
to silver deliveryln vitro, AQNP have shown antimicrobial activity against
strains of Bacillus subtilis, Escherichia Coli and Staphylococcus aureus,
among other important pathogens that colonize skirf°In an interesting
study, Tian et al. (200%)investigated the wounéhealing properties of
AgNP in a thermahjury animal model. The treatment with AQNP shows
a positive and therapeutic effect thanks to their antimicrobial properties
and the reduction of wound inflammation through cytokine modulation;
it was established the link between the dedependent treament and
the rapid healing and the improvement of the aesthetic and cosmetic
appearancé! Additionally, the work of Adhya et al. (20%843howed the
effectiveness of topical silver sulfadiazine (S8@¢hwas compared with
the nano-crystalline silver hydrogel in burn wounds treatment. They
concluded that AgNP can be as effective and even superior to SSD for burn
wound treatment, particularly Z-degree burns.

A controversial point regarding the use of AgNP is their potential
toxicity. For example, the safety of AgNP in the medical field is critically
discussed by Chaloupka et al. (20%0)Severalinvestigations have
demonstrated, in vitro and animal models, that AgNP can exhibit a
significant level of toxicity. Additionally, lotgrm treatment with this
nanosystem is correlated to the incresis argyremia incidence in rats.

It is important to note that the potential toxicity of AgNP is not only
related to metal accumulation, but also associated with the synthetic
method used to produce the NBIn this sense, conventional syntheses

of AgNP use toxic precursors and toxic solvents (having toxic effects in
humans and the environment), limiting their full application. Interestingly,
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safer NP synthesis is weltablished under green chemistry precepts
which eliminates the toxicity arising from conventional approactfes.

Similar to AQNP, AuNP have unique optical properties. They have the
ability to resonantly scatter visible and neafrared light upon the
excitation of their surface plasmon osciltat. Interestingly, the scattered
light intensity is sensitive to the size and shape of the partfél&sie to
these important properties, AUNP are promising materials as biosensors,
biologically active materials, and diagnostic agents (especially in cancer
diagnosis}® In the field of wound healing, cutaneous wounds, diabetic
wound tissue, and rheumatoid arthritis can be treated with AUNP thanks
to their antiinflammatory properties?® they are not toxic to human
dermal fibroblasts and normal human epidermal karatytes and exert
the antkinflammatory activity via inhibition of 16, 11-:12 and TNFh
level®” AUNP have potent antioxidant effects and free radicals sagh
DPPH (2&iphenyH-picrylhydrazyl), OH (hydroxyl), -8, (hydrogen
peroxide), and NO (nitric oxidé) are effectively quenched. The
antioxidant activity of the AuNRconcerning free radical depends
significantlyon the specific surfac® Spterical AUNP havalarge surface
area, electron acceptors and interact with ROS in order to scavenge or
deactivate them. As a result, AUNP is an important antioxidant agent and
could consequently play a key role in wound heaffhg.

The nanehybrid system formed by AuNP with other bioactive
moleculeshas resulted inncredible progress ithe wound care field. An
example is the nansystem obtained by combining AuNP with
SLIAALtf 20 GS Okpaio/acid thdtsighificaditly hcgeRratéd
wound healing in mice. The authors attributed the healing results mainly
to the antioxidant effect of the active¥.It was evaluated the efficacy of
a similar formulation (AuNP comprising also epigallocatechin gallate and
h-lipoic acid) in the expression of the receptor for advanced glycation of
endproducts whose role in diabetes cutaneous wounds may be
determinant. he results indicated that the topical application of the
product accelerated wound healing on diabetic mouse skin and decreased
the receptor expression. This material showed great potential in diabetic
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wound healing because it can significantly acceletla¢gehealing through
angiogenesis regulation and amilammatory effects. These results were
attributed to the receptor blockade triggered by atxidant agents and
AuUNP?3

1.3.2.2. Introduction to metal nanoparticlefbrication and
surface tailoring approaches

A large number of approaches wdm the synthesis of gold and silver
nanoparticles. These methodsan be grouped o three approaches:
chemical, physical and biological synthesis.

Wet chemical methods for the preparation of colloidal metal are
G062 ideey LINPOS&a&aSa o6FaSR 2y GKS OKSYA
salts, electrochemical pathways, or the controlled decomposition of
metastable organometallic compounds. Particle size mmiphology of
the metal nanoparticles are typically tuned by using different reducing
agents ad stabilizer$?

The most populachemicalmethod of preparing 20 nm gold metal
colloids dispersed in water is threduction of AuGt in a boiling sodim
citrate solution. Thisnethod was invented by Turkevich et al. in 1951.
Themetal salt is reduced toge zerovalent metal atoms in trembryonic
stage of nucleationThe citrate acts both to reduce the metal cation and
as capping agent, preventing aggregation of the particles and stabilizing
the resulting nanoparticles by electrostatic and/or physical iejmun.
Also, citrate plays a rolen determining the growth of the particles
controlling the size and shape of the nanopele*3

{AYyO0S GUKSYysZ GKS ¢dzN] SOAO%®and YSGUK2R.
extended to other metals, including silv&r.

Moreover, other chemical approaches are based on the
electrochemical and sonochemical methods, polyol methods, solvent
reduction methods, microemulsion techniques and template methods.

A variety of physical methods have been used for siyathesis of
metal nanoparicles, including plasma reduction, thermal reduction,
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photochemical reduction, radiolysis, laser ablation andcrowave
treatment, °7 %8

As a special category of plasma lgeconfined within submillimeter
scale in at least one dimension, microplasma has attracted tremendous
interests for nanofabrication due tiveir unique characteristic® in fact,
microplasma allows to obtain NMs by direct reduction of the metal salts
in solution at atmospheric pressuté?

Biological methods of nanoparticles synthesis utilize extracts from bio
organisms as reductant, capping agents or both. @xttacts can include
microorganisms, proteins, amino acids, polysaccharides, and ivisaff
These approaches have been sugjgd as possible eewiendly
alternatives to chemical and physical methods, to synthesize gold and
silver nanoparticles without the use of any harsh, toxic and expensive
chemical substance's?

The NP  functionalization allows to merge  the
physicochemical/biological properties of the carrieNH to the
therapeutic compund, modulating the final biological effect®. The
conjugation of NPs with bhioactivemolecule (peptides, proteins, nucleic
acidspolymers,or smalkmolecule) that bids to receptors found on cells
can provideto an enhanced effect on wound healing leading to better
control on the wound closure, contrast a prolonged inflammation stage
and the bacterial infection®

The functionalization of the surface of the gold and silver
nanoparticles allows for the surface structure tailoring, the controlled
change of morphology and charge (surface potential) of the nanoparticles
themselves, influencing the nanomaterial response to hybrid
biointerfaces with the biological environmett.

In general, the strategies for the conjugation of nanoparticles with
biomolecules can be classified according to a puingsical adsorption
(physisorption) or a covalent derivatization (chemisorption) mechanism.

While in the physisorption of bioactive molecules are involved weak
interaction (such as electrostatic and hydrophobic interactions, Van der
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Waals and hydrogen loals) in the chemical absorption there is a strong
interaction between ligands and NP.

A noncovalent approach for the surface functionalization has several
advantagessuch aseasy maintenance of confomtional degrees of
freedom, reversible interaction wh the surface, can be used to trigger
the adsorption release of biomolecules on the surface of the material,
enhanced stability for the selective cell and nuclear targeting bectnese
surfaceof the material can be adapted to have a more precise intevacti
with the biomolecule®4

1.3.2.3. Wet chemistry methods for the synthesis and
functionalization of metal nanoparticles
The synthesis of noble metal nanoparticles (NPs) dates back to the
mid-nineteenth century. Due to their uniquproperties, the interest of
the scientists to find new preparation methods is increasing in order to
investigate their potential applications in different fields such as: catalysis,
biology, optics, electronics, solar cells, sensing and medi€ing®

Metal NP can be synthetized by different approaches classified in
three wideclasses: chemical, physical and biological. The wet chemical
methods for the preparation ofolloidal metal are based on the chemical
reduction of the metal salts, electrochemical pathways, or the controlled
decomposition of metastable organometallic compounds and they are
O2y aARSNEBRIzZLIEE LINR2GISIE2AYS &A@ ¢ KS FANRG aOA
the production of gold nanoparticles dates 1857, when Michael Faraday
F2dzy R 0KI G 0dKS WYTAYS LJ- NI A Of Sa
reduction of gold chloride solution by phosphorus could be stabilized by
GKS FTRRAGAZY 2F OIFNb2y RNz LKA RSR QNS

Over thepast 150 years, plenty of solutigghase methods have been
developed for preparing metal colloids either in agueous or in organic
phase. The most popular method of preparing 20 nm gold metal colloids
dispersed in water is the reduction of AuGh a boilng sodium citrate
solution. This method was developed by Turkevich é8%h 1951. The
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metal salt is reduced to give zerovalent metal atoms in the embryonic
stage of nucleation. These can collide in solution with further metal ions,
YSGrt ld2yYyas 2N Of dzZad SNE U2 méa® NY |
nucleil® These clusters eventually lead to the formation of metallic
colloidal particles. Several mechanisms have been proposed depending
2y GKS NBRdzOGA2Yy YSi¥R2Rtwalddaaekingd a [ |
t2f 1SQWt YFROARY2RS

{AYyO0OS GKSyzZ (KS ¢dzNJ SOACK®BQand YS(K
extended to other metals, including silv® The citrate acts both to
reduce the metal cation and as capping agent, preventing aggregation of
the particles and stabilizing the retinly nanoparticles by electrostatic
and/or physical repulsion. Also, citrate plays a role on determining the
growth of the particles controlling the size and shape of the
nanoparticle®® Sincethnenz G KS ¢ dz2NJ] SOAOKQAa YS(iK2]
and extemed to other metal, including silvét?

The reducing agents, besides to reduce the metal cations, can act as
capping agent preserving NP from the aggregation during the aging time.
The use of thecapping agent can stabilize the colloidal suspension by
electrostatic and/or physical repulsioithe main classes of protective
groups are: polymers and blioaopolymers such as poly(vialdohol)
(PVA), Nooly(vinylpyrolidone) (PVP), poly(ethyleneglycol{PEG),
poly(methacrylicacid) (PMAA) and polymethylmethacrylate (PMMAJ;

P, N, S donors (e.g., phosphines, amines, thioethétsplvents such as
THF long-chain alcoholdl’ surfactantd® and organometallics®®
Particle size and morphology of the metal nanoparticles are typically
tuned by using different reducing agents and stabiliZé¥s.

However, the synthesis of citratsapped AuNP is usually carried out
at high temperatures, close to the boiling temperature of water; the hard
reaction conditions (organicossents, high temperature and denaturant
agents) limit the NP biological applications and the possibility to use
biological small molecules or polymers in the reaction mixture as capping
agents. It is welknownthat biological molecules and polymers dedea
at high temperature; accordingly with the HA degradation in solutioa at
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temperature higher than 40 °€%the using of HA as capping agent for the
NP synthesis requires temperature up to 25 °C.

Suvarna et al? develop a synthesis of AUNP usindebxyD-glucose
(2DG) as capping and reducing agent. The reaction (Equatiprwas
conducted at 25 °C, under stirring aimd basic conditions. This study
demonstrates that 2DG capped AuNP are suitable candsd&be
theranostic application; they show high cytotoxicity (cell viability < 80%

for 2DG! dzbt yn >a0 2y 1 ¢/ mmc 602t 2NBOGI

(hepatocellular carcinma). Thus, the reactiorequation 11) previously
described was studied in this work in order to obtain HA coated AuNP (HA
AuNP) by wet chemical reduction.

J \
2AY +3GH10s+ 60H iy 3GH1LOr + 3H0 +2A8 (1.1

The use of strong reducing agents such as sodium citrate, ascorbate,
sodium borohydride, elemental hydrogen, polyol process, Tollens
reagent, N,Ndimethylformamide, and poly (ethylene glyctiock
copolymers are used fdhe reduction of the metal salt (#* or Ad) in
aqueous or noraqueous solution$?® Several studies showed that strong
reductants such as sodium borohydride result in small monodisperse
particles, but also less control of the reaction can lead togéeeration
of larger particled??However, it is true that particle size and morphology
of the metal NP are typically tuned by using different reducing agents and
stabilizerd?® and small changes in synthetic factors lead to dramatic
modifications in NP ability, selfassembly patterns, average size and size
distribution width24

AgNP can be easily synthetized using sodium borohydride as reducing
agent1?> 126The reaction (Equatioh.2) is conducted in an ice bath on a
stir plate for 45 minutes. This reactiondgd SR Ay 2 NRSNJ G 2
AgNP in solution without any capping agents.

Agd + [BH] + 3HO wwt A + HBG+ 3.5 H (1.2
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In addition to the aforementioned method, the metal NP can be
synthetized by physical methods such as thermedluction?” and
photochemical reductio?® radiolysis and laser ablatioi?

1.3.2.4. Plasma chemistry methods for the synthesis and
functionalization of metal nanopatrticles

Plasma is the fourth state of theatter and it was studied and defined
F2N) GKS FANRG GAYS Ay GKS SIENIe& wmop
ionized gas contains ions and electrons in about equal numbers so that
the resultant space charge is very small. We shall use the name plasma to
RSAONAROGS GKAA NBIAAZ2Y O2y il AYyAY3I oI f
When the applied energy to gas is sufficient to eject an electron from
collisions between molecules and atoms it is possible to obtain the
plasma.

Plasma is the main state of the iuarse, in fact it is composed by
99.999% of plasma; (all stars, the interplanetary, interstellar and
intergalactic medium and the Earth ionosphere are constituted by
plasma)!3t

Plasmas can be defined as partialipized gases, characterized by
different electrons, ions and neutral species densities but it is globally
electrically neutral Equation 13).

: f &b f &b (1.3

where ¢ is the electron density (#), € (0 ) is the negativeoin
density (n¥),€ (0 ) is the positive ion density (A. The parameter that
defines the density of the charged particles in plasma is the degree of
ionization of the gas. It specifies the fraction of the particles in the gaseous
phase, which areA 2y AT SR® ¢KS RSINBS 2F A2y
(Equation 1.2

| o (1.4

J
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The equality betweetthe two expressions of the degree of ionization
( ), iInEg 1.4, is true only in the case of global electmeutrality in the
state of plasma. This charge compensation phenomenon can be directly
related to the Debye length concept that represents theatise in which
each charge is surrounded and screened by charges of dpmign33
The electreneutrality is achievedtaa greater distance than the Debye
length that characterize the ion interaction zone. It is definedhQyation
1.5

} —_— (1.5

wherel is the Debye length (in m), is the permittivity of vacuum
(8.85-102C2 3 m™), "Q is the Boltzmann constant @8 - 1623 J Kb, "Yis
the electron temperature (in K§, is the electron density (in 1) and ‘Qis
the electron charge (602 - 16°C) As indicated byEquation 1.5the
Debye length decreases with the increase loé telectron density. An
ionized gas is considered as a plasma only if the density of the charged
LJ NI AOf Sa Aa fI,NBS[ Sysaa9KNBapzOKali&KE R
system?3?

Microscale plasmas are a special class of electrical discharges where
at least one dimension is reduced to sotillimeter scales. Microplasmas
have been found to be uniquely characterizedhigh-pressure stability,
non-equilibrium thermodynamics, high electron wfgties and excimer
generation!3*

CNRY SIFENIeé& FddSyLi}ia Fd OKIFNIOGSNRT A\
developed medical treatments, plasntiguid interactions have been of
significant interest to the scientific community. Modern ld@mperature
plagna sources, such as the micro hollow cathode, allow a stable chemical
treatment of aqueous systems at atmospheric pressiitd=or example,
DC microplasma jets have recently been used to synthesize metallic
nanoparticles in queous solution?® and atmospheric pressure plasma
jets have been used for a variety of medical purposes, including
sterilization and wound healint’ A pressure of 10Pa is a favourable
condition for the synthesis of the nanoparticl&8.Indeed, the passage
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from a reduced pressure to the atmospheric pressure causes a decrease
in the electrons mean free path and an increase in the collisions. However,
it also involves the increase in the charged spedaensities and the
formation of a thermal equilibrium. To offset this effect, it is possible to
reduce the size of the plasni&

The increase in the electronic temperature associated to the increase
in the density at atmspheric pressure can be controlled through the two
quantities,0 and0 , defined byFquations1.6 and 1.7, respectively.

U_a) SYEEO Y (1.6
Where- is the average energy exchanged in each collisiombandfcis
the power density transferred as thermal energy,and¢ (in mol/L)are
respectivelythe gas densityand the electron densityp is the collision

rate and"Y (in K) is an effective electron temperature.

ot vy ¥
b oy X (L7
W n o

Where 0 Tw is the power loss per unit volumé&Y (in K) is the
temperature of the neutral gas atom®is a parameter that refers to the
size of a microplasma in one dimension &n@h atm) is the pressure. For
a plasma at steady state (foraxple no gas flow), the power transferred
to the gas must be equal to the power lost through conduction; therefore,
we can equalizé&quationsl.6 to Equation 17 and obtain the following
relationship Equation1.8):13°

¥ ¥
o6 —— ne — (1.8

The relationships found iBquationl.8can be used for a basic analysis
of the effect of confinement on plasmas. figure 1.2the pressure (p) is
plotted as a function of the dimension of a plasma (D) where the thermal
equilibrium limit (ie., Y  "Y) is indicated by the red curve; the non
equilibrium regimeY  "Y) is the area below the red curve indicated in
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grey. Nearthe thermal equilibrium curve, defined as the range™¥f
T Yto"Y Y, the plasma is likely to undergo thermal instabilitiés.

Pressure, p o

by
| \ oA
| Non-equilibrium
| \ regimeat T,< 01T,
1 \\
| &,
\ \ '??p %,
1 \ d\’d, Electrode cooling,
\ \ P, gas selection,
\ N ’j@, pulsing efc.
Atmospheric | _____ et LN “"‘oo’e//
Pressure \ L ,:j”'&; T,=T,
\ \ i
Microplasma - =
Regime 4l B o T,=01T,
S \
S e e T,<0A1T,
.
-

Plasma Size, D

Figure 1.2 Regimes of plasma operation as a function of the presqrar(d its
physical size in one dimensioD).( The transition from noequilibrium to thermal
equilibrium isndicated by the solid or dashed lid&s

As indicated byEquation 1.2, reducing the size of the plasma at
constant pressure (i.e. moving left from our starting point along tHagis)
results in a decrease in the gas temperature and/or an increase in the
electron temperature (sincboth 0 and- increase with'Y). Overall, this
analysis illustrates that one of the most notable and interesting properties
of microplasmas is the possibility to control two system temperatures
separately (electron and gas temperature) simply by reducing the size of
the plasma3+ 14C Therefore, microplasma can be defined as "a particular
type of electrical discharge produced in a system where one of the
dimensions is reduced to a submillimeter scale"; it is characterized by a
high electronc density with high energy {80 eV) that produces lots of
reactive species both in the gas and in the liquid ph&sk?
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Thanks to all the propertiespe of the most recent physical methods
for the synthesis of noble NPs is the atmospheric microplasma
electrochemistry (plasméquid electrochemistry or galsquid interface
discharges). This method is reliable andaattive thanks to its advantage
in metal NP production such as rapidity and environrapatibility
(toxicreducing agents or stabilizers such as Na&tdl TBAB Tetradeeyl
trimethyl-ammonium bromide are not necessary anymof®).142. 143
Therefore, the increased scientific interest leads to many studies
concerning 9% 144

Huang et al* studied the particle size and the particle size
distribution (PSD) of fructose capped AuNP synthesized by atmospheric
microplasma electrochemistry under different experimental conditions
(variation ofcurrent, temperature, and stirring or not). Summarizing, they
found that: (1) the increase of the temperature led to bigger NPs, (2) as a
result of the current increasing, more electrons were injected into the
solution to reduce the At and more AuNP, wit smaller size, were
produced under the effect of the electrostatic repulsion of the charged
AuNP. Stirring decesed the residence time of AuNf® the interfacial
region and led to the production of AUNP with small and uniform size.

De Vos et al®*compared the aqueous reduction of Aghsiid HAuCl4
at a plasmaaqueous interfae in the presence of a stabilizer, polyvinyl
alcohol (PVA). Ag and AuNP were small (less than 20 nm), spherical and
non-agglomerated when they were synthesized in the presence of the
stabilizing agent (PVA) at a weight percent of 1%. The effect of the
discharge current and the process time on the concentration and size of
the NP was studied. The NP concentration exhibited a linear dependence
on the charge injected, except at longer progegsime that correspond
to large amounts of charge transferred. TAmount of charge injected
was found to correlate well with the dependences on discharge current
and process time, but was different for the two metal salts. This was
partially explained by the number of electrons needed for each reduction
reaction, three é&ctrons were needed to reduce the Au ions as compared
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to Ag Equationl.9 and Equatiorl.10), but also by the differences in the
reaction mechanisms.

Ad@gt+ 1el g3 E°=0.7996 V versus SHE (1.9;

AuCl(ag)t 3elb 824Clag) E°=1.002 V versus SHE(1.10

In fact, it was found that AUNP were prevalently obtained through
reduction of HAuGby hydrogen peroxide @a). 1% Indeed, the electrical
discharges in contact with water could produce numerous reactive
species by chemical dissociation, including atomic oxygén (@ and
OH. Recombination of Oftan lead to the formation of ¥, (Equation
1.11):

20HTH A0, (1.11

The reduction reaction of gold by hydrogen peroxide is written in
Equation 1.12, which as a positive potential, meag that it is
thermodynamically spontaneous. On the contrary, the reduction 6big
H-O, was found thermodynamically unfavourable

2[AuC @+ 3HO2 D H(¢48Clag+ 3Q @+ 6Ha N9 T N (1.12

Biological methods of nanoparticlesslyesis utilize extracts from bio
organisms as reductant, capping agents or both. Such extracts can include
microorganisms, proteins, amino acids, polysaccharides, and vitaffins.

These biological methods have been studied as possitdriendly
alternatives to chemical and physical methods, to synthesize gold and
silver nanoparticles without the use of any harsh, toxic and expensive
chemical substance'$®
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1.3.3. Physicochemical characterization of nanoparticles (mdk a
surface) and biophysical methods for the hybrid biointerface

1.3.3.1. UV visible (UVis) spectroscopy

Any elementary particle (atom, ion or molecule) has several energetic
states. The ground state, which is the lowest energy state, is the most
occupied at oom temperature. However, if the particle is subjected to
electromagnetic radiation and the energy of the associated photon is
exactly equal to the energy difference between the fundamental level and
the higher level, it will be able to absorb the enerdyttos photon and to
pass to the excited state. After a short time (betweerf 4dd 10° s), the
particle will return to the ground state releasing the energy excess in the
form of a photon or heat. The absorption spectrum is represented as the
transmittance or absorbancas a function of the wavelength 1§8), the
FTNBIljdzSyO0& o6aA0 20\JTrankn8ttangd iDdeihddYas NI o
fraction of incident radiation that is transmitted by the samsguation
1.13). 1t is usually expressed as a percentage. Absorbance is defined as the
fraction of incident radiation that is absorbed by the sam(Heuation
1.14).147

i
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Figurel.3. Scheme of UWVisspectrophotometer
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Where Qs the intensity of the incident radiation ari@s the intensity
of the transmitted radiationKigurel.3). The equation shows the relation
between absorbance and transmittandéquationl.15):

b Oi  &é4Q (1.15
The absorbance is correlated to the concentration of the analyte by
the BeerLambert law Equationl.16):

6 @i - (1.16
where - is the molar absorption coefficient of the analyte (in L thol
cnl), Qis the length of the optical path (in cm) afids the concentration
(in mol ). The validity area of the Beéambert law is limited. The Beer

Lambert law can be applied when the absambeis linearly correlated to
the variation of the concentrationf the analyte!4®

In 1908, Gustav Mie proposed a solutionN@axwell's equations to
explain the phenomenon of surface plasmon resonance (SR&) t
characterizes metallic nanoparticlé&lf the nanoparticles are exposed to
electromagnetic radiation, the conduction electrons of the metal interact
with the eledrical component of the light causing the collective oscillation
of the electronsFigurel.4. The oscillation energy is dependent on the
electronic density, the size and the shape of the nanopatrticles and can be
correlated to the wavelengfh.

Electric field

Figurel.4. Representation of the SPR phenometfdn.

As above indicated, SP correspsmal an interaction between matter
and the electromagnetic field of the light. Thus, the exact analysis of SP
implies the solution of theMaxwell equations with the appropriate
boundary conditions. The solution of these equations is only possible for
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certain conditiors and even in this case, the results are mathematical
series that do not explain what are SP. A metallic NP can be described as
a lattice of ionic cores with conduction electron moving almost freely
inside the NP (the Fermi sea)fagure 1.5 illustrates.When the particle is
illuminated, the electromagnetic field of the light exerts a force on these
conduction electrons moving them towards the NP surfate these
electrons are confined inside the NP, negative charge will be accumulated
in one side and patve charge in the opposite one, creating an electric
dipole. This dipole generates an elecfrédd inside the NP opposite the

light onethat will force the electrons to return to the equilibrium position
(Fgure 1.5). If the electrons are displacdtbm the equilibrium position

and the field is later removed, they will oscillate with a certain frequency
that is called the resonant frequency; in the case of SP it is named the
plasmonic frequency. Actually, the electron movement inside the NP
exhibits some damping degree. The ionic cores and the NP surface
partially damp the electron oscillations. Thus, the system is similar to
linear oscillator with some dampinig’

°
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Figurel.5. Scheme of the light interaction with a metallic NP. The electric field of the
light induces the movement of conduction electrons which accumulate on the NP surface
creating an electric dipole. This charge accumulation creates an electricdpdite to
than that of the light4’

An accurate calculation of the SP and the associated light absorption
requires solving thdaxwell equations at the NP region using the proper
boundary conditions. The anaily solution can be obtained only for
certain geometries and it was developed by GudMie in the early 1900
Mie introduced spherical coordinates system, used the dimensionless size
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parameterw ¢“ a ¥_, where R is the particle radio, m is the real
refractive index and_ is the incidentwavelength. For the solutions of
electromagnetic fields Mie introduced the extinction, absorption and
scattering diffusion efficiencies) , 0 and0  (Equation 1.17
Equation 1.1&ndEquation 1.19known as Mie efficiencies of a spherical
NP with ared' 'Y , theseefficiencies are the crossection of extinction,
absorption and scattering normalized per area unit and it is givethdy
following expresionst®?: 151

[ ” C ! ) 4 5 \
z__ 1.17
0 v ¢¢E pnA (117
6 r i ¢ A i .
VAR G p AS WS (1.18
v v v (1.19

.o de arf G w
N T T (1.20;

. ar owfl aw [ aw w
4, ® 4w [ o o (1.21,

where [ ® and, @ represent the RiccaBessel functions and it is
described by the following expressi@Bquation 122 and Equation 23).

o —0 @ (1.22

L0 —0 6 B o (1.23

U and @ w are the Bessel functions of dir and second kind
respectivelyt50.152 153

Thus, Mie's theory was based on many approximations; it was only
applied to a spherical, homogeneous and isolated particle. Today, we
aLISI ] Fo62dzi bDSYSNIftAT SR aASQa ¢KS2NE
systems, it was necessary to consideg tionsphericity of the particles,
the inhomogeneity of the medium, the solvation and the aggregétion
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The full width at hallmaxmum wavelength and the intensity of the
spectroscopic peak are influenced by the different characteristics of the
system. In fact, a wideize distribution affects the full width at half
maxmum wavelength increase and when the patrticles are not spherical
(particular geometric shapes or simple deformations) the intensity of the
signal decrease due to luminescent anispty. Aggregation cansd play
a role by increasing the wavelength and varying absorbahce

1.3.3.2. Attenuated Total Reflectance Fourier Transformed
Infrared Spectroscopy (AFRIR)
Internatreflection spectroscopy is a technique that alktw obtain IR
spectra of samples such as solids of limited solubilityysfi threads,
pastes, adhesives, and powdépé

The principle is that when a beam of radiation passes fral@mreserto
a less dense medium, reflection occurs: the fraction of the in¢idbeam
reflected increases as the angle of incidence becomes larger; beyond a
certain critical angle, reflection is complefauring the reflection process
the beam penetrates a small distanced the less dense medium before
reflection occurs. The deptbf penetration, which varies from a fraction
of a wavelength up to several wavelengths, depends on the wavelength,
the index of refraction of the two materials, and the angle of the beam
with respect to the interface The penetrating radiation is calledhet
evanescent wavaVhen theless dense medium absorbs the evanescent
radiation at different wavelengthsattenuation of the beam occurs and
this phenomenonis known as tenuated total reflectance ATR. The
resulting ATRpectrumresembles that of a comntional IR spectrurbut
it is possible to noticssome differences, although the same bands are
observed, their relative intensities difféf

In an apparatus for ATR measuremetit® sample Figurel.5) is
placed on opposite sides of a transparent crystalline material of high
refractive index. The incident radiation undergoes multiple internal
reflections before passing from the crystal to thetelctor. Absorption
and attenuationtake place at each of these reflectioA®.
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Sample Evanescent wave
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ATR crystal
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Figurel.5. Schematic representation of an AFRIR systerif®

IR beam

IR source

With ATR spectra, thabsorbancealthough dependent on the angle
of incidence, are independent of sample thickness, because the radiation
penetrates only a fewmicrometres into the sample. Theeffective
penetration depth’Q depends on the wavelength of the beam, the
refractive indexes of the crystal and the sample, and the beam angle. The
penetration depth can be calculated froBguation 1.24

Q S ¢ (1.24
¢t Qe ¢ )¢
where_ is the wavelength in the crystakis theangle of incidence, and
¢ and ¢ are the refractive indexes of the sample and crystal,
respectivelylt is important to notice thathe effective penetration depth
can bemodulatedby changing therystal material, the angle of incidence,
or both. 156

One of the major advantages of ATR spectroscopy is that absorption
spectra are readily obtainable on a wide variety of sample types with a
simplepreparation.It is possible to analyse polymers, rubbers, and other
solidsand to obtain IR spectra independent frahe solventiR contribute
and from the sample preparatioRastes, powders, or suspensions can be
handled in a similar way. Aqueous solutions can as@adcommodated
provided the crystal is not water soluble. There are even ATR fltie/ ce
available!4®
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1.3.3.3. Dynamic Light Scattering (DLS)

Dynamic Ight Scattering (DLS) also called Photon Correlation
Spectroscopy (PCS) is a powerful technique, which allows to obtain, in a
few minutes, information about the nanoparticle dimensions with
diameters between few nanometres and about 5um. The DLS technique
involves the measurement of the Doppler broadening of the Rayleigh light
because of the Brownian motion (translation diffusion) of the particles.
This thermic motion leads to temporal fluctuations in the intensity of
diffusion and a broadening of the Raigle line. As the Rayleigh line has a
Lorentzian shape the Fourier transform is an exponential decay and the
exponential decay constantt (Equation 1.25bis directly related to the
translational diffusion coefficien® of the isotropic, spherical paries
(in Brownian motion).

t on (1.25

In the Equation 1.25 and Equation 1.26) is the diffusion vector
modulus

n —i Q sE_ (1.26

where¢ is the refraction index of the suspension liquidis the diffusion
angle and_ is the wavelength of the laseradiation. For spherical
particles, it is possible to calculate the hydrodynamic $izeising the
translational diffusion coefficientd ) and the Stoke&instein relation
(Equationl.27):

QY

Q
o' O

(1.27

where Qis the Boltzmann constantyis the temperature (in K) andis

the medium viscosity. It is possible to use this last equatkugtion

1.27) for spherical particles which do not interact wghl OK 2farK S NI 3
not spherical particles, it is pstble to calculate the hydrodynamic size of

a hypothetic sphere which has the same translational diffusion coefficient

'O of the not spherical one.
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The instrument consistingf a laser source, a sample cell and a
photodetector. The most common laser soes are: He-Ne (632.8 nm)
Art (488 and 514.5 nmyiode laser (650 nm). The diffused radiation is
YSIFadz2NBR gAGK +y Fy3atsS ¢ 02FG4Sy dnco
common photodetector is a photomultiplier, his signal can be elaborated
using photon canting techniques or considering the analogic
photocurrent.

1.3.3.4. Viscotek in GPC/SE

Viscotekis aninstrumental system used to scrutinize the viscoelastic
properties of HA and to measure the intrinsic viscosltye measure of
the intrinsic viscosity is independentn the solvent viscosity but
dependent on thepolymer structure. Intrinsic viscosity is defined as
(Equation1.28):

A | B (1.28
°T W
where— is the specific viscositys ( ——— ) and c is the

concentration;moreover,intrinsic viscosity is a dimensionless measure.

Molecular weight calculation allows to veritiie intrinsic viscosity
value, in fact, the MarddHouwink equation (Equatiorl.29 gives an
empirical relationbetween intrinsicviscosity and molecular weight:

‘ 00 (1.29
where®andv are empirical constants.
From this equation, the molecular weight of a polymean be
determined fromthe intrinsic viscosity and vice verdatrinsic viscosity

of the hyaluronic acid iabout 5.4 for 200 kDabout 14 for 700 kDa and
15-17 for 1000 kDA%’

Viscotek system i@ method that allows tacharacterze thesynthetic
and naturallinear polymers as well as proteins. In a single runs i
possible to obtain the molecular weight, the sitlee intrinsic viscosity
and structureof a biopolymeras wellas to characterize copolymers,
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conjugates and branchg. This instrument consists three detectors:a

light scattering enables absokit molecular weight calculation,
independent of structure and sample retention uoie; a viscometer
probethevend (0 NHzOG dzNB 2 F | Y2 S Sdris®sityi 2 3 A
andarefractive indexdetector whichmeasures sample concentration.

1.3.3.5. Atomic Force Microscopy (AFM)

The atomic force neroscope was invented it9861°8 This technique
permits the resoluion of individual atoms on botlconducting and
insulatingsurfaces. In this procedure,feexible force-sensing catilever
stylus is scanned inraster pattern over the wface of the sample. The
forceacting between the aatilever and the sample surfacauses minute
deflections of the cantilever, which adetected by optical means'he
motion of the tipis achievedhanks to gpiezoelectric tube. Dung a scan,
the force on the tipis held constant by thep-and-down motion of the
tip, which then provideshe topographic information. Thadvantage of
the AFM is that iappliesto nonconductingsampks>°

Figurel.6shows schematically the most commamethod of detecting
the deflection of the cantilevenolding the tip. A laselbbeam is reflected
off a spot on the cantilear to a sgmented photodiode that detectthe
motion of the probe. The wtput from the photodiode then controls the
force applied to the tip so that it remains constant. The movement system
is a tubular piezoelectric device that mes the sample irx, y and z
directions under theip. The signal from the laser beam detectothsn
fed back into the samplepiezoelectric transducer, whicbauses the
sample to move up and down, maintaigiconstant force between the
tip and the samplé?®
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Figurel.6. Schematic representation of an ARystem's°

The performance of an atomic force microscope depends on the
physical characteristics of the cantilever anddiically. In earlyAFMs,
cantilevers were cut fronmetal foil and tps were made from crushed
diamond particles. The tips were painstakingly manually gluedhe
cantilevers The most common cantilevéip assemblies in use todayear
micro-machined from monolithic silicon the cantilevers and tips arc
remarkablysmall (ickally asingle atom at the tip apexy?

Three modes are commonly used inMsFeontactmode, noncontact
mode and tapping modeln the first one,the tip is in constantontact
with the surfice of the sample. The majoritf AFM measurements are
made under ambient pressure conditions or in ldg) and surface tension
forcesfrom adsorbed gases érom the liquid layemwhichmay pulithe tip
downward. Theg forces, although quite smalihay be large enagh to
damage the sample surfacand distort the imag. This problem is
particularly bothersomavith softer materials, such as biological samples,
polymers and even some seemingly handterials, suclas silicorwafers.

In addition. Manysamples can trap electrostatic charges, which can
contribute to an attractive forcéetween the probe andhe sample. This
canleadto additional frictional forceasthe tip moves over the sample
which dulkthe tip and damage the samplé?: 162

In the noncontact modgthe tip hovers a fewnanometresabove the
samplesurface. Attractive van der Waals forces between the tip and the
sampleare detectedby the tip scans over the surface. These forces are
substantially weaker than those detected in contacbde AFM. Hence,
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the tip is oscillated and alternate current detemt techniques are used
to recover the small signat§3

The prdolem of surface damage can be largelyercomeby using the
tapping mode in whickhe tip contactson the surfaceperiodicallyfor only
a brief time and then is removed from the surface. In ttapping mode
operdion, the cantilever ostlates at a frequency of a felwundreds of
kHz This techique has been used successfadyymage a wide variety of
materials that hae beendifficult or impossible to imge by the ordinary
contact mode such as hydrogels or biological sampgd&dv in tapping
mode provides a powerful instrument for visualization and quantitative
characterization of native biomaterials withmanometer spatial
resolution. AFMhas been used to characterize the morphology and
mechanical properties (e.g., stiffness, adhesion) of biomaterials, such as
natural nanoparticles secreted from iW* peptide-assembled
nanoparticles'®® and wet adhesivinspired by mussels and geckié®

Particularly, in recent yearghe peak force tappingAFM imaging
mode, has shown potent capabilities for simultaneously obtaining
multiple mechanical parameters of diverse biological s&spincluding
cells'®’ viruses'®® membrane protein¥°® and biointerface¥© and to
reveal the dynamic changes ofonphology and mechanics of peptide
assembled nanofibrillar hydrogeld?

Using the AFM is possible to visualizetal nanoparticles and groups
of particles and unlike other microscopy techniquethe AFM offers
visualization in three dimensions; thanks to this technique it is possible to
have precious information about the size, shape and the chemical
hindrance of the particle§’? 173

Despite theadvantages, a serious disadvantage of the AFM technique
is that manyartefactscan appear in AFM images which are difficult to
recognize even by experienced users. An imagefactis defined as any
feature which appears in the image which is not presenthe original
probed object Artefactscan occur foseveralreasons, includingnite tip
dimensions, creep and hysteresis of pieoanner, thermal gradients,
vibrations and theslectronics (feedback circuits) and can be influenced by
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the sample prepaation techniques anéxternal factors (electromagnetic
and mechanical noise and so dif

The mog frequently encounteredartefacts are (Figure 1.7): edge
overshoot, edge elevation, thermal drift and piezoelectric creep, external
and internal noise, light interference artefact, frictivalated artifactst’®

a) b)

Const.=F = f,-f,-f3
—_—

f1 _;' l/ f3
Fast scan direction ——> A
) Registered profile /F =5
Tip fy t

Sample f2
Figurel.7. Drawing explaining the origin of a) edge overshootthb)elevation effect*

It is clear that thekey @mponents of AFM data analysis atiee
modellingand characterization of the tip and samplgefactsources for
use in subsequent deconvolution algorithms. In general, whedelling
of the AFM datgrovidesthe output ofa linear timeinvariant system and
whenthe sample surface involves sharp nanoscale features, the surface
measured by the AFM can be interpreted as the convolution o$émeple
with a transfer function that depends omé properties othe tip. When
the tip properties are accurately known, the trugnage can be
reconstructed by aeconwlution of the measured surface®

1.3.3.6. Transmission Electron Microscopy (TEM)

While optical microscopy is based oretinteractions between light
and the reflected photons detection, electron microscopy is based on the
interaction between an incident electron beam and the sample surface,
generating numerous physical phenomena such as the emission of X
photons, backscatied electrons, secondary electrons or Auger
electrons, as shown iRigure 1.8
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Figure 1.8 Signals generated when a higimergy beam of electrons interacts
with a thin surface.

Scanning electron microscopy (SEM) defines the sample topography
analysingparticles and radiation. It focuses mainly on backscattered
electrons, secondary electrons, Auger electrons and X photons. On the
other hand, transmission electron microscopy (TEM) focuses on diftracte
and/or transmitted electronsWhat mainly distinguisgs TEM and SEM is
the position of the sample in the microscope structure. In fact, the analysis
of the transmitted electrons is possible only if the incident ray passes
through the sample. The electrons are accelerated by a voltage of 100 to
300 kV beforeeaching the sample. The sahatic representation of TEM,
the position of the lenses and apertures are showkrigure 1.9
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Figure 1.9 Schematic representation of the TEM

The primary electron beam is generated by the electron gun. Its
operation is based on the thermoelectric effeat an the field effect: in
the first case, the tungsten or lanthanum hexaboride ¢laBheated by
the Joule effect and in the second ca#e final piece of thecathode is
subjected to a very intense electric field which reduces the energy barrier
and alows the direct extraction of electrons.

The complex lenses system allows to improve the resolution of the
microscope and to correct the vars optical aberrations. TEM is
composed othree diaphragmgcondenser, objective and selected area):
the first erables to limit the convergence angle of the incident beam, the
second defines the imaging or diffraction observation modality and the
third allows to individualize the sample regitmstudy. In this work, the
HA@NP (plasma synthesisjere dropcasted from the processed
solutions onto carbortoated copper grids. The morphology,
composition, and size of the HA@NP (plasma synthesis) have been
evaluated by TEMsing Philips CM20 microscope operated at 200 kV with
a tungsten electron gun in the 4MAT laboratdMaterials Engineering,
Characterization, Synthesis and Recycling), Univelibité de Bruxelles
(ULB)
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1.3.3.7. Quartz Crystal Microbalance with Dissipation
Monitoring (QCIMD)

HA is widely distributed but mainly localized to the extracellular matrix
and body fluds. It contributes to the viscoelasticity of the flgdnd
elasticity in connective tissues, which absomnechanical stress, for
example, between cartilage amdrtilage surface’®

Hyaluronic acid is a neNewtonian fluid and shows pseudoplastic and
viscoelastidbehaviour!’® Viscoelastic materials exhibit both viscous and
elastic characteristics when undergoing deformation; viscoelastic models
are used to explain viscoelastic matesilehaviour Dynamic viscosity of
a fluid expresses its resistance to shearing flows, where adjacent layers
move parallel to each other with different speeds.

The friction force is found to be proportional to the spe@dnd the
area0 of each plate, and inversely proportional to their sepavatio
(Equation 1.3D

0o "o (1.30
where’ (in mPa - g thedynamicviscosityof the fluid.

Hyaluronic acid 700 kDa dynamic viscosity reported by Bonnevie et
al*®is 170 mPa £1% w/v at 20°C)ynamic viscosity of hyaluni acid
200 kDa 1% wi/v at 209€ 100mPa s'8?

The dynamic viscosity of the hyaluronic acid at tifeecent molecular
weights usedin this study was investigated with Quar crystal
microbalance with dissipation monitoring (QCMD). The QCND
technology $ a realtime surface sensitivéechnique to monitor and
characterize thin films on aurface in terms of adsorptioresorption,
molecular interactions and strugtal propeties. With the QCMD
technology, two parameters, frequency (related nmass/thickness) and
dissipation(related to rigidity), are monitored simultaneously, in real
time, as molecular layerform on the sensor surface. The QM
instrument consists in eledro-mechanical transducer with two
electrodes, which are sensitiie the deposition of mass or toontact
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with liquid. The quartz crystal has a resoge frequency determined by
its geometry, in particular, by its thickness. The crystatimulated by a
alternatingcurrent voltage between its eleaides and, as a consequence,
the crystal vibrateproducing shear waves.

When the crystal is in contact with a mass or liquid,resonance
frequency changesaccording to the Sauerbrey equatiorEquation
1.31):182

o, 6 oYQ
Ya :
3
where 6 (17.8 ng-ciit-HZ!, whené = 1,"Q= 5 MHz) is the constant
(describingsurface area, density and shear modulus of quagtonator)
and¢ is the overtonenumber.

(1.31

The dissipation factdDis proportional to the power dissipation of the
osdllating system Equation 1.32and gives important information abo
the rigidity of the adsorbethyer:

o O
¢ 00 (1.32
where O s the energy dissipated during one ostitia and O s
the energystored in the oscillation systeA§?

For rigid, thin and evenly distributed filmset Sauerbrey relation is a
goodestimation in cases when the change in the dissigpatactorYO
pp 1 for 10 Hzfrequencyshift (Y'Q. In these cases, the Sauerbrey
equation can be used for adsorbenass calculations. In the case of
viscoelastic or soft films, the Sauerbrey relatiomerestimates the mass,
since the film is not fly coupled to the motion of theensor surface and
the system energy dissipation imases. In cases wheYOIY'Q pO
p 1 fp TMOQ a viscoelastic modelling has to be used.tle Voigt
viscoelastic modeldnd D depend on the density, thickness, elasteash
modulus and shear viscosity of the adsorbed layée analysis software
QTools contais both theVoigt viscoelastic models, thdaxwell model
and the Sauerbrey relation, thus allowj to thecharacterization of soft
and rigid films. It enables quantification of thénfiin terms of mass,
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thickness,water content, density and viscoelasticoperties (dynamic
viscosity)L84

Due to the interaction between surface and HAgkrelongated
molecules, a large/’'Qdue to mass deposition and largéO due to
vismelastic film formatiorcanbe expected:®

1.3.3.8. Laser Scanning Confocal Microscopy (LSM)

The principle of confocal imaging was patented in 1957 by Marvin
Minsky.186 Confocal microsmpy (LSM is an optical techniquasedfor the
acquisition ofthe three-dimensionalimages abouthe study of isolating
or in situ biological structures he optical sectionsf a biological system
in the collection of a series of images of parallel planes, moving the focus
of the lens along armxis coinciding with the light propagation axis. To
obtain a perfect representation of a single sample playey should
ideally collect only the light coming from that particular plane; however,
even the overlying and underlying planes emit light, thesea loss of
image sharpness. The key to the success of the confocal techisities
removal of hole interferences from the adjacent planes to the one that is
focused, through the use of the smlled pinhole. Confocal microscopy
uses a very intense liglsburce, the laser, to excite molecules. The light
emitted by the fluorochromes excited by the laser is captured by the
lenses, crosses the dichroic mirror and reaches the photomultiplier, which
transforms the light intensity into an electric signal of pootional
intensity. Between the dichroic mirror and the photomultiplier, the light
beam passes through a diaphragm, or pinhole, which embraces the light
coming from the outof-focus areas to reach the photomultiplier (Figure
1.10). In this way, only thadht signal on the focus plane is recorded and
used in the formation of the final image. The result is an image that is not
very disturbed by the diffusion of light in the ndocused area. In fact, in
addition to the pinhole for the light emitted, a pinleis also used for the
excitation light, so as to illuminate only a microscopic portion of the
sample, increasing the contrast. To obtain the representation not of a
microscopic portion of the sample but of an entire plane, the light beam
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is moved alonglhte sample from point to point, so that the whole plane
located at the desired depth is illuminated by the light beam according to
a precise sequence. This process is called scanning. To increase the speed
of image acquisition, some microscopes move thitllgeam by moving
mirrors that direct the incident light towards the sample in a regscan.
These mirrors make the image reconstructipossible in less than a
second. The electrical signal output from the photomultiplier is then
digitized and sent to acomputer that records the intensity values
measured for each point. These values are used to reconstruct the image:
each point corresponds to a pixel of the screen, and the luminous intensity
of the point will be represented by a corresponding shade efygiThe
combination of all thendividual pixels, correspondirtg points marked

by the laser beam in the samgWwill thus give the final image.

Pinhole
Ar+ - Laser
=D |
kl\.l Beam
Splitter
X-Y Scanner ——7
Laser : Objective
S=—1F Lens
\\ ,;-* T
/= 7
Z Control  — l

Figure 1.100ptical scheme of laser confocal microscépe

Due to its optical sectioning ability SMis a unique method to locate
NP in the skin'®1% put also to investigate the cellular uptake and
localization of the NP inside the cells.

The work of Klingberg et &t shows the application of theSMon the
study of the uptake of gold nanopatrticles in primary lamendothelial
cells. HUVECs were culturddr 24 h in medium withcitrate-AuNPin a
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concentration range of 1.230 pg mt. The membranestaining
experiments showed that AuNWere predominantly located withi the
cell, and onlyafew AuNFocated near or on the cell membrane

A recent work oLiet al'®?studied the cellular uptaé&on HUVEC and
macrophages cell linesf the curcuminloaded chitosan nanoparticles
(CurCSNPs) and explored their potential to accelerate diabetic wound
healing LSMimages showed that C{€SNPs accelerated internalization
of Cur moreoveri KS 3 N#BsBefice mnsity emitted by G@SNPs
was gradually enhanced with the extension of incubation time, indicating
that the uptake of CWHCSNPs was tima@ependent.

Moreover, LSM images can beuseful in order to quantify the

nanoparticle uptake (by 3D fluescence microscopy). In fact, in the work

of Torrano et al?3this method was used in order to investigate the silica
nanoparticles uptake on human vascular endothelial cells (HUVEC) in
comparisonwith a cancer cell line derived from the cervix carcinoma
(HeLa) Finally, after 48 h, the particles that form smaller agglomerates
(30 nm) nanoparticles, are internalized more efficiently by endothelial
cells.
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Chapter 2

MOTIVATION OF THE STUDY

In recent years, the use of nanoparticles, particularly metal
nanoparticles, has expandememendouslyin biomedicalfield-related
research.

Nanoparticlesare available in different sizes and shajpdise to their
ability to react and agglomerate with othenanoparticles in their
surroundings. Metal nanoparticles canexhibit exceptional optical
properties making them capable of producing platforms suitable for
imaging applications.For instance, silver (AgNP) and gold (AuNP)
nanoparticles can be used simtaneous in diagnosis and therapeutics
(i.e., theranostics), due to their unique properties of controlled small size,
large surface area to volume ratio, stability over high temperatures, high
reactivity to the living cells and translocation into the cedi.

In this studywe addressedthe bioconjugation ofsilver and gold
nanoparticles with hyaluronic aciy a onepot synthetic approach where
the metal salt (HAu@br AgNQ), dissolved in the hyaluronan aqueous
solution, is reduced by thecorresponding reducing agengl(cose or
sodium borohydride) It is to note that HA can act both as stabilising
capping agent and as geducing agent at the used experimental
conditions. The focus of this work was to scrutinise theffect of the
polymer molecular weight on the physicechemical properties of
nanoparticle size (both optical and hydrodynamic diameter), colloidal
stability against aggregation and intrinsic viscosity. To this purpose, three
different polymer sizes, i.dow MW (200 kD3, mediumMW (700 kDa)
and high MW (1,200 kDa) were used.
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HYALURONANRAPPED SILVER AND GOLD NANOPARTICLES:
EXPLORING THE RELATIONSHIP BETWEEN THE POLYMER MOLECULAF
WEIGHT AND THE NANOPARTICLE SURFACE TAILORING

Abstract

The bioconjugation ofmetal nanoparticlesrepresents an attractive
route for the fabrication of multifaceted nanoplatforsrthat merge the
unique plasmonic features of the nanomaterial to the biocompatibility
and targeting properties of the biomolecules used to tailor the NP surface.
Hyaluronic acid, or hyaluronans an endogenous component of the
extracellular matrixand has excellent biological characteristics such as
biodegradability, nortoxicity, and receptobinding properties.

In this work, we developedmaeasy and greeapproachbased ona
wet chemical reduction method for the one-pot synthesis and
bioconjugationof silver and gold nanopartickewith HA polymersof
molecular size ranging from low (200 kDa) to high (1,200 kDa) molecular
weight

The as prepared HA@NP hybrids were characterized by using UV
visible and attenuated total reflectane€ourier transformed infrared
spectroscopies, to scrutinize respectively the optical response and the
conformational structure at the polymenetal interface, as well as by
dynamic light scattering, to get insight into the hydrodynamic size and
stability upon aging of the NP&loreover, intrinsic viscosity values were
determined by Viscotek GPC/SEC system, with integrated refractive index
viscometer and ligt scattering detectorsResults pointed out to the
tunability of nanopatrticle size and ionic strengtbpendent aggregation
by the different molecular weights of hyaluronic acid.

1. Introduction

Application of nanomaterials has gained a keen interest seaech
especially in the area of medicine and biology. In particutaetal
nanoparticles such as gol[&uNP)and silver(AgNP,) either alone or in
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association with other bioactive moleculésyve beerlargely investigated
thanks to theimpeculiarphysic&hemical®*and biological propertied??

The application of green chemistry in the naswienceand technology
is very important in the area of the preparation of various materials.
Indeed, geen chemistry for metal nanoparticles fabrication is nowadays
the torch bearing field of sustainable research. Advantages of green
nanoparticle synthesis ovehemicatbased synthesis are its nearly zero
toxicity with wider applications in different areas of science such as
medicine, biology, chemistry, among othel¥:1%8

Because of cheaper cost, wide availability, enhanced effectivity and
fewer side effects, polysaccharides have successfully replaced the
position of chemical reducing agents in nanopagtisynthesis.

Followingthis path,recently, nanoparticle synthesevere developed
under mild and environmentally friendly conditions using biocompatible
reagents such as monand poly-saccharids, in orderto obtain, in high
yields,nanoparticles with cotmolled size and shape.

Polysaccharides are natural biopolymers that have been recognized to
be the most promising hosts for the synthesis of metallic nanoparticles
because of their outstanding biocompatible and biodegradable
properties. Polysaccharidegeadiverse in size and molecular chains,
making them suitable for the reduction and stabilization tife
nanoparticles 9 200

As exampledrom literature, glucose and -Bleoxyglucose capped
AuNPwere synthetized for application in theranosti€and in the work
of Ergelbrekt et ak%? glucose and starch were used as the reducing and
stabilizing agents, obtaining AuUNP for bioelectrochemistry applications; in
the work of CastreGuerrero et &% AuNP were synthesized at room
temperature and atmospheric pressure using fructose, a common and
non-toxic monosaccaride.Likewise, there are green protocols which use
starch?% fructose’® or sucose’® for the syrhesis of AQNP or which
decreases the use and concentration of toxic reagents.
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Hyaluronic acid is a major glycosaminoglycan of the extracellular
matrix of the skin, mucosal tissue, joints, eyes, and many other organs and
tissues?°’Hyaluronic acid is a biopolymer that exhibits different biological
properties depending on the molecular weight (MW). For instance, HA has
been shown to have differential signaling based on its moleculaghe
namely preinflammatory response for loW HA or antiangiogenic for
highMW HAZ2%8 Other than the bblogical effects, also the nanoparticle
stabilisation is connected to the molecular weight. In fact, long chains of
polymers are known to provide steric stabilization for nanoparticles, with
the increase in molecular weight producing two counteracting affea
decrease in the diffusion rate of chains and an increase in the physical
adsorption of the polymetf%

The interaction oHAwith metalnanoparticlesmaylead tointeresting
new nanocomposite for nanomedicine aplcations. In fact, HA, which is
a linear anionic polymer, has biocompatibilityiodegradability, non
immunogenicity, nornflammatory, and noroxicity properties.
Nanometersized HA nanomedicines can selectively deliver drugs or other
molecules into tumor sites via their enhanced permeability and retention
(EPR) effect. In additioRlA can interact with overexpressed receptors in
cancer cells such as cluster determinant 44 (CD44) and receptor for HA
mediated motility and be degraded by a family of enzymes called
hyaluronidase (HAdase) to release drugs or moleciifes.

To fabricateHA-coated AgNR or AuNPs, typicallythe hyaluronan
solution is mixed with He nanoparticle dispersioft> 2 Zhang et al
synthetized HAcoatedAgNPs by reduction of HAg" with NaBH at room
temperature?'?To the best of our knowledge, there are no reports on the
reduction of HA-Au** analogous.

In this work, an ecdriendly chemical method based on HA was
successfully used for the preparation of hyaluror@pped silver
nanoparticles (HA@Ag) and gold nanoparticles (HA@Ao)span a
polymer molecular size range from low MW taghiMW, such ajreen
synthesis of silver and gold nanoparticles was achigwedising the
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hyaluronic acid at the three different molecular weighs of 2000 and
1,200 kDa.

2. Materials and Methods
2.1. Chemicals

Sodium hydroxide (NaOH) was purchased by Honeyigth (USA).
Silver nitrate (AgN§), sodium borohydride (NaB)i D-(+)glucose,
tetrachloroauric (Ill) acid trinydrate (HAuGI3hRh 0 = LJdzNX &  x
sodium chloride (NaCl), sodium nitrate (NaNénd sodium azide (NaN
were purchased by Sigma Aldriéghl { ' 0 @ ! £ f OKSYAOI f a
b 273 2 SN 6+a RSA2YAT SR ONBaAalACL
using a milkQ unit (MillkQ plus, Millipore, France). Glassware was
cleaned with aqua regia (HCl: HNQ:3 volume ratio) and rinsed with
water immediately before starting the use.

2.2. Hyaluronic acid biosynthesis and characterisation

Hyaluronic acigpowders at low {200 kDa) and high~-{00 kDa and
~1,200 kDa) molecular weight were produced by bacterial cultures,
followed by purification andfreezedrying, according to patented
protocols of Fidia Farmaceutici S.p.A. (Italy).Briefly, Bacillus
megateriumwas used to expresspisomal plasmid vectors (pTRNAP
and pPT7in the presence of 7 promoter?3

To determine the molecular weight and intrinsic viscosity of the
different hyaluronan batches, a viscosimeter Viscotek system with
GPC/SEC muttietectors (Malvern Instrument, UK) waised. To prepare
the samples for theViscotekanalysesHA powders were dissolved in
water at the concentration of 2 mg/miand left under stirring overnight
in order to have the complete dissolution of the biopolymé&ior the
studies of degradation agast aging in basic conditions, the stock HA
solution was prepared in 7 mM NaOH and two aliquots were stored
respectivelyat room temperaturein controlled laboratory environment
and in the fridgeat 4°Cduring one monthTo run the experiment with the
Viscotek, the stocks HA solutiamre diluted to 0.2 mg/mL in the Viscotek
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buffer (NaCl 0.84, pH 7) these solutions were filtered witmh ®H 1 >Y LJ2 NB
sizesyringe filterand thusinjectedinto the viscosimeter injector looplhe
chromatographic ruawere carried out in isocratic elution of NaN@.1

M) and NaN (0.5 g t2) for 30 minutes

2.3. Synthesis of HA@Ag and HA@Ay wetchemistry
reduction.

Hyaluronanconjugated silver and gold nanoparticles were fabricated
by using a cbmical reduction method modified from Mavani et'at.for
AgNP and from Suvarna et%8tfor AuNP, respectively. The HA polymer
was added to the reaction mixture containing the metallic precursor salts
(respectively AgNgfor AQNP and HAudbr AuNP) in the tripartite role
of co-solvent, cereducing and stabilising agerftorthe synthesis of HA
coatedsilver nanoparticles (HA@Aghe aqueous solution of AgN@as
reducedwith NaBH in the presence of HA, acting both asreducer and
capping agenfFigure2.1), according to the reaction inglation 2.1:

Ag + [BH] + 3HO wu Ad + HBGQ+3.5H (2.1)

Briefly, a solution of AgN®.5 mM (AgN®@final concentration = 0.03
mM) was added to a solution 0.2 % (w/v) of HA200 (or HA700 or HA1200)
under magnetic stirring in an ice bath. Then, a freshly prepared aqueous
NaBH solution 100 mM was added dropwise over 5 minutes (NBidl
concentration = 0.6 mM). The initially colourless solution became yellow
and was stirred in ice bath for 105 minutdsd 2.1a). The synthesis of
bare, borohydridecapped AgNPs was carriedtauwsing the method of
Mavani et al.'?®, In an Erlenmeyeflask was added a 2 mM solution of
NaBH. A magnetic stir bar was added and the flask was placed in an ice
bath on a stir plate. Ice bath was used to slow down the reaction
temperature and give better control over final particle size/shajfeA 1
mM solution of AgN&was dripped into the stirred NaBHolution at
approximately 1 drop per second. The initially colourless solution became
yellow andwas stirred in ice bath for 45 minutes.
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|| NaBH.

T=26°C

*+Glucose 5 mM

lee bath 4 +NaOH 7 mM
—, |HA@AGNP
108 micustes J HAUCI, 0.5 mM HA@AuNP

—_— — 1 HAOD2% )

A2

(@) ®)

AgNO, 0,03 mM
HAD.2%

Figure2.1. A representative picture of the wet chemical reduction synthesis and
bioconjugation with HA of: (a) AgNP, (b) AuNP.

Forthe synthesis of H&oatedgold nanoparticles (HA@AWaOH 7
mM and glucose 5nM were added to an aqueous HAu&blution 0.5
mM. The reaction mixture was maintained under stirring and at controlled
temperature of 25°C using Eppendorf ThermoMi&g.2.1b),in order to
improve the experimental repeatability of the reactiogivenin Egquation
2.2

DA +3GH206s + 60H L 3GHi20r + 3HO + 2A8 2.2)

The HAcapped gold nanoparticles were formed approximately in 1
minute. As to thébare, glucosecappedAuNPs, the same reaction B 2
was conducted in water instead of HA 0.2% aqueous solution.

For both HA@Ag and HA@Au hybritdse as prepared colloidal
dispersions were concentrated by two repeated centrifugation steps (4
minutes; 9391 xg 15 °C) in a Eppendorf Centrifuge (5417R, FBU5H3
Rotor, Italy), with washing with milliQ water in between the two
centrifugations. 0.5 mL Amicon Ultra centrifugal filters (Merk Millipore,
USA) were used, with a molecular weight-oift of 30 kDa. As to the
reference bare AUNP and AgNP samples, thefsewere obtained by
double centrifugation and washing in Eppendoré@t0«gfor 15 minutes
for AUNP and at 1176@for 20 minutes for AgQNP, respectively.
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2.4. UWVisiblespectroscopy

UW-Vis spectra were recorded at 25°C wusing Lambda2S
spectrophotometer (Perkin Elmer, USA). The measurements were
performed into a 3 mL quartz cuvette with a 1 cm path length or into 300

s A 7 VRPN

>[ ljdzf NIT O0dz@SGiGS 6AGK nom OMVetld G K

preparation, UWis spectrum was recorded in order to check the NP
spectrum in terms of absorbance amdaxmum wavelength.For the
replicated UWisible spectra from three independent syntheses, the
percent of relative standard deviation (% RSD), egdsulated, as givein
Equation 2.3:

"YO
P'Y"YO qu) T (23)

where ajthe average value of the measured variable, aivdis the
standard deviation. We used this parameter as statistical tool to evaluate
the reproducibility of the syntheses.

The optical parameters of the wavelength at tinexmum of plasmon
absorbance ( ) and the corresponding Abs values were used to
calculate the optical diameter(Y, in nm and the molar extinction
coefficient ¢, in L mott cnr?), according to eq.@.4)-(2.6) forAgNP*>and
eqgs. 2.7) and 2.8) for AUNP16. 217

Q _ for 8<Q<20 nm (24)
8

Q — for 20<Q<100 nm (2.5)

- - 0Q for 8<'Q<30 nm (2.6)

where®and®are constants=405anddx=1.5in eq.4;(=397 andx=9.58:
10%in eq.5) as well a§ and'Y (0=6.984 - 18 'Y=0.109.

Q 8 2.7)

60 (2.8)
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whereBl YR ¢ | NB (Bg27 Odana=3BofdiB)X yp Y Y
B=16-16T ' I Mm@ 85 nM)2 NJ

2.5. Dynamic light scattering characterization

DLS measurementvere obtained at 25°C using dynamic light
scattering particle size distribution analyzer (DLS, HORIEAQ,BJSA)
with a light source 650 nm (laser diodey®V and a photo multiplier tube
detector). The measurements were performed into a 3 mL quartz teivet
with a 1 cm path length. After each synthesis and pellet preparation, DLS
measurements were carried out in order to investigate the NP
hydrodynamic size.

2.6. Flocculation experiment

Gradual addition of NaCl concentrated solution (5 M) was added to
the NP pellet suspension. Sequentiahdditions(50, 100, 200, 300, 400,
500and600 mM)of NaCl were carried out untbmpleteNP aggregation
was reachedBefore and after everaddition, U\tvisible spectra of the
samples were recordedising Lambda2Sspectrophotometer (Perkin
Elmer, USA)

2.7. ATRFTIRspectra

The silicon wafers are cut in a surfaceOd cm x 1 cm and washed
with methanol and isebctane. 100 puL of sample (HA, NP or HA@NP) was
putted on the cleaned silicon surface and left to dry at room temperature.
The ATRFTIR spectra was recorded using LIS O NHzY ¢ 42 u
Spectrometer (Perkin EImdySA).
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3. Results and Discussion

The successfully formation of colloidal dispersions of metal
nanoparticles was demonstrated by Wisible spectroscopy analyses
(Figure 2), which also evidenced differences among the three different
molecular weights oflA used, namely, 200 kDa (HA200), 700 kDa (HA700)
and 1,200 kDa (HA1200), respectively.

@) (b)
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Figure 22. UVvisible spectra of as prepared AgNP (a) and AuNP (b) samples, both
bare and HAcapped nanopatrticles. In (c) and (d) the warmgths at themaxmum of
Foa2NblyOS 27F (medisdispldyed dLfuhctionloffHe Mw/sfor HA@Ag
(c) and HA@Au(d), respectively. Spectra from three repeated syntheses were performed
YR NB&dzZ G§& | NBradBR oy & | @SN IS <

According to eqdrom 2.4 to 2.7 for spherical metal nanoparticles, the
wavelength at the maximum of absorbance of the plasmon peak can be
used to calculate the optical size of the &pped nanoparticles.
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In the case oHA@Agamples, with peaks centred in the 4800 nm
range (Fig. 22a) diameters approximately of 12 nm for HA200@Ag
(similar to thebare AgNP5- 10 nmin sizg, ~22 nm for HA700@Ag and
20 nm for HA1200@Agere determinedfespectively.

Similarly the spectra GHA@Au samples, with plasmon peaks ranging
from 535 nm to 550 nm (Fig.2.2bjorrespond to spherical gold
nanoparticles having diameters respectively of 70 nm, 121 nm and 118
nm for HA200@Au, HA700@Au and HA1200@Au, which are all
significantly larger thathe bare AUNP~60 nm in size).

Significant differences in the plasmon pea&re found inthe spectra
of HAcapped nanoparticles in comparison with those of reference bare
NPsnot only in terms of red shiftd) max>0), but also fohypochromic
effect (DAbs <0)yandpeak broadening, ameasured by the increase of the
full width at halfmaxmum OFWHM>0) (Tabl2.1).

Table 2.1. U\tvisible parameters of wavelength at threaxmum of absorbance
(<may), absorbance at the plasmon peak (Abs) and full width atrhakmum (FWHM)
for bare and HAapped AgNPs and AuNPs with the three MWSs of hyaluronan used.
Values are the average from three spectra recorded for independent syntheses; in the
brackets, percetage of relative standard deviation is shown.

HA MW (kDa) <max(nM)xSD  Abs + SD FWHM: SD
(% RSD) (%RSD) (% RSD)
AgNP 0 396+ 1(0.4) 0.25%0.01(3) 68+1(2)
200 3908+1(0.1)  0.15%0.01(2) 653 (4)
700 402+1(0.2) 0.17+0.01(3) 80+ 2(3)
1200 401+1(0.2) 0.16+0.01(3) 76+ 1 (2)
AuNP 0 537+1(0.2) 0.27+0.04 (1) 55+2 (3)
200 541+1(0.3) 0.21+0.01(2) 702 (2)
700 556 +3 (0.6)  0.19+0.01(2) 97 +5 (5)
1200 555+1(0.2) 0.13%0.01(4) 63+1(2)

Specifically, for HA@Ag,samilar decrease in the absorbance of the
plasmon peakDAbs ~ -3699 wasobservedor all three MWs of HA used.
On the other hand, for HA@Asamples, a M\Adependent trend was
found, with DAbs of about26% forboth 200kDa and 700 kDa HA and
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DAbs~ -52% for 1200 kDa HA, respectivelg.td theplasmon redshift

for the hybrid HA@NP samples with respect to the corresponding
reference bare NRs nanoparticlespecific behaviour was detectedjth

a narrowrange spannedby AgNPsHig. 22c) than AuNPs Kig. 22d). To

note, the largest red-shifts were foundfor both HA700 and HA1200
coated NPsO max~5 nmfor Ag andDl max~20 nm forAu, respectively,
whereas HA20@oated NPs exhibited a limited shift of few nm, . max

~2 nm for Ag an® max~4 nm for Au, respectivelisee Table.1). Finally,

the measured FWHM (Table 2.1) did not change appreciably for
HA200@Ag but significantly increasddF(WHM ~ +10 nm) for both
HA700@Ag and HA1200@Ag, respectively. On the contrary, for HA@Au
hybrids, an increase of FWHM with respect to bare AuNPs for increasing
MWs of HA was found in the case of HA 200 KlIBFA\(HM~ +15 nm) and

HA 700 kDaDFWHM~ +42 nm), ingead for HA 1,200 kDa the lowest
plasmon peak broadeninFWHM~ +8 nm) was foundn general, the
broadening of the plasmonic peak FWHM in the presence of hyaluronic
acid suggests the increase of polydispersity index of the colloidal
dispersion, whichthus consists of a population of several size
distributions?18 219

To note, the calculated values of %RSD ginérable 2.1 confirm the
high reproducibility of the synthetic approach for the nanoparticle
preparation, with a good level of similarity among ttiéferent samples
from repeated syntheses in independent experiments.

Taken together, these resultain be inlicative of an actual coating of
the metal nanoparticle by HA, with the resulting increase in the
nanoparticle optical diameter due to the wrapping of the metal core by
the hyaluronan polymer chairfg%: 221

In particular the hypocromic and red shifigs well as the plasmon
peak broadeningpoint to a general increase in the particle s{#eat
correspond to the decrease in the nanoparticle molar concentratam
well as to the increase in thdispersity index by the increase of the
hyaluronan molecular weight
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Of course, the molecular weight of ttgaluronanis expected to have
a role inthe mechanism of seeds formation and growth thatursduring
the reductionreaction Indeed, variousxperimental evidences show that
the polymer MW influences the vyield, the morphology and size
distribution adopted by metal nanoparticlé&?

For instance, Zhang et al. measured a plasmon peakh#tdof Dl max
~6 nm for AgNP coated with 22 kDa HA with exgpto the barecitrate-
capped AgNP fax= 390 nmy!? Similarly, a red shift dbl max~ 10 nm
was found for hyaluronan (100 kDedduaed silver nanoparticles with
respect to glucoseeduced AgNP?? Finally, Hien et al. found in HA
capped AuNPs synthesised by usingrirradiation method that the
average diameters determined by TEM of AuNPs were of 10.2, 7.0, 6.0
and 5.5 nm for HA concentrations of 0.05, 0.1, 0.2 and 0.4%,
respectively???

In physiological solution, the backbone of a hyaluronan molecule is
stiffened by a combination of the chemical structure of the disaccharide,
internal hydrogen bonds, and interactions with the solvétbwever, the
h i Iy Rt grieupshon the HA side cims are expected to have a high
affinity with the metal ion precursors, i.e., #§*or A*.2?522" Theefore,
the differences found for HA@Ag and HA@cam be related to different
HAassisted growth paths ongoing during the synthesis for the AuNP or
the AgNP seeds and/or the partial nanopartiatgregation.

Since the reproducibility and the stability against aggregation are
crucial factors to set the optimal conditions for the synthesis and
purification of metalbased nanoparticles, we investigatdde pellets
obtained after two centrifugation steps with water w&ing in between
and at the end (see Materials and MethodBle UWisible spectra of the
pellets in Figure.3 show that the redshifts Ol max~10 nm for HA@Ag
andDl max~20 nm for HA@Au, reggtively) found in the as prepared HA
capped NPs with respect to the corresponding bare NPs were
substantially maintained.
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To note, in the case of HA1200@Au pellet, a furthersieidt Ol max~
10 nm) compared to the as prepared sample (i.e., before the
centrifugation and rinsing steps) points most likely to a partial aggregation
of the nanoparticle. This finding can be related to the nanoparticle
purification procedure, which rinsed off part of the stabilising polymer
shell that coated the metallic cora the nanoparticle suspension. Such a
phenomenon, given by the sum of the contributions from both
gravitational and centrifugal forces, is expected to have a major effect on
GKS f2y3aSNI YR WKSIGASND LI2fte&YSNI OKI A
of HA 200kDa and 700 kDa, respectively. In the case of AgNP, the likely
presence of Atgpecies at the nanoparticle surfaé@allowed for a more
stable anchoring of HA capping layer, due to the electrostatic interaction
between the metal cation and the negatively chargeda@d COO-rich
groups of hyaluwnan.
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Figure 2.3. U\Vtvisible spectra with normalised absorbance for the pellet samples
resuspended in water for bare NP and HA@NP samples of AgNP (a) and AuNP (b). In the
inset: the wavelengths at thmaxmum of absorbance plotted versus the HA MWs for

the pellets (solid symbols) in the comparison with the corresponding as prepared
dispersion (open symbols).
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calculated according toEg.s @.4)-(2.8) given in Materials and Methods

The NP optical size (¢ and the concentration (in mol/L) were

by using hel maxand the corresponding Abs values for the plasmon peak

of the various pellet sample$he values reported ifable2.2 show that
the optical sizeslightly increasedin comparison with the bare NHer
HA200coated NP (+1 nm for HA200@Ag and +7 iomHA200@Au,

respectively, whereas the diameter size was approximately doubled for
the AgNP and AuNP coated by the hMW (700 kDa and 1,200 kDa)
hyaluronan.

cell of 0.407 nm for AgNP and 0.408 nm for AuN®in length; and using 70 0
0wl Q9 (O T

Table2.2. UV-visible parameters from the pell&tP UWisible spectra.

MW <nax  FWHM  do(nm)  [nM] NP/mL®
(kDa) (nm) (nm)

AgNP 0 395 68 12 5.64 6.33-10
200 396 62 13 5.92 5.23-10
700 403 60 25 1.00 1.24 - 16
1200 401 67 20 1.66 4.03 - 16

AuNP 0 535 87 66 0.28 1.96 - 16
200 542 117 73 0.17 8.30 - 10
700 559 104 123 0.04 3.66 - 16
1200 565 108 134 0.05 3.87 - 16

aAs calculated according to the volume of a spherical nanoparticle, with a fcc unit

concentration® O G602  F0 O

Thetrend in the changes of calculategbticaldiameterswere in good
agreement with the measured (by DLShydrodynamic size of the

| g231 RNR Qa

O2yaidlydT

n

FG2Ya

nanoparticles (Figure 2.4). To note, the hydrodynamic size of bare
nanoparticles, respectively of 322 nm for AQNP and 57 £ 1 nm for AuNP,
increasedas the MW of the hyaluronan used for the bioconjugation
increased £ 100 nm for HA200@NP ard200 nm for HA700@NP and

HAROO@NP, respectivelyfor both silver and gold nanoparticleSigure

2.4 also evidences a larger difference between the hydrodynamic size and

the optical size in the case of HA@AgNP.
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Such anincrease of thenanoparticle sizewith the increase of the HA
molecular weightis weltknown from literature, for instance Shimmin et
al?9demonstrateda linear correlation betweemolecular weighof the
stabilising polymer shedind the hydrodynamic sizef the nanoparticle,
as expected by the steric stabilisation mechanism of collaiganst
aggregatior?3!

- Jdo Cdy
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MW (kDa)

Figure2.4. Optical and hydrodynamic diameter measured for the peltatsilver(a)
and gold (b) nanoparticles, both bare (MW=0) and Hdénjugated (MW=200, 700 and
1,200 kDayamples.

To confirm the efficiency of the purification process performed
through the centifugation and water rinsing steps, the pH of the
suspensions of as prepared andsespended pellets were measured.

Table2.3 shows that the measured pH values for the as prepared
dispersions were in the range of 5:6818 for AgNPand of 8.128.58 for
AuNR, respectively. After the purification, all the colloidal suspensions
exhibited a value close to neutrality.
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Table2.3. pH value of the as prepared and pellet dispersion

HA MW pH (as prep) pH (pellets)
(kDa)

AgNP 0 5.58 6.89
200 5.76 7.04
700 6.18 7.10
1200 6.16 7.15

AuNP 0 8.58 7.41
200 8.12 7.44
700 8.22 7.51
1200 8.36 7.48

This finding was remarkable to demonstrate the efficiency of the
purification procedure to rinse off unreacted and/or excess chemicals
(e.g., the sodium hydroxide used for the basic conditions to synthesise the
AuUNPSs). Moreover, the evidence of minor changes fund in the pH before
and after the washing steps, confirmed the suitability of the approach for
the synthesis and purification ofi¢ NPs. Indeed, it is known that pH may
affect the stability of polymecoated NPs by inducing changes both in the
nanoparticle size and/or in the degradation of the macromolecule chains.

Generally, basic conditionsre known tofavour a shrinking in the
nanoparticle size, with a corresponding change in the plasmonic peak
features For instance AQNR synthesised by using a polyphenol and
alkaloidbased extract exhibited a diameter change from 30 nm to 130 nm
as the pH increased from 2 to 8, due to thaing of reducing mechanism
involving the hydroxyl group®? As to the stability of the hyaluronan
polymer against pH changes, Chen et al. found that high MW HA (1,000
kDa) investigated at different pH, quicklggraded at pH = 4, whereas the
maxmum stability was detected in the pH range o863

To note in basic condition ancbom temperature (22°G25°C) HA is
rapidly hydrolysed with a consequent decrease in molecular weight and
intrinsic viscosity?3* The degradation of hyaluronan of the different
molecular weights measured for fresh solutions (before degradation) was
studied in aqueous duations byViscotekdetermination of molecular mass
and intrinsic viscositgh) parameters.The solutions were stored either at
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laboratory (r.t., 25°C)or refrigerator (4°C)temperatures during four
weeks(Figure2.5).

Already after 1 week, the averag®lecular weightlecreased byB0%
(25°Q or 3% 4°Q for 700 kDaFig.2.50) and by 10%(25°C)or 7% (4°C)
for 1,200 kDa hyaluronafFig.2.59. Accordingly, the average intrinsic
viscosity decreased respectively by 22% (25°C) or 0.5% (4°C) for 700 kDa
and by 24% (25°C) or 8% (4°C) for 1,200 kDa HA, respectelihe
contrary, only a minor decrease of the avera@@/ by 2% 25°Q or 0.08%
(4°Q was found for 200 kD&A (Fig. 2.5a), corresponding to the
decrease by 7% (25°C) or 2 % (4°C).
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110
100+ 350+
£ B 18
= MW: —— 25°C, —— 4°C = |[Mw: —m—25°C,——4°C 16
= 0 h: ——25°C, {1—4°C 3 = 0 h: —— 25°C, ——4°C
0 2 4 0 2 4
aging time (weeks) aging time (weeks)
25 25
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15+
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®
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; MW: —l— 25°C, —— 4°C 10
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Figure2.5. (a-c): Viscotek results @verage molecular weightMW, left hand side
axis) andaverageintrinsic viscosity/, right hand side axis) fdtAaged up to 4 weeks at
room temperature (solid symbolg) in the refrigerator (open symboign) 200 kDa (b)
700 kDa(c)1,200 kDaln panel d) thelots of the intrinsic viscosity against the molecular
weight for fresh (t=0) and aged (t=1,2,3 and 4 weeks) samples (black scattered plot =
experimental datgoints; red line = curve fit).
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During the following three weeks of aging a progressive degradation
occurred, as evidenced by the decrease in both the average molecular
weight and the average intrinsic viscosity for the all the three hyaluronan
polymers studied. To note, the linear coiagon between MW anch
observed for the fresh samples changed to more complex curve fit
functions at increasing aging times (FRAdgxd).

Figure 2.6 shows the&omparison of the plasmon peak features
between HA@AJFig. 2.6a)and HA@AWFig. 2.6b) in termsof the
Bl NR I nh@ phsORY Da2NDFyOS opl!oav I yR
function of the aging time (up to 15 day#). general, the dispersions in
020K Ol asSa ¢oSNB |jdzAGS adled S @& yros
ncC21l a ¢SNB NXBthanIs rin R7@cdf1@ nmi vt réspect to
the freshly synthesised suspension. However, significant differences were
found for silver and gold dispersions upon aging.
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6, 9, 12, 15 days).
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Upon ageing, bothbare and HAcoated AgNPslikely form larger
aggregates, in comparison with as prepared suspension, witfoader
distribution in $ze, as evidenced by thed shifts, ipochromic shifts, and
plasmonic peakroadenim.?**No significant differences amonie three
MWs tested were foundConversely, for the aged AuNPs, a kit
(especially evident for the low MW Hz#apped AuNR together with an
hyperchromic shift and a narrowing in the plasmon bavete found

In particular, AuNP initially shows laroad peak which indicates
populations of various sizes at the initial growth stages but, after 15 days
of aging, the narrower and sharper absorption peak point to smaller and
stable NPs in colloidal forAi® It is likely that the big and not stable &

NPs stuck on the inner walls of the vial, however, other than this effect,
the increase in the absorbance suggest that, during the aging time, a
further NP nucleation occurred leading to formation of smaller NP
(corresponding to the decrease in FWHNRese findings of the HA on
the NP size evolution suggest a digestive ripening effect for g6l
which the size of the NP decreased prompted by the interaction with the
hyaluronan chains, and an Ostwald type growth for sit¥&likely due to

a lower level of intesiction between the polysaccharide chains and the
metal atoms.

The flocculation assawas conducted in order to investigate the
protection activity of the HA chain on the NP aggregation after electrolyte
addition and the results are showed in Figar& The gradual addition of
NacCl, from 50 mM to 0.6M, to the suspension of bare nanoparticles of
silver (Fig. 5a, 0.34 nM = 3.2°2Z@NP/mL) or gold (Fig 5¢, 0.04 nM =7-10
AuNP/mL) showed that the disappearance of the plasmon band, i.e.,
complete aggregatiorof the nanoparticles, was reached for the NacCl
addition at the concentration of 0.6M for AQNP an@®.5nM for AuNP,
respectively.
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Figure2.7. UVvisible spectra of bare AgNR) or AUNP (d)efore (solid line) and after
(dashed lines) the gradual addition of a concentrated NaCl aqueous solution in the
concentration range from 50 mM to 0.8l. U\-visible spectra of HAAcoatedAgNP (b)

or AuNP (dpanoparticles before (solid line) and af{glashed lines) addition of 0.6 M
NaCl to HA200®P (red curves0.34 nM = 3.2 - FOAgNP/mLor 0.11 nM = 4 - 10
AUuNP/ml, HA700@IP (blue curves, 0.12 nM = 2.8 SKyNP/mLor 0.06 nM =6 - 10
AuNP/ml) and HA1200@®P(green curves, 0.10 nM = 1.6 S2gNPmL or 0.05 nM = 4

- 1¢ AUNP/ml).

The direct addition of the same NaCl concentration to the HA@NP
samples (Fig@.7b and Fig2.7d) confirmed the actual surface decoration
of the nanoparticles by the hyaluronan polymer chains, since minimal
changes in th plasmon bands, with the absorbance decrease of about 15
16% for HA@Ag and of abouB% for HA@Au were found, respectively.
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To note, no differences were found for the three different MWs of HA
used.

The flocculation process occurs when the addition oélkactrolyte to
the suspension leads to the neutralization of the superficial NP charge
forming big aggregaté® This protection effect of the polymer against
flocculation is known in the literature in fact, the work of Lin e?“al.
shows that uncharged polymers such as PVP and charged polymer such as
Arabic gum, stabilize efficiently AQNP against aggregation after electrolyte
addition (0.1 M, NaNg); likewise, the work of Gangula et?tshows that
polymers such as PVA stabilize efficiently AUNP against aggregation after
thiourea adlition.

The nanoparticle stability against aggregation induceddbgition of
a strong electrolyteNJaC) to the nanoparticlesuspension was monitored
by DLS measuremen{$able2.4) thatconfirmedthe U\tvisible results.

In fact the direct addition ofNaCldid not affect significantly the
HA@NP diametewith an increase of the particle sizenged between 2
% and 10 % for HA@Au and between 6 % and 7 % for HA@Ag

The bare nanoparticles exhibited a size increase percent of 67 % and
46 % for AgNP anduNP, respectively. €ke results confirned the
stabilisingaction of the HAcoating shell around the nanoparticlagainst
electrolyte addition.

Table2.4.DLS measurementsthie hydrodynamic size eflver(0.6 nM0.1 nM)and
gold nanoparticle$0.03nM-0.005 nM)before and after the direct addition 66 MNacCl.

D (nm)xSD D (nm)+ NaCt SD

AgNP 361 111 =7
HA200@Ag 1132 122+2
HA700@Ag 208+ 6 223%5
HA1200@Ag 227+3 243+2
AuNP 62+1 113+11
HA200@Au 105+ 3 119+1
HA700@Au 217+ 2 220+2
HA1200@Au 240+ 8 250+7
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The ATHETIR spectra of hybrid HA@NP samples are shown in Figure
2.8, the reference samples of bare NPs and HA (200 kDa, 700 kDa and
1,200 kDa) are included for comparisdie complete list of IR bands and
their assignation is reported in Tali2e.

For both HA@AgFg 2.8a) and HA@AuFg 2.8b) samples, the
characteristic IR bands of HA were found, including the OH and NH
stretching (at about 3403200 cmt), the CH symnetric stretching (at
29502850 cm'), the C=0 stretching andcN bending (160500 cm?),
the CH bending (at about 1480350 cm') and the GO-C stretching of
proteoglycan sugar rings (at 114985 cmt).?42

HA 200 kDa, HA 200 kDa, HA 200 kDa, '+ NP
= HA200@NP ,——— HA700@NP,—— HA1200@NP
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Figure2.8. IR/ATR spectra of the HA@NP samples (solid lines) in the comparison with
the HA samples (dashed lines) at the three MWs (red: 200 kDa; blue: 700 kDa; green:
1,200 kDa): (a) HA@Ag, (b) HA@Au.

To note, theqOH stretching founét 3280 cmtin the threeATRFTIR
spectra of HA 200 kDa, HA 700 kDa and HA 1,200 kDa, exhibited a shift in
the spectra of HA@NP sampl@&able 2.5)%2 Similarly, the signals of
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C=0 stretching andNH bending (at about600-1500 cm') in HA@NP
were slightly shifted compared to HA samples, suggesting the occurrence
of a interaction between the HA polymer chains and Rff&*°

Table 2.5. Peak position (ct) of the characteristic transmittance spectra of the
hyaluronic acid.

-OH/-NH -Ch -C=0 stretch. -CH bend. Go-C

stetch. stretch.  ¢NH bend. stretch.
HA200 3279 2890 1603 1399 1033
HA700 3288 2910 1613 1419 1043
HA1200 3307 2882 1612 1413 1033
AgNP - - - - -
HA200@Ag 3311 2923 1605 1408 1027
HA700@Ag 3300 2923 1605 1408 1027
HA1200@Ag 3305 2923 1605 1408 1022
AuUNP - - - - -
HA200@Au 3277 2905 1605 1409 1027
HA700@Au 3279 2905 1605 1406 1029
HA1200@Au 3279 2905 1603 1409 1027

4. Conclusions

In this work, hyaluronic aciecapped gold and silverspherical
nanoparticles were synthetizedby using a reproducible and green
chemicad method of metal saltreduction by sodium borohydridgfor
AgNPYr by glucose(in basic environmentfor AUNP, respectively

The optical characterisationf the plasmoic bandrevealedsignificant
differencesn the HA@NP systemsth respect to thebare NPsA general
increase in the nanoparticle size, due to the actual formatiotooé-shell
metalpolymer hybrids was obtained Moreover, for increasing
hyaluronan MWs, a quadinear trend was found in hypochromic shifts,
red-shifts and peak broadening effecSuch an effe¢gtmore evident for
HA@Au than for HA@ABbighlighted a significantanifold role of the
hyaluronan polymerwhich played an active role during the synthesss
solvent, capping and eeducing agent.
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The characterisation of the hydrodynamic diameter by RIS
pointed to the major effect of the hyaluronanmolecular weigth in
influencingthe vyield, the morpholog and the size distributiorf the
hybrid coreshell polymermetal nanoparticles ATRFTIRconfirmed a
strong interaction between the hyaluronan chains and the metal core of
the nanoparticlesas quantifiedoy the significantshifts measuredn the
HA-characteristicwibrational bands

Metal-specific effects were observed istudies of stability upon
ageing with a size evolutiorof the HAcapped nanoparticlemdicative of
an Ostwald type growth foHA@Agand a digestive ripening effect for
HA@AUespecially evident for the low MW H#apped NPsYyespectively.
These results were very promising for the setup of syhthesis conditions
for stable hyaluronartapped metal nanoparticles of gold or silver with
tunable size and controlled thickness of the Hlsaround the metallic
core, which can be of high interest in theranostic applications.
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MOTIVATIONF THE STUDY

New growth in the vascular network is important since the
proliferation, as well as metastatic spread, of cancer cells, depends on an
adequate supply of oxygen and nutrients and the removal of waste
products

The angiogenesis process is involved in the cutaneous wound repair
because in the wound healing process the nutrients and the defence,
indispensable for the newly formed tissues, are transported by the new
capillary in the injuryThe modulation of thigprocess has a key role to
reduce both morbidity and mortality from carcinomas and to control
healing of the injury reducing inflammation and the adhesion tissue
formation.

The hyaluronic acid plays a key on the angiogenesis process, in fact,
different sizs of HA exhibit distinctly different biological functions: high
molecular weight (HMW) HA (> 500 kDa) is sgdlieg, antrangiogenic
and immunosuppressive and low molecular weight (LMW) HA with (< 500
kDa) is preangiogenic and immunsetimulator. Moreover, HA has
intrinsic targeting properties, since it exhibits a specific binding tet€D
receptor, which is overexpressed in some tumour cells.

The association of HMMMA 6uch as700 kDa and 1,200 kDa) and
LMWHA @s the 200 kDa) with AgNP (antibacteriady AuNP (anti
angiogenic) and/or an an#ingiogenic peptide (e.g., the GHHPHGK
sequence) leads to new hybrids systems witinable antiangiogenic
properties, for application in theranost® and in the wound healing
process.

In the first part of this chager (section 3.1) is reportedhe
investigation on thehe anticancer activitpf HA@NP hybrid systenos
two tumour cell lines, namely neuroblastoma (SM5Y) and prostate (PC
3) cells, which do not express and overexpress the CD44 receptor,
respectively. Hyaluronanwrapped silver or gold nanoparticles were
obtained by wet chemical synthesisth HA at the two molecular weights
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of 200 and 700 kDaellular assays of ceilability assays and confocal cell
imagingwere performed.

In the second part (sectid®2),AgNP and AuNP synthesizsther by
wet chemicalreduction ormicroplasma methods in the presencetbé
pro-angiogenic LMWHA (200 kDa, HA200j its conjugate with theanti-
angiogenicGHHPHGK peptide (HA 200kDa, HA200GHHR\¢@GKiested
for cytotoxicity in endothelial cells HUVEC line In parallel, the
antimicrobial activityof these systemsvas examined by microbiological
studies on pathogenic bacteria strainsesfcherichiaColi(ATCC 963Aand
SafilococcusAureus(ATCC 29231to investigate their antioxidant and
antibacterial synergic effects and their possible applications on the wound
healing process.
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Section 3.1SILVER AND GOLD NANOPARTICLES DECORATED
WITH HYALURONIC ACID FOR TARGETED TUMOUR CELL
THERAPY

Abstract

In this wak, metallic nanoparticles of silver and gplioconjugated
with hyaluronic acid at low (200 kDa) or high (700 kDa) molecular weight
were fabricated for cancer cells targeting and therapjA is a polymer
capable of bindinghe CDB44 cell surface receptg often overexpressed
on the surface of cancer cells. The-ethjugated nanoparticles were
synthesised in aqueous hyaluronan solution by chemical reduction using
borohydride or glucose as main reducing agents for the precursor metal
salt of AgN®@or HAuUC], respectively. The bioconjugated nanoparticles
were scrutinised by UWisible spectroscopy and dynamic light scattering
analyses, to study the plasmonic properties and the hydrodynamic size,
respectively. Viability assays and confocal cell imaging wexfenmed on
two tumour cell lines, namely neuroblastoma (SM5Y) and prostate (PC
3) cells, which do not express and overexpress the CD44 receptor,
respectively. The results pointed to the promising potentialities of the
developed nanoplatforms for selaece targeting and dosdependent
cytotoxicity in cancer therapy.

1. Introduction

Rapid advances and emerging technologies in nanoscale systems,
particularly nanoparticles, are having a profound impact on cancer
diagnosis, treatment and monitoring, because thieir ability to detect
cancer cells, provide chemotherapeutic agents and monitor treatment
responsé*®. Nanometersized drug delivery systems with the ability to
cross the biological barriers that they may encounter by moving towards
the target tissue or orgai’ allow to increasehe specificity of the therapy
decreasing the toxicity of the traditional treatments and avoiding adverse
effects on nortarget tissues*é Examples include PEGylated liposomal
doxorubicin or albumirbound Paclitaxel, approved in USA for the
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treatment of refractory ovarian carcinoma and Kaposi's sarcoma or
metastatic breast cancer, respectivéfy

In recent years, new therapéic approaches have beeteveloped
based on the use of nanoparticles for theranostic applications, i.e., able
to simultaneously carry out diagnosis and therapy by identifying individual
tumour cells'®® Among the vaipus classes of theranostic nanomaterials,
metal nanoparticles have been widely exploited for use in many different
areas, especially in medicine, since they are prospective candidates for
making a new class of anticancer agéfftswith numerous benefits,
including improved efficacy, bioavailability and do@sponse, targeng
ability, personalization of the therapy, and safety, compared to
conventional medicines as well as the ability to facilitate controlled drug
release?®® Indeed, metal nanoparticles, in addition to their enhanced
absorption and scatteringshow good biocompatibility, high staity
against oxidative dissolution, easy syesi#°! and conjugation to a
variety of biomolecular ligands, antibodies, and other targeting moieties,
making them suitable for use in biochemical sensing and detection,
medical dignostics, and therapeutic applicatiaf&

In particular, silver nanoparticles and gold nanoparticles exhibit
extensive apfication in anticancer agents, molecular imaging, and drug
carriers. AgNPs and AuNPs have unique optical properties, originating
from the excitation of surface plasmon (SP) resonatitkat can be used
in various applications such as sensing, detecting, and im&tfing
Moreover, silver and gold nanoparticles havatrinsic biological
properties that make their use especially promising to obtain
multifunctional hybrid nanoplatform&®® Accumulated evidence shows
that AgNPs can be used as a promising candidate in chemotherapy,
photosensitizers and/or radiosensitizers, biodiagnostics, bioimaging,
transfection vectors, and antiviral agents; some of these have been
entered into clinic trials Silver nanoparticles have the ability to generate
more ionic silver, to increase the prodian of reactive oxygen species,
and to deliver more efficiently ionic silver to small surfaces. Silver has also
been used as a vector for anticancer drugs or for locating tumour cells and
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destroying them by photothermal treatmerit* The antitumor activity of
silver nanoparticles depends on the alteration of the cellular morpgyl
and metabolic activity, the oxidative stress due to damage to the
mitochondria and to the production of ROS, resulting in the damage to
DNA and subsequent death of the tumour cétfsAnother mechanism
silver nanoparticlanduced anticancer is the process of cellular
autophagy?>® Silver has also been shown to exhibit antiangiogenic
effects?>’ In vitro experiments with bovine retinal epithelial cells (BREC)
and in a matrigel plug assay in vivo, AgNPs of 40 nm in size inhibited the
cell proliferation and migration in the vascular endothelial growth factor
(VEGF)nduced angiogenesis process. Furthermauejour bearing mice
injected with AgNPs demonstrated a reduction of ascites production
(65%) and tumour progressich?

Colloidal gold nanoparticles have unigue antiangiogenic properties
and have been applied in a variety of cancers for cancer diagnmoaiging
and especially treatmeri®? AUNPs have become an important alternative
as imaging agents due to their potential non cytotoxic, facile
immunotargeting as well as due to their non susceptibility to
photobleaching or chemical/thermha@enaturation, a problen commonly
associated with dye®° The very first step in the angiogenic cascade
involves ligand binding to VEGFRs on endothelial cells that lead to
receptor phosphorylation andhitiates the signalling evenf8® Wb I { SRQ
gold nanoparticles directly bound hepafinding growth factors
(presumably through cysteine residues of the hepdnimding domain)
and inhibited growthdctor mediated signalling in vitro and VEGF induced
angiogenesi viva?!

Surface size but not surface charge was shown to play a large role in
the therapeutic effect of AuNPS82 When fabricated in certain
geometries, the plasmon resonances of AuNP can be tuned to near
infrared (NIR) wavelengths, where light penetrates deepest within human
tissues due to minimal absorbanbg native tissue chromophore§old
nanoparticles fabricated to have strong absorption cross sections in the
NIR wavelength, properly functionalized to recognize receptors present in
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pathological tissues, can accumulate diseased tissues and through
phototherapy they can absorb light energy converting it into thermal
energy, thus destroying diseased cells.-stRvatable gold nanoparticles
have many advantages for clinical applications, such as the inertness of
gold noble metal that does not react with biological tissues, the low fong
term toxicity, the size tunability to get within size regimens that permit
tumour-specific accumulation via the enhanced permeability retention
(EPR) effect based on average vascular feagshs of 6@400 nm in
tumours, the surface bioconjugation for tumespecific targeting®2

The targeting and biocompatibility of silver and gold nanoparticles can
be improved by the bioconjugation with biopolymers such as
polysaccharides®3 Hyaluronic acid, or hyaluronan (HA¥ a linear
polysaccharide composed of repeating disaccharide unit-gfuburonic
acid and NacetytD-glucosamine, that are linked together through
F £ G SNJywmIi y H)B Rlycdsidic bondd>® 34 As a pericellular
matrix, it may have effects on ion flux which are important in cellular
signalling through membrane ion channef8® In inflammation,
hyaluronan may also have a moderating effect through -fiadical
scavenging®® 267 antioxidant effect’®® as well as through exclusion of
tissue degrading enzymes from the immediate cellular enviramnaad
from other structural components of the extracellular matf. The
physical properties of HA include its compressive stress, compressive
modulus, storage and loss modulus, porosity, swelling rate, degradation
rate and density?®®. HA is also known to play a role in promoting cell
proliferation, differentiation and migration by binding with cells with
specific interactiong’®,

These processes indeed are mediated by proteins, known as
hyaladherinsthat act as cellular receptors for HA In particular CD44 is
the best characterized transmembrane HA receptor; it is expressed on the
surface of several cells such as leucocytes, fibroblasts, keratinocytes and
epithelial and endothelial cells and it is also involved in different cellular
processes (cell adhesion, migration, proliferation and activation as well as
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HA degradation and uptaké}® 272 Based on current knowledge, CD44 is
considered to be the primary HA receptor on most cell tyfjeés’3

Since the discovery that the receptor is ovepressed in a variety of
solid tumours, such as pancreatic, breast and lung cancer, many studies
have focusedn methods for targeting CD44 in an attempt to improve
drug delivery and discrimination between healthy and malignant tissue,
while reducing residual toxicitf/. Experimental evidences showed that
CD44 is the mogtffective membrane protein to bind hyaluronic acid, thus
HA has been extensively used in developing nanocarriers that
demonstrate preferential tumour accumulation and increased cell uptake
in cancer cell$’%. One dthe earliest evidence for effective delivery by HA
modified carriers to tumour cells was demonstrated by Eliaz et’4l.
Successively, several approaches of nantgarformulations have been
developed that take advantage of the CD4drgeting properties of HA,
including the chemical conjugation of HA to goemed lipidbased
nanocarriers, for the active targeting of small or large active molecules for
the treatment of cancer’®, and seHassembling nanosystems for targeted
siRNA delivery’s.

The interaction between hyaluronic acid and CD44 influences the
adhesion to the components diie extracellular matrix and is involved in
aggregation stimulation, proliferation, cell migration and angiogenesis
277 The link between hyaluronic acid and the CD44 adhesion molecule can
initiate a series of events that begin with matrix adherence modifications
and continue with the activation of other molecules (such as growth
factors), degradation of #tamatrix itself, angiogenesis, vessel permeation,
extravasation®’® All theg steps are necessary in the initiation of the
metastatic pathway?’® 280 |t has been demonstrated that, from an
oncological point bview, CD44 has a considerable importance in the
study of progression and tumour invasiveness. An invasive tumour in fact,
to expand, attacks the extracellular matrix of the surrounding tissues and
CD44 together with hyaluronic acid certainly play a deeisole in the
various cellular pathway%™.
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HA plays an important role in certain pathologies, including the cancer.
An increase in HA synthesis has indeed been considered in several
malignant tumours, such as colon carcinoma and breast c&fcé$ HA
promotes the adhesion and migration of tumour ce$ and forms a
protective barrier around them, thus allowing their survigél At the
base of this double nature of hyaluronic acid is the difference between
the molecular weight of the various residues that are considered:
different molecules of HA have different functio®. Therefore, it is
possible to state thati) the high molecular weighpolymer,i.e., MW >
1000 kDa, is found in physiological conditions in the extraleelimatrix
BTgndA 0 Qa Yy OdAly3aA23Sy A @i gedtdues With dzy 2 & dzLJL
lower molecular weights are associated with pathological conditions and
above all with cancef® and can beinducers of inflammation and
angiogenesis®.

A very particular behaviour has been noted for HA oligomers,
consisting of a very low number of repetitions of the HA constituent dimer
(3-10 repetitions). They are in fact able to inhibit tumour proliferation
vivo?%, toinduce apoptosig®* and revert resistance to chemotherapi?
following the link with CD44 receptor. High molecular weight HA does not
seem to be involved in gene expression and only low/intermedidt¥
HA (D-450 kDa) is known to promote gene expression in nophages,
endothelial cells, eosbphils and certain epithelial cefig®

In this work, we functionalised silver and gold nanoparticleh Vaiw
(200 kDa) and high (700 kDA) molecular weight hyaluronan to test their
interactions with two human cancer derived cell lines, namely
neuroblastoma (SI$Y5Y) and prostate cancer {Bells.
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2. Materials and methods
2.1 Chemicals

Hyaluronic acicat molecular weights (MW) of 200 kDa (hereinafter
named HA200) and 700 kDa (hereinafter named HA700) were provided
by Fidia Farmaceutici spa (Italy). Silver nitrate (AgNO LJdzNR G &  x
sodium borohydride (NaBd  LJdzNA i &-(+y@ f dzp® i SOBIBNA (i &
gold (Il) chloride trihydrate (HAWGI LJIzZNR & x dhpddp 73]
hydroxide (NaOH), were purchased by Sighidrich. 3(4,5
dimethylthiazot2-yl)-2,5-diphenyltetrazolium bromide (MTT reagent),
5dzf 6 SO0O02Qa& Y2RATASR-18 hightghiceey BAMA dzY 6
1640 and fetal bovine serum (FBS) were purchased from Sduinigh
(St. Louis, MO). Ultrapure Milli &I G SNJ 61 & dzaSR omy &}
Millipore).

2.2 Synthesis of bare and Fodnjugated AgNP and AuNP

Bare metal NPs were synthesized by usiligapure water as solvent,
according to eg3.1.1 for silve?®and eq.3.1.2 for gold 2**respectively

Ag + [BH] + 3HO wuu Ad + HBGQ+ 3.5 H (31.1)

J
2A* +3GH10s+ 60H wl  3GH1O7 + 3HO + 2A8 (812)

As to the synthesis of bare AgNP in MikeD, 15 mL of 2 mM NaBH
(final concentration 1.71 mM) were placed in the ice bath under constant
magnetic stirring and 2.5 mL of 1 mM AgiN@nal concentration 0.14
mM) were added dropwise. The reaction mixture changes from colourless
to yellow after the addition of AgNand remains in an ice bath, under
magnetic stirring, for 1 hour and 45 min. The synthesis produces AgNPs
with a plasmonicpeak centred approximately at 386 nm. The silver
nanoparticles were estimatkto be 10 to 20 nm in diameté?® As to the
synthesis of bare AuNP in MilH®O, the following aqueous stock
solutions were prepared at room temperature: 1.0 mM chloroauric acid
OLINBLI NER o6& | RRAYHE2 phhiOMiQ)2B0a 2 F
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mM sodium hydroxide (160.0 mg, corresponding to 4.0 mmol of NaOH
dissolved in 40 mL Milli®0), and 100 mM glucose (0.180 g efi30s
dissolved in 10 mL of Millig0).

Briefly, 0.1 mL of 1 mM HAuGfinal concentration 0.5 mM) was
diluted in 0.79 mL of Milli¢+0, added with 0.07 mL of 200 mM NaOH
(final concentration 7 mM) for basic condition and 0.05 mL of 100 mM
glucose (final concentration 5 mM) as a reducing agent. The synthesis
produces a particles with a plasmonic peak cented540560 nm,
according to literature referencé® As to the synthesis of Héonjugated
NPs, firstly the hyaluronic acid was dissolved in MiQ: 10 mg of
HA200 or HA700 were weighed and solubilised inn2ZL50f MilliQH:0,
under constant magnetic stirring for 2 h, to obtain the 0.4% (w/v) stock
solution.

For the synthesis of Heéonjugated AgNP, HA200 (or HA700) stock
solution 0.4 % (w/v) was placed in a beaker in ice bath on a stir plate (final
concentraton in the mixture reaction of 0.2 w/v) and Agh@.5 mL, 1.66
mM) was added under vigorous stirring, at the final silver salt
O2y OSYyiNI A2y 2F nodtd Yad ! FiSNI p
were added dropwise and the solution (final concentratiof.5 mM). As
soon as the colour changed from colourless to yellowish brown, the
beaker was placed immediately out of the ice. Typically, hyahmo
capped silver nanoparticlesith a plasmonic peak approximately at 395
nm were obtained, according toditature data®®®

For the synthesis of Héonjugated AuNP, the HA200 (or HA700) stock
solution 0.4 % (w/v) (final concentration in the mixture reaction of 0.2
w/v), was paced in Eppendorf ThermoMixer at controlled temperature of
25°C. Briefly, 0.1 mL of HAWCImM (final concentration = 0.5 mM) was
added to 0.79 mL of HA 200 (or HA 700). Finally, to obtained solution were
added 0.07 mL of 100 mM NaOH (final concentration mM) for basic
condition and 0.05 mL of 100 mM glucose (final concentration =5 mM) as
a reducing agent. The AuNPs were formed immediafély
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2.3 U\Lyvisible (UWis) spectroscopy and dynamic light scattering (DLS)
analysis

U\-vis spectroscopy was performed on the aqueous dispersions of
AuNPs e AgNPs, in quartz cuvettes with 0.5 and 0.1 cm opdittelength
on a Perkin Elmer UWs spectrometer (Lambda 2S). The dynamic light
scattering (Horiba L-B50) is used to characterize the surface charge and
the size distribution of the nanoparticles and the results were presented
as the mean of at least the measurements.

2.4 Cell cultures and maintenance

Human neuroblastoma SHY5Y and prostate cancer cells (PC3) cell
lines were cultured in 25 cm2 plastic flasks in DMEN Bnd RPM1640,
respectively. Both mediums were supplemented with 10% v/v foetal
bovine serum (FBS), and contained 2 miylutamine, 50 IU/mL penicillin
and 50 pg/mL streptomycin. Cells were grown in tissukure treated
Corning® flasks (Sigmddrich, St. Louis, MO) in an incubator (Heraeus
Hera Cell 150C incubator), under a humédifatmosphere at 37°C in 5%

CQ. For the cellular treatments, the day before the experiment cells were
seeded in full medium on TPP® tissue culture plates (Siddnh, St.

Louis, MO). The Héonjugated silver and gold nanoparticle samples were
concentt i1 SR p GAYSa&a dzLJ G2 GKS FAYyEFE 1!
0Q0 2NE Ay (KS OFrasS 2F (GKS ol NB ! 13
the maxmum washing by centrifugation steps to avoid aggregation
OGRLIAOLFffte WLISETSH HQinaultwddie@uneE | Y F
the desired final concentration for incubation times of 90 min (confocal
microscopy experiments) or 24 h (cell viability assays), respectively.

2.5Cell viability assay

For MTT assay, cells were seeded at a density respectivelyGfi0l2
cells/well and and10,000 cells/well respectively forS¥bY and PC3 and
maintained in their respective complete media in standard culture
condition. The day after cells were washed with 1 %-$tBplemented
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medium and treated with samples (Fbdnjugded NPs and bare NPSs)
with a 10X dilution of pellet samples. After 24 h of incubation, cells were
washed with buffer and treated with 5 mg/mL of(8,5Dimethyl2-
thiazolyl}2,5-diphenyt2H-tetrazolium Bromide (Applichem) at 37 °C for
90 minutes. At this tage, the formazan salts formed by succinate
dehydrogenase activity in live cells, were solubilized with DMSO and
guantified spectrophotometrically by a Synergy 2 microplate readers
(BioTek), by the absorbance value at 570 nm of wavelength. All conditions
were measured in triplicate and results were expressed as % of viable cells
over the negative control (i.e., untreated cells).

2.6 Confocatnicroscopy analysis

For LSM live cell imaging analysis, cells were seeded at a density of
25.000 cells/well in 12 mm glass bottom dishes (Willco Wells,
Amsterdam). The day after cells were washed with 1 %skEBfemented
medium, and treated with H&onjugated NP and bare M@mples for 90
min. During the last 20 min of the total treatment period, the cells were
stained with LysoTracker Red (150 nM), aftadrescent dye for labelling
and tracking acidic lysosome organelles in live cells and Hoechst (1 pg/mL)
for fixed and We cell fluorescent staining of DNA and nuclei in cellular
imaging technique. Cells were rinsed with fresh PBS and cellular fixation
was performed with high purity paraformaldehyde (4% w/v) in PBS. For
the straining of cytoskeleton actin, cells were perrbgiaed with 0.02%

w/v Triton %100 with 10% bovine serum albumin (BSA) and treated with

a highaffinity Factin probe, conjugated to gredituorescent Alexa Fluor®

nyy R&S 0! O0AYyDNBESYyxn nyy wSlIReétNRoO6Sa-
imaging was performed withn Olympus FV1000 confocal laser scanning
microscope (Olympus, Shinjuku, Japan), equipped with diode UV (405 nm,

50 mW), multiline Argon (457, 488, 515 nm, total 30 mW), HeNe(G) (543

nm, 1 mW) and HeNe(R) (633 nm, 1 mW) lasers. An oil immersion
objective (60xO PLAPO) and spectral filtering systems were used. The

detector gain was fixed at a constant value and images were collected, in
sequential mode randomly all through the area of the well. The image
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analysis was carried out using Huygens Essential amgt@by Scientific
Volume Imaging B.V., The Netherlands). The statistical analysis was
performed with ImageJ software and omeay ANOVA test.

3. Results and discussions

The bioconjugate nanoparticles, in the comparison with the bare NP,
were analysed by UVisible spectroscopy (Wis) and dynamic light
scattering (DLS), respectively.

Figure 1 shows a strong resonance at approximately 394 nm and 531,
respectively, for AgFig.3.1.1a) and Au (Fig.1.1d) nanoparticles in the
water solution, due to the excitation of surface plasmon vibrati#$fisThe
surface plasmon resonance bands are almost unchanged for -MNg\NP
hybrids, whereas a reghift is observed for AUNRA samples.
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Figure3.1.1. U\tvis spectra of AgNP @ and AuNP @ systems for as prepared
OWFNBAKQU &l YLIX S aonjaghted al,eNBnd HA7GRR|jugEted I(d,)H n N
nanoparticles. Each panel displays the spectra from three repeated syntheses.
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In particular, the plasmon shift approximately at 568 nm for AUNP
HA200 and 555 nm for AuNPA700, respectively. This shift can be
explained by the interaction between the hyaluronan chains and the
particles, which influences the surface plasmon resondael for gold
more than silverThe spectral parameters of the plasmon band, in terms
of the full width at half maxmum (FWHM), wavelengthl {ay and
absorbance (fay) at themaxmum for repeated syntheses (TalBel.1)
highlight a good level of reproduglity and, in general, the formation of
monodisperse colloidal suspension, as evidenced by FWHM values
according to literature data*®

Table 3.1.1. Optical @mrameters (full width at half maximum, wavelength and
absorbance at the maximum) from the Wi¢ spectra of AQNP and AuNP, bare and HA
conjugated samples. Averaged and standard deviation values from three repeated
syntheses of each sample

Sample FWHM(nm)® | average® S.D. AbSwerage® S.D.
S.D. (nm) (nm) (nm)

AgNP 75° 4 394° 0 0.19° 0.01
AgNRHA200 66+7 395° 1 0.56 £ 0.04
AgNRHA700 61+8 394° 1 0.58 + 0.06
AuNP 61+4 531+1 0.21 +0.04
AuNRHA200 88+5 5681 0.324 £ 0.02
AuNRHA700 95 +3 555+1 0.22 £0.02

The as prepared dispersions were further purified by centrifugation
and washing, both to remove the excess of unreacted reducing agent
(typically the metal salt to reducing agent mole ratio is respectively of 1:12
for AQNP and 1@ for AuNP, see Materials and Methods section) and to
concentrate the nanoparticle systems.
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Noteworthy, the UWis spectra of recovered pellets for Ag and Au
nanoparticle solutions (Figurd.12) show small shifts in the plasmon
wavelength atmaxmum absorbance in comparison to the as prepared
solutions. On the other hand, the freshly prepared pellets of ABIRP
exhibit a red shift (about 5 nm for both AghHA200 and AgNHA700,
t=0), while the opposite trend is found in the case of hyalurenapped
gold nanoparticles, with a blue shift of about 8 nm for AdN#200 and
~6 nm for AUNFHA700, respectively. These effects can be explained in
terms of different effects of the HA on the nanopartisiee evolution,
namely a digestiveipening effect foigold?®?, by which the size of the NPs
decreases prompted by the interaction with the hyaluronan chains, and
an Ostwald typegrowth for silver?®, likely due to a lower level of
interactions between the polysaccharide chains and the metal atoms.
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Figure3.12. UV.vis spectra of AQNP@ and AUNP@ 0 acdaidsSvya T2N (K
OFZRY O0FNB bt aov 2-dhhjugiddNBsiiah HX@OnjugaeENPy) | ! v N
resuspended in ultrapure MilliQ water after the centrifugation and rinsing steps. Each
panel dispays the spectra recorded at increasing ageing times since the pellet
resuspension up to 10 days.

97



for comparison.
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The UWis spectra of resuspended pellets for Ag and Au nanoparticle
solutions, as well as those of the correspondingddAjugated samples,
remain almost unhanged over two weeks when stored at 4 °C in the
darkness, indicating the nanopatrticle size distribution in water is rather
stable. As to AUNPIA, especially for the 200 kDa hyaluror@mjugated
samples, a general reshift, together with a peak broademy and a
decrease in absorbance values is observed (Figidr2 and Table.1.2).

Table 3.1.2. Optical parameters (full width at halihaximum, wavelength and
absorbance at thenaximum) measured from the UMs spectra of AQNP and AuNP, bare
and HAO2 y2dza I G SR
NP) immediately after the resuspension in ultrapure MilliQ water (t=0) and at increasing
ageing times (upd t=10 days). The difference with respect to the freshly prepared pellets
(t=0) for FWHM and/, as well as the relative percentage variation in Abs are reported

Ldénfjufaed &

Sample FWHM | max AbSnax (-
(DFWHM), nm| (Dl may, | DADbSel, %),
nm nm
AgNP(t =0) 55 (0) 393 (0) | 0.698 (0)
AgNP (t = 2 days) 60 (5) 393 (0) | 0.593 (15%)
AgNP (t = 7 days) 60 (5) 394 (1) | 0.608 (13%)
AgNP (t = 8 days) 60 (5) 394 (1) 0.615 (12%)
AgNP (t = 10 days) 60 (5) 394 (1) 0.563 (19%)
AgNRHA200 (t = 0) 62 (0) 399 (0) | 0.330(0)
AgNPRHA200 (t = 2 days) 61 (1) 399 (0) | 0.300 (9%)
AgNPRHA200 (t = 7 days) 61 (1) 399 (0) | 0.238 (28%)
AgNPRHA200 (t = 8 days) 54 (8) 399 (0) | 0.216 (34 %)
AgNRHA200 (t = 10 days) 62 (0) 399 (0) | 0.163 (50%)
AgNRHAT700 (t = 0) 72 (0 399 (0) | 0.196 (0)
AgNPRHA70O (t = 2 days) 71¢€1) 399 (0) | 0.163 (17%)
AgNPRHA70O (t = 7 days) 71€1) 399 (0) | 0.143 (27%)
AgNRHA700 (t = 8 days) 71¢61) 399 (0) | 0.132 (33%)
AgNRHA700 (t = 10 days) 71 (1) 398 ¢1) | 0.097 (50%)
AUNP (t=0) 57 (0) 535 (0) | 0.567 (0)
AUNP (t = 2 days) 59 (2) 537 (2) | 0.402 (50%)
AuUNP (t = days) 58 (1) 537 (2) 0.324 (29%)
AUNP (t = 8 days) 57 (0) 537 (2) 0.291 (49%)
AuUNP (t = 10 days) 59 (2) 537 (2) 0.216 (62%)
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AUNRHA200 (t = 0) 82 (0) 561 (0) | 0.554 (0)
AUNRHA200 (t = 2 days) 81 (1) 560 (1) | 0.486 (12)
AUNRHA200 (t = 7 days) 94 (12) 566 (5) | 0.345 (38)
AUNRHA200(t = 8 days) 92 (10) 566 (5) | 0.294 (47)
AUNRHA200 (t = 10 days) 107 (25) 566 (5) | 0.231 (58)
AUNRHA700 (t = 0) 84 (0) 548 (0) | 0.394 (0)
AUNRHAT700 (t = 2 days) 86 (2) 549 (1) | 0.347 (12%)
AUNRHAT700 (t = 7 days) 87 (3) 548 (0) | 0.296 (25%)
AUNRHA700 (t =8 days) 93 (9) 549 (1) | 0.223 (43%)
AUNRHA700 (t = 10 days) 93 (9) 549(1) | 0.132 (66%)

Therefore, Ag nanopatrticles are stabilized by the bound HA chains and
show nosign of aggregatioii®, while Au nanoparticles are less stable
during ageing, as especially evidenced by the decrease in the absorption
band at longer aging time$>°

The experimental parameters displayed in Table2 have been used
to calculate the nanoparticle optical diametet, {(h nm) according to eq.s
3.13-3.14for AgNP, wher@ andb are two constants'®

¥
Q p — (8 nm <d <20 nm;a = 405,b =1.5) (3.13)

8 .
Q — (20 nm <d < 100 nma=394,b=9.5820
%)

(3.14)

Similarly, eq3.15 was used for AUNPES;

Q _awwupait (3.15)
™ QT X

The optical nanoparticle diameter calculated as describedralveas
used to determine the molar extinction coefficient at the wavelength of
maxmum absorbance of the plasmon bard,(in M1@nmY).

For AgNP, one can use e§.46 and3.17:215

- - B (3.16)
where8 nm <0 <20 nmgol'’ ™M PHATT M handR=10.104
A 010 (3.17)
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where30nm<df wmMnanna Y Y TF [ nub®PT Mpii i
For AuNP, the corresponding expression is given iB.ad@ :>1’
- 5 Q (3.18)

where R X yp A=y4rde, d > 85 nm: A=1.6-%0
concentration of the NP suspensions was calculabydassuming a
spherical shape of the nanoparticle and a uniform face centred cubic (fcc)
structure of the nanoclusters, with the length parameter of unit cell being
respectively L=0.407 nm for AgNP and L=0.408 nm for AgiNEhe
corresponding unit cell volumeVg = L3) values can be calculated as
0.0674 nnifor Ag and 0.069 nm? for Au, respectively.

The optical diameted, the molar extinction coefficienitand the
nanoparticle concentration values calculated by using the above
described egs. for the pellets of Ag and Au nanopatrticles are listed in Table
3.13.

Table 3.1 3. Nanoparticle size, molar extinction coefficient and concentrations for
AgNP and AuNP, at increasing ageing times (up to t=10 days) since the concentrated
pellet preparation.

Sample d s Bmolt-L-cmd) | c(10° | NP/mL®
(nm) mol-L1)

AgNP (t = 0) 10 6.48 10.8 | 2.09-16
AgNP (t = 2 days) 10 6.48 9.2 1.77-16
AgNP (t = 7 days) 10 7.87 7.7 1.13-16
AgNP (t = 8 days) 11 7.87 7.8 1.13-16
AgNP (t = 10 days) 11 7.87 7.2 1.04-16
AgNRHA200 (t = 0) 17 24.9 13.2 5.22.10
AgNPHA200 (t = 2 days) 17 24.9 120 | 4.75-16
AgNPHA200 (t = 7 days) 17 24.9 9.6 3.78-10
AgNPHA200 (t = 8 days) 17 24.9 8.6 3.41-16
AgNRHAZ200 (t =10 17 24.9 6.5 2.57-10
days)

AgNRHA700 (t = 0) 17 24.9 7.9 3.11-1G

AgNPHAT700 (t = 2 days) 17 24.9 6.6 2.59-10

AgNPHAT700 (t = 7 days) 17 24.9 5.7 2.26-10

AgNPHA700 (t = 8 days) 17 24.9 5.3 2.09-10

AgNRHA700 (t =10 15 18.9 51 2.94.1G

days)
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AuNP (t=0) 55 265 0.22 2.64-10
AuUNP (t = 2 days) 60 35.1 0.12 1.03-10
AuUNP (t = 7 days) 60 35.1 0.09 8.27-1G
AuUNP (t = 8 days) 60 35.1 0.08 7.42-16
AUNP (t = 10 days) 60 35.1 0.06 5.52-1G
AuUNRHA200 (t = 0) 126 1960 0.03 2.76-1G
AUNRHAZ200 (t = 2 days] 126 1900 0.03 2.68-1G
AuUNRHA200 (t = 7 days] 140 2280 0.02 1.08:16
AuUNPRHA200 (t = 8 days] 140 2280 0.01 9.25-10
AuUNRHA200 (t= 10 140 2280 0.01 7.25-10
days)

AuUNRHA700 (t = 0) 90 1200 0.03 8.67-1G
AUNRHA700 (t = 2 days] 93 1250 0.03 6.70-1G
AUNRHA700 (t = 7 days] 90 1200 0.02 6.52-1G
AuNRHA700 (t = 8 days] 93 1250 0.02 4.30-1G
AuUNRHA700 (t= 10 93 1250 0.01 2.55-1G
days)

@Since the volume of a N® |, is given byo

atoms for nanoparticleg

, is given by

NP/mL —

-* -, the mole number of metal
T 00—, whereNaA a
o]

constant (6.02-18§atoms/mol)and 4 is the number of Ag or Au atoms that contains-one
unit cell. The nanoparticle concentration (in NP/mL) is therefore obtained by using the
molar concentration @and&

iKS ' g23 R

The nanoparticle diameter measured by DLS for as prepared AgNP and
AuNP solutions is shown in FiguBel3. Such a hydrodynamic size
GKS yIy2LI NIAOES a0O21!
the metal core, and confirm the trend observedtire optical diameter
determined by UWis, which depends on the plasmonic properties of the
metal core and is affected by the dielectric medium where the NP is
dispersed. In particular, for AgNP, the hydrodynamic diameter is 34(x 4)
nm for bare nanoparties and does not change much for hyaluronan
capped nanoparticles, being of 35(x 3) nm for HA200jugated and 44

(= 5) nm for HA70@onjugated nanopatrticles, respectively. As to AuNP,
the hydrodynamic diameter is 48 (£6) nm for bare nanoparticles, while
the particle size roughly doubles by increasing up to 108 (= 17) nm for
AuNRHA200 and to 127(x 23) nm for AWKMIA700, respectively.
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Figure3.1.3. Hydrodynamic size of the bare NPs (AgNP, AuNP) and the functionalized
nanoparticles with HA (AgNRA200, ANRHA700, AUNfMA200 and AuNPIA700)
measured by dynamic light scattering. (*) = p < 0.05 vs. bare AgNP or AuNP; (**) =p <
0.01 vs. bare AgNP or AuNP; ($$3$) = p < 0.001 vs. the control HA 200 or HA-700 (one
way ANOVA).

Figure3.14 shows the hydrodynamisize forthe pellets, which is, as
expected, larger than the that measured for the as prepared dispersions,
due to a partial aggregation of the nanoparticles upon the centrifugations
and the rinsing. In addition, the hyaluronaapped nanopatrticles exhtb

in general, a larger size increase than the bare nanoparticles in the
comparison to the same solutions before the centrifugation, Again, the
size increase observed for AA samples is higher than that found in-Ag
HA samples. Specifically, in the ca6&gNP, the hydrodynamic diameter

is 79+14 nm for bare nanopatrticles, while it is roughly -twmees higher

for hyaluronancapped nanoparticles, with the measured values of 139+4
nm for AQNFHA200 and 120+14 nm for AglA700, respectively. As to
AuNP, thehydrodynamic diameter of 77+ 4 nm for bare nanoparticles,
while the particle size increases up to more than three times for AuNP
HAZ200 (i.e., 249 + 15 nm) and four times for Ati¥700 (i.e., 322 + 17
nm), respectively.
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for NRHA conjugated (AgNRA200, AgNHA700, AuNHA200 and AuNPIA700)
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0.01 vs. bare AUNP ogNP; ($$%$) = p < 0.001 vs. the control HA 200 or HA 700 and ($$$$)
=p < 0.0001 vs. the control HA 200 or HA 700-(eaeANOVA).
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Firstly, the response of the different human tumour cell lines
investigated, i.e., neuroblastoma (SY5Y) and prostate (BY; to the
hybrid NPHA systems was investigated in terms of toxicity. Indeed, the
toxic effect of nanopatrticles is highly dependent on the organs, and more
specifically, on the type of cell encountered. This is due to the variation in
cell physiology, prderation state (tumoral or resting cells), membrane
characteristics and phagocyte characteristics among different cell types.
In particular, cancer cells are generally more resistant towards
nanoparticleinduced toxicity than normal cells, due to an iresed rate
of proliferation and metabolic activit§f°

Cell viability experiments were carried out to evaluate the cellular
response to the bare NPs and{NA conjugated systems. Specifically, the
MTT assay was performed by incubating the cells for 24 hours at 37°C in
a 5% Cohumidified atn2 8 LIKSNBE 6AGK GKS @I NRA 2 dza
F2NJ ! 3bt Yy R | dzbt-HA200LIQRFASAD, AaNP T 2 N.
HA200 and AuNPIA700), diluted 10 times in the corresponding {ow
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serum culture medium (see Materials and Methods). The final
concentrations othe cell treatments are reported in Tabbel5.

Table3.15./ 2y OSY NI GA2Yy 2F WLISt f SHA conQgaté2 NJ bt |y
used for MTT experiment in S5¥5Y and P&cell lines.

Sample [1012M] NP/mL
AgNP 720 1.0-10
AgNRPHA200 650 2.6-16
AgNRPHA700 510 2.9-16
AuNP 6.2 5.5:1G
AuNRHA200 1.0 0.8-10
AuNRHA700 1.1 2.5-10

As expected, the hyaluronic acid samples for both MWs tested, do not
show any cytotoxic effect (in terms of IC50) nor a statistically significant
decrease in cell viability, in the two cell lines tested (FigGr&s$-3.19).

In fact, hyaluronan is a primgcomponent of the extracellular matrix of

the mammalian connective tissues, and is naturally produced by the
organism with the function of hydrating and protecting the tissues,
therefore is not cytotoxic and has an excellent biocompatibifity

Figure 5 shows representative confocal microscopy micrographs (in
blue, nuclear stainingvith Hoechst, Ay 3INBSYy GKS 0Oed2a1s
A0FAYAYA gAKNK NBOH Afye DANBSYIZE] SINIGWS/R vy 3
F2NJ G§KS RA Tafies 908nh idf inGuBdtidn with hiyélSranic acid
(0.1% w/v) at low molecular weight (F&§15b, HA200) or high molecular
weight (Fig3.15c, HA700); the LSM micrographs of the negative controls

of untreated cells (Bi 3.15a, CTRL) are shown for reference.

A celtspecific response to the treatments with the hyaluronic acid was
found. In particular, in neuroblastoma cells, where the interaction with
the hyaluronic acid is not expected to be receptimpendent, the upake
of the hyaluronan, for both the molecular weight used, is diffuse in the
whole cytoplasm, as evidenced by the disappearance of the nuclear
staining after the S¥SYS5Y treatment with either HA 200 kDa or HA 700
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kDa. In fact, it is likely that, upon a dmei cellular internalisation of
hyaluronic acid, the viscoelastic properties of the hydrogel can induce a
WogNF LILAYIQ STFSOG 2F GKS Ay idNF OStfd
the dye staining. On the contrary, for prostate cells, which are expected
to interact with HA through the GB4 receptor, which is overexpressed

in this cell line®?, a preferential localisationf the hyaluronan at the cell
membrane is evidenced by the actin cytoskeleton staining as well as by
the upholding of the intracellular organelle staining. Moreover, the
specific interaction of the hyaluronan with the cell membrane is also
supported by thadifferent actin features displayed by BCells treated

with the HA at the two different molecular weights.

a) CTRL b) HA200 c) HA700

Figure3.15. LSM fluorescent micrographs of neuroblastoma$33Y) and prostate
(PG3) tumour cells: in blue, the nuclear stainisigh | 2 S O Kxém& 406/42%450 nm);
in green, the cytoskeleton actin staining withO i A Y dReNI488/50@530 nm); in
NERX (KS fteazaz2vYlft & ldnf 548E5E00 Ank. Celldlar 2 (G NI C
treatments were carried out for 90 min with) HA 200 kDa (0.1 % wi/v) acjiHA 700
kDa (0.1 % wi/v); the negative control of untreated cells are showj) iBcale bar = 20

pm.

In contrast tothe cell treatments with the positive control of
hyaluronic acid HA200 and Ha700 samples, cell specific responses were
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observed after the treatment with the other positive controls of bare NPs
as well as with the hybrid NRA samples, as discussed in the follay.

As to neuroblastoma, Figu®216 shows that the bare silver and gold
nanoparticles induce a similar decrease in cell viability (about 40% less
viable cells than the negative control, i.e., untreated cells, p<0.01 vs. CTRL,
Oneway Anova). The celleatment with the bioconjugated AgNPs and
AuUNPs induces a higher toxicity in comparison with the bare NPs. It to
note that both silver and gold nanoparticles after the functionalisation
with either HA 200 kDa or 700 kDa induce a comparable decreasd in cel
viability (about 60% less viable cells than untreated cells, p<0.001 vs.

CTRL, Onway Anova).
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Figure3.16: Viability of neuroblastoma (S8Y5Y) cell line after 24 h of treatment

with AgNP 0.72 nM, 1.0-10/P/mL and AuNP 0.005 nM, 5.5b0t K Y[
HA (200 kDa or 700 kDa, 10x &%), NRl | O2yedzal 4 SR
(****) = p < 0.0001 vs CTRL (enway ANOVA).
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On the contrary, for prostate cells, which are expected to interact with
HA through the C#24 receptor, whiclis overexpressed in this cell liffg,
a preferential localisation of the hyaluronan at the cell membrane is
evidenced bythe actin cytoskeleton staining as well as by the upholding
of the intracellular organelle staining. Moreover, the specific interaction
of the hyaluronan with the cell membrane is also supported by the
different actin features displayed by Bells treaed with the HA at the
two different molecular weights.

Thesurface functionalization of NPs with HA, due to the presenee of
COOH functional groups, increases the negative charge ofamNRs
according to literature data, enhance their uptaké Indeed
polysaccharide conjugated NPs tend to be individually distributed and
thus have feedom of access within the cell and a larger surface area
available for interaction with cellular constituenf§*

The confocal micrographs of &Y5Y cells stained at the nuclei (in
blue), the cytoskeleton actin (in greeahd the lysosomes (in red) after
the treatments with bare silver and gold NPs and the corresponding
HA200 and HA70&onjugated samples are shown in Fig@r&=7.

It is evident that the bioconjugated AgNPs induce less lysosomal
perturbation than the bareAgNPs, as displayed by the Lysotracker red
emission, which is very high for the Aghi@ated cells in comparison to
the untreated cells (see Fig.15a). Moreover, in contrast to what found
for the neuroblastoma cells treated with the HA200 and HA700rotst
(see Fig3.15b-c) the nuclear staining is clearly visible in the cells treated
with AQNPHA200 (Fig3.1.7b) and AgNfHA700 (Fig3.1.7¢). This finding
can be explained byi) the decreased viscoelastic character of the hybrid
AgNPHA systems thathe control HA ones; and/ofii) a less effective
internalisation of HA conjugated to the silver nanoparticles, whose
collapsed ensembles around the cell membrane are well visible as black
aggregates in the optical bright field images (see white arrowthen
Figure 3.1.5. As to the neuroblastoma cells treated with the
bioconjugated AuNPs, no significant differences with respect to the
treatment with bare AuNPs were detected (Rdl. 7d-).
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a) AgNP b) AghP-HA200 ) AgNP-HA700 d) AuNP e) AuNP-HA200 ) AuNP-HA700

SH-S5YSY cell line

Figure3.1.7: LSM fluorescent micrographs of neuroblastoma-§¥3Y) tumour cells: in blue, the nuclear staiging i K | 2&EKa i 6 <
405/425450 nm); in green, the cytoskeleton actin staining witld G A Yy &R:NH488/5000630 nm); in red, the lysosomal staining with
[ @42 0N QleSNHNEZY00 dirv). Upper panels: merged confocal micrographs of nuclei + actin + lysosome; lower panels: merged
confocal micrographs of nuclei + optical bright field micrograpB@sllular treatments were carried out for 90 min wief):AgNP (0.72 nM =
1.0-10 NP/mL);b) AgNRHA200 (0.65 nM= 2.6-10IP/mL, 0.1% w/v HA¥) AgQNPHA700 (0.51 nM = 3.0-401P/mL, 0.1% w/v HA}) AuNP

(0.005 nM = 5.5-FNP/mL);e) AUNPHA200 (0.0010M= 7.2 NP/mL, 0.1% w/v HA);AUNPHA700 (0.0011 nM = 2.5-48P/mL, 0.1% w/v HA).
Scale bar = 20m.
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As to for PE3 cells, the cell viability asséyigure3.1.8) demonstratel
that bare AgNPBdisplay a significant cytotoxicity thia 70% decrease in
cell viability (p<0.0001 vs. CTRL, @@y Anova), while after 24 h of
treatment with bare AuNPs the cell viability decreased of about 30 %
(p<0.0001 vs. CTRL, Guay Anova).
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Figure3.1.8: Viability of prostate cancer (R} cellline after 24 h of treatment with
AgNP 0.72 nM, 1.0-I0NP/mL and AuNP 0.005 nM, 5510t Kk Y[ o6mMnE WLISE f ¢
(200 kDa or 700 kDa, 10x 19v), NRl | O2y2daAl 6 SR 6mnE WLISt t S
vs CTRL; (8) = p < 0.05, (8888) = p < 0.0001 ¥s(Andvay ANOVA).

The P& cells treatment with the bioconjugated NPs exhibit a
nanoparticlespecific response. In fact, AglHA samples are even more
toxic than the bare silver nanoparticles (roughly 80% viability decrease;
p<0.0001 vs. CTRL, Guay Arova), while cells incubated with AUNHA
exhibit a slight decrease of viability (roughly 40% decrease vs. CTRL,
p<0.0001; Onavay Anova), which is significantly different than the result
of treatment with the corresponding bare nanoparticles (p<0.01 v8IFAu
Oneway Anova). Interestingly, no significant differences could be noticed
between 200 kDa and 700 kDa hyaluronic acid.
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Since P@ cell line overexpresses the CD44-kaeptas®? these
results suggest thathe high toxicity of HAtonjugated AgNPs (final
concentration of cell treatment of about IINP/mL) is likely related to
the greater cellular uptake. Such an effedess evident in the case of HA
conjugated AgNPs, used for the -BCcells treatment at the final
concentration of about 5.5- BNP/mL.

The confocal micrographs of BCells stained at the nuclei (in blue),
the cytoskeleton actin (in green) and the lysosomes (in red) after the
treatments with bare silver and gold NPs and the corresponding HA200
and HA70&onjugated samples are shown ilgkre3.19.

In the PG3 prostate cell line, the bioconjugated NPs induce less
lysosomal perturbation than the bare NPs, as displayed by the decreased
emission of the Lysotracker probe in AgNR (Figure3.19 b-c) and
AuNRHA (Figure 3.19 ef) treated cells in comparison to the
corresponding bare nanoparticle of AgQNP (Fiduie9a) and AuNP (Figure
3.19d), respectively. As to the cytoskeleton actin, except the cells treated
with  AUNRHA700 (Figure3.19f), which display a pattern of green
emission snilar to that found for the corresponding treatment with
HA700 (Figure 5c), all the treatments induce a thickening of the actin
fibres especially visible at the cell membrane (Fidlide9a-e€).

Noteworthy, the Au nanoparticle aggregates are much largehén
PG3 cells treated with AUNPIA (see white arrows in Figj1 9e-f) than in
those incubated with the bare AuNP (F&19d), in contrast to what
found in neuroblastoma cells, with comparable size and distribution of
AuNP aggregates for SSY5Y cellsdated with bare AuNPs (Fig.1.7d)
or AuNPHA conjugates (Fig.1.7e-).
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) AgNP b) AgNP-HA200 c) AgNP-HA700 d) AuNP e) AuNP-HA200 1) AUNP-HA700

PC-3 cell ine

Figure3.1.9: LSM fluorescent micrographs of prostate {P¥Qumour cells: in blue, the nuclear stainiggh G K | 2.5+ K05/G2%458
nm); in green, the cytoskeleton actin staining withO G A y  fNS488/50@630 nm); in red, the lysosomal staining with Lysotracker Red
0 evem= 543/55@,600 nm). Upper panels: merged confocal micrographs of nuclei + actin + lysdeamepanels: merged confocal micrographs
of nuclei + optical bright field micrographs. Cellular treatments were carried out for 90 minajpigNP (0.72 nM = 1.0-1R8P/mL);b) AgNP
HA200 (0.65 nM= 2.6-98IP/mL, 0.1% w/v HA}) AgNPHA700 (0.51 nM 3.0-16 NP/mL, 0.1% w/v HA}) AuNP (0.005 nM = 5.528P/mL);

e) AUNPHA200 (0.0010 nM= 7.2 NP/mL, 0.1% w/v HuNPHA700 (0.0011 nM = 2.54RP/mL, 0.1% w/v HA%cale bar = 2am.

111



In summary, these results demonstrate a receptor specific regohs
the bioconjugated metal nanoparticles with different features depending
on the type of NP, namely silver or gold, as well as on the molecular weight
of the hyaluronic acid used for the nanoparticle functionalisation.

4. (onclusions

Metallic silver and gold nanoparticlegere bioconjugated withpro-
angiogenic 200 kDayaluronic acid oanti-angiogenicZ00 kDé&hyaluronic
acid. Since the hyaluronic acid has a specific binding affinity agaiast CD
receptor, which is overexpressed in sersancer cells, this study was
aimed to setup a multifunctional theranostic platform with targeting
capability towards cancer cells

To test the targeting specificity of the newly fabricated systems, two
tumour cell lines were used, namely-SM5Y neurobktoma cells, which
do not express G4, and P& prostate cells, which overexpress @B
receptor, respectively.

As to neuroblastoma, the results of the cell viability assay
demonstrated asimilarincreased cytoxicity bihe bioconjugated AgNPs
and AuNPs compared tthe correspondingbare silver and gold
nanoparticles respectively As to PC3 cells, the bare AgNfhoweda
significant cytotoxicity compared to bare AuNPs. The treatment with the
bioconjugated AgNHPIA were even nore toxic than the bare silver
nanoparticles, while cells incubated with AUNR exhibied onlya slight
decrease of viability.

Morever, n neuroblastoma cells, where the interaction with the
hyaluronic acidwas not expected to be receptedependent,a diffuse
uptake in the whole cytoplasm was achievetbr both the molecular
weights of HAused, as evidenced by the disappearance of the nuclear
staining. On the contrary, for prostate cells, expected to interact with HA
through the CB44 receptor, a preferendl localisation of the hyaluronan
at the cell membranevasevidenced by the actin cgskeleton staining as
well asthe upholding of the intracellular organefiestaining. These
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findings demonstrated the very promising potentialities for selective
targeting and dosedependent cytotoxicity in cancer therapy.
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Section 3.2A PLASMA CHEMISBRSED METHOD FOR THE
FABRICATION OF HYALURQ@OMNNUGATED METAL
NANOPARTICMWS'H ANTINFLAMMATORY PROPERTIES

Abstract

Wound repair is a complex process that involves both processes of
inflammation and angiogenesis, whielne mutually dependent. During
inflammatory reactions, immune cells synthesize and secrete- pro
angiogenic factors that promote neovascularipati i.e. angiogenesis
Hyaluronanplays a significantrole on the stimulusor suppression of
angiogenesiswith different molecularsizes of HA exhihitg distinctly
different- sometimes oppositebiological functionsThus, rinstance, for
cancer treatment and prevention of keloid scar formation in wound
repair, anti-angiogenichigh-molecular weigth IMW) hyaluronan would
be preferable toangiogenicJow-molecular weight (MW) HA. However,
the high viscosity and low stability against degthoin of HMW HAoften
make difficultits handlingand practical applicatianin this work, we
conjugated a LMW HA (200 kDa) with an -amgiogenic peptide
sequence (GHHPHGHNd, © further increase the ardangiogenic
features,assembled hybridhyaluronan/nanoparticlesystems with silver
of gold nanoparticles. The latter were fabricatgdonepot syntesiswith
the simoultaneous reduction ad metal saltprecursor,either viaredox
chemistryor by the use omicroplasma, andthe bioconjugation of HA to
the metal nanoparticle coreThebiological effecof the HA@NP hybrids
were investigatedn terms of celkoxivity on endothelial cellas well as
for the inhibitory activity onbacterial strainsof a Gram positive and a
Gram negative

1. Introduction

Angiogenesis is the process in which the outgrowth of new blood
vessels from existing ones occultsis a vital processbecauseit allows
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formingtissues to receive oxygen and nutrients from the blood ves$els.
The rapid development of blood capillaries that temporarily infilter
injured tissues is also critical to thememodelling and repair, a
phenomenon terned wound healing?®

Although the link between angiogenesis and inflammation has
received much attention in recent years, there has long been evidence
suggesting that these are two closelyateld processes. These include the
appearance of newly formed blood vessels in granulation tissue, and the
dual functionality of angiogenic factors, i.e., they exhibit both -pro
inflammatory and preangiogenic effectdOn the one sideinflammation
and angigenesis are capable of potentiating each otloer the othe side,
these processes are distinct and separable.

Thus, angiogenesis is an important physiologic process that occurs in
the body both under healthy (wound healing) and pathological conditions
(inflammation).

The biologic roles, and cellular interactions hgfaluronic acidwith
cells, are highly dependent aihe chain lengthof the HA polymer. In
particular, HMW HA (>10@8000 saccharide repeats) is spdikng,
anti-angiogenicand it is an activemodulator of proliferation and
inflammation3°7 Specifically, native HMW HA serves to maintain a highly
hydrated environment, rgulate osmotic balance, acts as a shock
absorber and spae#ller, and as a lubricant. Due to the numerous
functional groups available for binding, and the highly anionic nature,
HMW HA can sequester and release growth factors and other biologic
signallingmolecules leading to localize influence on cell behat#or.
Moreover, HMW HA can also sheathe cells to prevent their interaction
with other cells, and lmlogic signalling molecules with their esiirface
receptors30®

At concentration higher than 1 % (w/w), HMW HA is veigous and
difficult to handle. However, it exhibits a low stability in solution, due to
the degradation of long chains polysaccharides by bacteria and the action
of the pH and temperaturé®® On the other hand LMW HA (<1000
repeats)exhibits low viscosity and a higher stability to the degradation in
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solution.?1%312 However,HA oligosaccharides promote tumour spreading
by stimulating angiogenesis and creation of a microviasauetwork3”

313 Thus, LMW HA is inflammatory, immunostimulatory and angiogenic,
by competitively binding the HA rectes on cell surfaces.

To address the fabrication of a hyalurondmased nanomedicine for
anti-angiogenic applcations, in this work we functionalisadaagiogenic
LMW HAscaffold with an antiangiogenic peptide sequence and with
antiangiogenic metahanopatrticles.

The peptidesequencesGHHPHlerivesfrom the histidinerich region of
Histidinerich glycoprotein (HRGP). HRGP is an abundant 67 kDa plasma
glycoprotein identified in many vertebrates and also in invertebrates.
HRGP is synthesized inthe ME F2dzy R Ay LX I ayl |yR
granules of thrombocyté$® Based orin-vitro studies, GHHPH has been
reported to modulate angiogenesis; to exhibit antibacterial
properties’'® and to act as regulator of inflammation in thease of
bacterial dermal infectiod*’

Noble metal nanoparticle such as AQNP and Rai¢ known toexhibit
anti-angiogenic activityand have a significant mpact in various
angiogenesislependent disorders such as rheumatoid arthritis, macular
degeneration, diabetic retinopathy, and cané&t32! In particular AUNP
bind growth factors such as VPF/VEGF165, bFGF andnRIGFtheir
activities?? whereas AgNRnhibit vascular endothelial growth factor
(VEGFmpeding the formation of new blood microvessels and can act as
an antiangiogenic moleculeby targeting the activation of PI3K/Akt
signaling pathways>7: 323327

In this work hyaluronic acid (200 kDa)as conjugated with GHHPHGK
peptide sequence Both HA andHAsHHpHeivere used forthe onestep
synthess and bioconjugatiorof the gold and silver nanopatrticlesarried
out either by wet chemicabr plasmabasedreduction. The angiogenic
and anttinflammatory properties of the obtained hybriHA@NP
assemblies were tested respectively human umbilicalvein endothelial
cells(HUVEY in terms of cell viabilityand onS. aureu®ATCC 2213and
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E. coliATCC 963bacterial strains, for determination dhe minimum
inhibitory concentration (MIC).

2. Materials and Methods
2.1.Chemicals

HA 200 kDa (HA 200) was provided by Fidia Farmaceutici spa (ltaly);
Sodium hydroxide (NaOH) was purchased by Honeywell Fluka (USA);
Silver nitrate (AgN§) purity > 99%, sodium brohydride (NaHJdzNR& ( &  x
99.0 %, B+)glucoseLJdzNA (& x dhpdp 72X ¢ SN OKf 2
(HAUCI-3Hh 0 LIJdzZNR G & x dppddp 72> G§SGENF Ké RN
X o O-Hyerbxybemzotriazole (HOBt), NDNisopropylethylamine
65L9! 0 wSI 3ISyi {3DidzétIFylaminopbmg = b
ethylcarbodiimide hydrochloride (EDCI / f © LJdzNRA G & X dpdrs
LIJdzNJR {0 & KphPdz > LIK2ALKIFGS 00PFS NI &l
Yatom %R I SN 61a RSA2YyAT SR ONBaAAAGAD
purified using a milQ unit (MillkQ plus, Miipore, France). Glassware
were first cleaned with aqua regia (HCIl: BNO3 volume ratio) and then
rinsed with water before starting.

Medium 200 supplemented with LSGS;(4,5dimethylthiazot2-yl)-

2,5diphenyltetrazolium bromide (MTT reagent), dimethgulfoxide

(DMSO) LJdzNR G & KPPPT: 3 ¢CNAAOKE&RNREE®
hydrochloride (TR¥S/ £ 0 LJdzNRA G & X dh dGaGPpurivl £ OA d
XPT P2 S &2 RNaxy) Lizieh (IR | wis$ puémsett from
SigmaAldrich (USA). Brain Heart Infusion broth (Bkhd Mueller Hinton

(MH) broth and agar were purchased by Oxoid (Italy); methaves
purchased by Honeywell, USA.

2.2. Synthesis of hyaluronic addHHPHGK conjugate

0.372 g of HA00 were suspended in 15 mL of THF, under stirring
at 4°C. To the previs suspension were added: 0.150 mg of HOOBt
previously dissolved in 15 mLBAF: O (1:1), 0.0566 g of DIEA dissolved
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in 7.5 mL offHF: KO (1:1), 0.070 g of GHHPHGIKkRA 3 a2 f OSR AY T n
of HO. The reaction mixture was maintained under stirring & for 30
YAydziSad ¢KSyYyZ ndnanmcp 3T 2F 95/ ~ |/ f
and added to the reaction mixture. After 24 hours, the product was
precipitate adding 300 mL of Acetone. The precipitate was dissolved in

the minimum volume of water (65 miand dialysed against water by a

dialysis tube (124 kDa cubff); then the dialysed was lyophilised

(Labconco, Freeze dry system, USA).

2.3. HAnnpHcklerivate characterization: Nuclear Magnetic Resonance

1H NMR spectra were recorded at 500 MHz on aaviabnity
Inova spectrometer (Varian, USA). The experiments were performed in
Dh G wT ¢/ FYyR GKS OKSYAOFT AKAFTGA |
to the resonance of residual HOD. Unequivocal assignments of 1H
resonances were supported by monand bi dimensional experiments
(gCOSY and gHSQC).-MINIR (RO, 500 MHz, ppm): 8.68 (s, 3H2Hbf
the imidazole ring), 7.41, 7.35 and 7.31 (s, 3 H totalfy afithe imidazole
ring), 5.03 (br s, CH of H), 46 (br m, HL of glucuronic acid and-H of
N-acetylglucosamine), 4.31 (br s, CH of K), 4.01 (br s, CH of 8)231&
m, H2, H3, H4 and H5 of glucuronic acid; 2, H3,H4, H5, H6 of N
acetylglucosammineCH of G,Ch 5 a and b of RCH of H), 3.13 and 3.03
0 0 NJCMW af KE 2. 36 (br m,K=a3 of P), 2.141.95 (br m, CH4 of P and
CH of N-acetylglucosamine), 1:9.7 (orm, CHI8, CHen 2 F CHI y R |
2T Y0 X w~m@H2d¥F OY0 NJ XY X@Hpaik). 0O NJ YX !

2.4 HA@A@ndHA@Auwet chemical synthesis

Silver nanoparticles (AgNP) in aqueous solution were prepared
(Equation 3.21) by adding to a solution 0.2 % (w/v %) of
HA200/HA208HHPHGrUNder magnetic stirring in an ice bath, firstly a
solution of AgN®0.5 mM (AgN&¥inal concentration 0.03 mM) and ém,
wasadded drop wise over 5 minutes, a freshly prepared aqueous NaBH
solution 100 mM (NABHinal concentration 0.6 mM). After 105 minutes,
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under stirring, the reaction wasompleted and the solution colour from
colourless became yellow.

Ag+[BHI +3HO wuwi AP+HBQ+35H  (3:21)

Thed 6 | NB 4C) (WitAdut the hyaluronic acid) were synthetized
following the method of Mavani et al?° Briefly, toa solution of NaBiH2
mM, under stirringand in an ice batha solution of AgN®1 mM was
added in a very low drop wis€eThe reaction was maintained in ice bath
and unde stirring for 45 minutes and ithe end he initially colourless
solution became yellow.

The AuNP antHA@Auwere synthetize addingto an aqueous
HAud] solution 0.5 mM in H200/HA20@HHPHGKD.2% (Or in water to
obtain AUNP)NaOH 7 mMand Glucose 5 Mmthe reaction was occurred
in 1 minute when the yellow solution became purpéd. The reaction
mixture was conductedinder strring and at controlled temperature of
25°C using Eppendorf ThermoMixEgQation3.22).

J
2ALP* +3GH120s+ 60H Ui 3GH107 + 3RO + 2A0 (3.22)

2.5. HA@A@ndHA@AuU plasma reduction

HA@A) synthesis was performed usiagmospheriepressure
microplasma. The synthesis was carried diyt using atmospheric
pressure microplasmahe discharge current of 3 mA was applieda
solution ofAgNQ 1 mM and HA200or 200sHHPHGID.2 % (% w/wjor 15
minutes; during the plasma ignitiothe solution was notstirred and
changed colour from transparent to yellovrown. In the same conditions
(3 Ma, 15 minutes) AQNP(P) reference was synthetized by applying
microplasmato a solution 1 mM of AgN§&nd trisodium citrate 5 mM.
During the sythesis the solution was maintained at a temperature <5 °C
using an ice batliScheme3.2.1.a) No stirring was appliedt the liquid
adzNF I OS Ay I b2g 2F Hp aO00Y steH2Y
capillary tube (inner diameter = 0.6 mm) whose tvas positioned

121



approximately 2 mm above the surface. A platinum (Pt) foil immersed in
the solution served as counter electrode. The microplasma was ignited
and sustained by a ballasted diremirrent power supply with the
capillary electrically biased ategative high voltage and the Pt foll
electrically grounded to promote cathodic reduction reactions at the

plasmaliquid interface.

The synthesis oHA@Auwas carried out by using atmospheric
pressure microplasm®aOH 7 mM waaddedo a solution of HAGL 0.5
mM in HA200/20@rHrPHGR.2 %0 whichthe discharge current 5 mA (with
GKS @I fdzS 27T NBsidpgiedwighQus stiring, for 15K 0
minutes changing colour from yellow to rguirple (Scheme3.21.b),
during the synthesis the solution wagintained at a temperature <5 °C
using an ice bath.

(a) (b)

Argon Argon
Platinum rod gas flow Platinum rod gas flow
| Capillary | 1 Capillary |
m , _tube m ., _tube
-—+||| -——NI
R=140 k0 R=140 kol
@ 8 v 8
c e = c o =
© -y & -y
| e L e}
microplasma microplasma

AZNO;1mM A2

+ Ag HAuCl, 0.5 mM + Glucose 5 mM
= TSCS5mM A +NaOH 7 mM
or HA200/HAZ00 g, gnscx 0.2 % + HA200/HA200,0n0x 0-2 %

Scheme3.2.1. Scheme of the microplasma system for the synthesis of (a) silver
nanoparticles and (b) gold nanoparticles.

2.6.Preparation of concentrate and washed nanopatrticles pellet

The aspreparedHA@NP solutions obtained through synthesere
concentrated and washed with milliQ watéwice by centrifugation at
10000 rpm for about 4 minutes at 15 °C (Eppendorf Centrifuge 5417R,
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FA453011 Rotor, Italy), using 0.5 mL Amicon Ultra centrifligas (Merk
Millipore, USA) with a molecular weight eoff 30 kDa. The as prepared
referenceAuNP and AgNP wecentrifuged and washeth Eppendorf at
8000 rpm for 15 minutes for the AUNP and at 13000 rpm for 20 minutes
for AgNP. Theharacterization of theesulting pellet wasarried outby
UV.visible spectroscopy and dynamic light scattering analyser (DLS,
HORIBA 1-B50, USA).

2.7.U\W-Visible and Dynamic light scattering nanoparticles
characterization

The UWVis spectra were obtained by using Lambda2S
spectrophotometer (Perkin Elmer, USA) at 2°@iL quartz cuvette with
I m OY LI GK f Sy 30 Mvetd With B.¢ dmpatiolength > |
were used for the sample analysis (by-Wsible and DLS mesurements)

In order to invesfate the NP hydrodynamic siZel.S measuremesit
were carried outat 25°C by using thdynamic light scattering particle size
distribution analyzer (DLS, HORIBASEB, USA) with a light source 650
nm (laser diode, 5mW and a photo multiplier tube detector)

2.8.Cellular assay
Cell culture

Human umbilical vein endothelial cells (HUVEC) warkivated in
Medium200 supplementedwith LSGS (fetal bovine serum, 2% vlv,
hydrocortisone 1 pg mt,human epidermal growth factor, 10 ng rhL
basic fibroblast growtHactor, 3 ng mtt, heparin, 10 pg mi), in tissue
culture treated Corning flasks (Sigrd&drich, St. Louis, MQinp humidified
atmosphere (5% C{at 37°C (Heraeus Hera Cell 150C incubator).

Cytotoxic assay

For the cellular treatments, cells were seededi | RSy &A (@&
cells/well in Mediun200 supplemented with LSGS on 96 wells cell culture
plates (Cellstar, Sigma Aldrich, USA)order to treat the cells with the
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NP, the pellets were diluted directly in theledium200.The evaluation of

the biological effect of studied compounds on HUVEC cells viability was
performed after 24 hours of incubatiorCells were quantified by the
reaction with MTT reagent (0.5 mg fL After 90 minutes, the reaction

was stopped by DMSO addition and absorbance was mnedsat 570 nm
(Varioskan® Flash Spectral Scanning Multimode Readers, Thermo
Scientific, USA). Results were expressed as % of viable cells referred to the
concentration of each compound.

2.9.Bacterial assays
Strains and culture conditions

The strains ested in this study wer&scherichia coATCC 9637 and
Staphylococcus aureuATCC 29213, belonging to the collection of
Bacteriological Laboratory of Fidia Farmaceutici S.p.A. (Noto, Italy).
Frozen stocks of each strain were retrieved fré°C freezerrad plated
on MH agar plates. After 24h of incubation at 37°C in aerobic conditions
(Memmert incubator, GmbH + Co. KG, AuRere Rittersbacher StraRe), a
single colony of each strain was picked to inoculate 10.0 mL of MH broth
and incubated overnight (:68 h) The overnight broth cultures were
then used for the assay.

Agar diffusion assay

The putative inhibition activity of the NP was investigated determining
the zone of inhibition by the agar diffusion assay modifying the method
described by CLSI MY7 for kacteria3?® Briefly, 200 pL of each NP were
deposited in 6.0 mm wells previously punched in MH agar where 100 pL
of tested bacterial suspension were spread at the concentration of about
1.0 - 16 CFU/mL, determined spectrophotometricall® sz, using a
spectrophotometer Synergy HT, Bioteck, USAY. 32° After 24 h of
incubation at 37°C under aerobic conditions, the inhibitory effect was
detected by an inhibition zone around the wells. The inhibition zone were
highlighted by spraying the MH plates with a watbased 3(4,5
dimethylthiazol2-yl)-2,5-diphenyl tetazolium bromide (MTT) solution
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which provides the grown colonies with &iolet coloration. The
chloramphenicol (30 pg ml was used as reference antimicrobial agent.
The results were the mean of three individual experiments.

Broth microdilution assay

Thebroth microdilution assay was used to define the MIC (Minimum
Inhibitory Concentrationfor each tested NBgainstEscherichia coRTCC
9637 andStaphylococcuaureusATCC 2921%8The MIC is defined as the
lowest concentration of substame that inhibits the growth of a
microorganism as detected by timakedeye, according to CLSI M23%28
it was determined using 9%ell plates.

For the assay individual bacterial colonies,-puéured overnight on
MH agar (Oxoid, Italy)yere checked for purity and suspended in 5.0 mL
of sterile NaCl 0.85% w/v solution, untihey reacheda density
corresponding to McFarland 1.8 x 18 CFU/mL) with an equivalent
ODy3o of 0.16 ¢ 0.2 (Bioteck Synergy HT, USA). The saline bacterial
suspensan was then diluted in MH broth to obtain a final concentration
in each well of about 5.0 x 1CFU/mML3? The positive control was MH
broth inoculated with the tested strain; the negative control was sterile
MH broth. The 9@vell plates wee incubated as described by CLSI M100
S23328 The absence of growth was determined spectrophotometrically
(ODy3o Bioteck Synergy HT, USA) and confirmed by spreading on MH agar
the bacterial suspension. The experiments were carried outewn
duplicate3?®

3. Results and discussions
3.1. Hyaluronic acidcsHHPHGK conjugate characterization

The 1HNMR spectrum (Figurg.21) of the conjugate shows all the
expected signals from both the protons of the peptide and from those of
the hyaluronic acid unitsEvidence of the formation of the amide bond
betweencarboxylic group ofyaluronic acid residue and the amino group
2F AARS OKIFIAYy 2F fearaysS gl a LINPJIAR
nomn LIGE K2T Sy S LINgi)dife KNI moiety, asd m o
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compared to the corresponding resonance of the roamjugated peptide
64 ' odno LIIYUOUDP C2NJ GKS O2YLX SGS | aai.
seeMaterials and Methods oection 2.3.
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Figure3.2.1. The 1HNMR spectrum ahe hyaluronic acidlsSHHPHGK conjugate.

The quantity of GHHPHGK peptide present in the conjugate is
determined from the ratio between the integration value of the signal at
2.05 ppm (relating to the acetyl groups of HA) and the integration value
ofthesighn £ G wmdnd LILINKY oiBrie bfihe Ear HE 2 + /|
signals of the imidazole ring (at 8.69 and 77431 ppm, respectively). In
both case the results of integrated ratio is ~15%.

3.2.Fabrication and characterization of ¥aluronic aciecoated
nanoparticleswith wet chemical and microplasma reduction.

The UWisible spectra of the NP arliA@NP hybridssynthetized by
chemicalor plasmareduction show different featurs of the surface
plasmon resonancpeaks(Fig. 3.2.2)
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In the case osilver nan@articles(Fig. 3.2.2a)joth hybrid HA@AEC)
sampleshows a decrease of about 42 % in the absorbance compared to
the bare, borohydridecappedAgNP(C)Similarly, also foHA@Ag(P) the
ipochromic shift isabout 33 %with regpect to the bare, citrate-capped
AgNP(P)In generalthe nanoparticles prepared viplasma were more
polydispersedand redshifted (i.e., larger in size due &n increase of the
nanoparticle optical diameter by the formation of the HA shell around the
metallic coré?® 22} in comparison tdhe corresponding ones prepared by
chemical reduction. In fact, thEHWMof the plasmon peakef AQNRKC)
andHA@A¢C)ranged between 63 nm and 72 nnvhile forAgNP(P) and
HA@AG@P)rangedbetween 87 nm and 99 nifTable 3.2.1).

P—AgNP(C) e AgNP(P) AUNP(C)  eeanas AuNP(P)
[—HA200@Ag(C) esssas HA200@Ag(F) HA200@AU(C)  weeees HA200@Au(P)
——HA2005, 515 @AQ(C) »+rees HAZ2005 1 @A0(P) HA200 i prck@AU(C) weeeer HA200 1 prck@Au(P)
(a) (b)
03 - 03 -

02
0.1 -
'ﬁ oo T T
300 400 500 600 700 400 500 GO 700

Figure3.22. UVvisible spectra of the (a) Agk@® (blacksolidline), HA200@A{C)
(red solid line), HA206HHPH@AGNRC) (blue solid line) synthetized by wet chemical
synthesis AgNP(P) (black dash Iline), HA200@Ag(P) (red dash line),
HA20@HHPHe@AGNP(P) (blue dash line) synthetized by microplasmAuifC)(black
solid line), HA200@A) (red solid line), HA2081HPHc@AUC) (blue solid line)
synthetized by wet chemical syntisand AUNP(P) (blacttashline), HA200@Au(P) (red
dashline), HA20811rHe@AU(P) (bludashline) synthetized by microplasma
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More in detail the red shift was more evident in the case of
HA20@&HHPHG@AQ(DI =2.2 nm and 3.6 nmespectivelyfor chemical and
microplasma synthesgsee Table 3.2)xhan forHA200@A¢DI =1.8nm
and 1.2 nm for chemical and microplasma syntheses, respectivéhyis
effect islikely due to theextra interactions betweethe histidine groups
of the peptide and the A" ions during the seed formation and growth
process,leadng to the formation of a thicker shell for the peptide
conjugated HA than for H&® To note, this effect is especially evident for
the silver nanoparticles fabricated by plasma than the corresponding
obtained by the chemical reduction (see theRvalues in table 3.2.1).

Table3.2.1. UVwvisible parameters of N&nd HA@NPfabricated by chemical (C) or
plasma (P)reduction methodsfor the wavelength at the maximum of plasmon
absorption €max, Absnay) andthe full width at half maximum (FWHM). Calatéd optical
size (d) and nanoparticles concentration (molar and NP/mL).

<max | AbSnax | FW | do | n B NP NP/mL

(nm) HM | (nm) % concentrati

(nm) on (10° M)
AgNRC) 395.3 | 0.26 66 12 - 1.584 1.7-10°
AgNP(P) 4075 | 0.14 87 33 - 0.073 3.7-10
HA200@AEC) 397.1 0.15 63 14 14 1.083 76-10
HA200@Ag(P) 408.7 | 022 89 35 6 0.093 4.0-10
HA20QnHPH@AJC) 3975 | 0.16 72 14 14 0.930 59:1¢
HA20QHHPH@AY(P) 411.1 0.17 99 38 13 0.057 1.8:10
AuNRC) 535 0.33 53 55 - 0.031 2.4.106
AuNP(P) 523 0.24 51 22 - 0.828 131¢
HA200@A(C) 543 0.26 70 76 28 0.028 6.5-1G
HA200@Au(P) 524 0.25 58 24 8 0.577 6.2:1C°
HA20@HHPHG@AUNRC) | 546 0.16 | 101 | 84 35 0.010 3.4-1G
HA20QHHPHG@®AUNP(P) 534 0.21 59 52 58 0.088 1.2:10

(@) Theopticalsizeincreaseof HA@NP compared to tteorrespondingare NP calculated as follows:
N B= b(HA@NP) do(bare NB.

Similar to what found for silver, also for the gold nanoparticles
fabricated with the two methods exhibé redshift of plasmon peakor
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the hybrid HA@u samples in comparison to AuNFigure 3.2.2b)As
discussed above,ush shifs are indicative of the increase in the
nanoparticle optical diameter (Table 3.2.1), favoured by the interaction of
0KS WKIFENRQ fA3IlFYR aLISOASafackd? 22fi KS
Similar to what found for the silver nanoparticldbe larger redshifts
observed forthe peptideconjugated HAcan be related to additional
interactions between the three histide groups on the side chains of the
peptide with the metal ions during the seed and growth process

To note two differenttrendsin terms ofsize range and polydispsiy
for the nanoparticles fabricated by the chemical reduction or the plasma
method, respectively Ingeneral the formershowa largersize(around %
nm for bare AuNP(C)and about 80 nm forboth HAcapped NPs,
respectively) in comparison to the corresponding silver NPs synthesised
by the chemical reduction method (typical size rangel6f14 nm).
Moreover, the broad plasmon band foHA20@HHPHc@AU(C)evidences
the presence of several populations of size distribu{seethe high value
of FWHM parameterin Table 3.2.1).0On the contrary, AuNP) and
HA@Au(P)exhibit smaller size in compaon to the corresponding
AgNRP) and HA@Ag(R)while for HArnPHa@AU(P)the plasmon band
points to the formation of a monodisperse solution of larger nanopatrticles
(52 nmvs. 38 nmsee Table 3.2.1).

A possible explanation on the difference foubdtween gold and
silver nanoparticles in the HA28Q.prc@NPhybridscan be related to the
different charge of the respectiveetal precursor salts.e.,monovalent
silver or trivalent gold, respectively.The metal iorpeptide interaction,
mostly driven ly the charge transfer effects between the imidazole ring
in the three histidine groups of the peptide sequence and the metal
cations, is expected higher foku**than for Agr .33

For the purification of HA@NP hybrids, especiallyrémove any
possibleunreactedreagents, the as prepared systems were centy&d
and rinsed with Millipore water and the pellet collectdeébr example, in
the case of AgNP, the unreacted*Ag solution can lead to cell toxicity

129



and a further antibacterial effect; in the case of the AuUNP the unreacted
AUP* can lead to a further aiicrobial activity33!

In Figure3.23, the U\visible spectra ofbare AQNFC) AgNP(P),
AuNRC)and AuNP(Ppellets obtained upon centrifugation and rinsing
showopposite trends for the samples synthesised via plasma with respect
to those synthesised by chemical reduction, with #sifts in both
AgNP(C) and AgNP(Rnd blueshifts in both AUNP(C) and AuNP(R),
respectively.

b AQN P(C) [ AUN P(C)
(@) f——HAZ200@AQg(C) ®) ——HAZ200@AU(C)
——HA200544rua@AG(C) ——HA20054pa@AU(C)
....... AgNP(P) pessses AUNP(P)
1,0 B I YYOP HA200@Ag(P) 1’0____ e HA200@AU(P)
3 presees HA200 ouppna@Ag(P) Bt Y HA200 quppna@AU(P)

e tarpuprevaEeet”

o8- ER 0,8-
L]
L0
<
06 - 06
04- 04

02 % 0,20

0,0 . . == 0,0 T
300 400 500 600 70D 400 500

700

Figure 3.23. UV.visible spectra of (a) pellet Agl@® (black solid line), pellet
HA200@A(C)(redsolidline), pelletHA20@HHrPHa@ AJ C)(bluesolidline), AQNP(P) (black
dashline), pelletHA200@A(P) (reddashline), pelletHA20@HHPH@AJP) (bluedash
line). U\-visible spectra ofti) pellet AUNEC)(blacksolidline), pelletHA200@A(C)(red
solidline), pelletHA20@HHPHc@ AL C)(blue solidline), AUNP(P) (blacttashline), pellet
HA200@A(P) (reddashline), pellet HA206hHPHca@AUNP(P) (blugashline). Normalized
curves from absorbance 0 to 1.

These findings point to the different thickessebtained by the two
different syntetic approaches (plasma or chemical reducti@f)the
hyaluronan shellirreversibly bound around the metal core of the
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nanopartcles In particular, for the silvebased nanoparticles, the
synthesis via plasma resett in larger nan@articles than the
corresponding ones prepared by chemical reductiéime opposite trend
was insteadound for the goldbased nanoparticles.

The optical diameter and theoncentration calculated on the basis of
the analyses of the UVisible spectra>?17. 229, 230, 332 gre reported in
Table 3.2.2.

Table3.2.2. Experimental parameters of wavelength at the maximum plasmon
asdsorption £max) and full width at half maximum (FWHM), and calculated nanopatrticle
optical size (6) and concentration for ththe pelletsamples resuspended in water after
the purification step

<max | FWHM | n o C2 @a] do(nm) NP NP/mL
(nm) | (nm) (nm) concentration
(10°M)

AgNP(C) 395 68 2 12 7.25 8.1.10°
AgNP(P) 406 89 2 31 0.582 3.81C
HA200@A(") 396 62 -1 13 5.92 54.10°
HA200@Ag(P) 407 87 -2 32 0.551 3.1.1C
HA20@HHPHc@AJC) 397 69 -3 14 5.03 3.6:10°
HA20@HHPH@AG(P) 411 98 -1 38 0.309 1.01C
AuUNP(C) 539 87 34 66 0.284 2.010
AuNP(P) 524 52 1 24 4.63 6.2.10
HA200@Au(C) 542 112 42 73 0.166 8.31C
HA200@Au(P) 525 56 -2 27 3.91 3610
HA20@HHPHc@AU(C) 546 116 15 84 0.128 4.21C
HA20@HHrHc@AUNP(P) | 534 65 6 53 0.41 5.1.10

(@) n(FWHMJs the variation of th&WHM of the pellet compared tihat of as prepareduspentions
i.e.,n 6C2 E EWHMeIIetC FWHMs prepared

The comparison between theoptical sizeand the hydrodynamic
diameter for the nanoparticles fabricated by plasma or chemical
reduction is shown in Figuireig.3.25b.

For both synthetic approachesthe hydrodynamic diameter (Jl is
higher than the oprtical size {J except in the casef gluccse-capped
AuNP(Cand HA@AUNP(QWVheredo, and d, are quite similaor the gap
(n R dh - do) is small This finding suggests that the glucose used as
reducing agent for the synthesis of thigo | el Ganoparticles, in the
redox proces®f the wet chemistryapproach likelycontributesto form a
dense and WNA IARQ aKSftf I NRwdziéR roughlyS v |
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corresponds to the hydration shell around the nanoparticle monitored by
DLs_23l, 333
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Figure3.2.4. Comparison between optical diameter and hydrodynamic diameter of
silver (a) and gold (b) based nanoparticle pellets fabricated via chemical reduction (C)
or the plasma method (P). For each triplet, from the left to the right are displdneed t
values of bare NPs (0), HApped NPs (200) andA20@&HHrHaicapped NPs (200pept),
respectively.

3.3.Cell viability assay

The cytotoxicity of AgNP and AuNP coated with HA200 and
HA20@&HHPHGHObtained by wet chemicabr microplasma synthesewas
evaluated by MTT assay on HUVEC cell lingo fixed hyaluronan
concentrations (i.e., 0.1 % and 0.05% wivgre used, to have a
comparison on the different effects on the cell viability by the
functionalisation with the metal nanoparticlésigure 3.2.5)

To note, NP(C) and HA@NP(C) showed, in general, a decrease in cell
viability not foundin NP(P) and HA@NP(R)spectively. A slightly higher
toxicity was detected in silvdyased systems (with a negative peak of 30%
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decrease in the viable «cells for treaents with 0.1%
HA200GHHPHGK@AgNP(C) with respect to control untreated cells,
statistical significance p<0.0001; OGweay Anova) than in goldased
system, according to literaturé3+337

(a) Chemical synthesis Microplasma
120
100 1 *
; e
0 | | \
E
= 60
=
=
E 0
£
20
0
[nMm] 0 | 0.7 006  0.35 0.03 0.6 0.06 0.3 0.03 05 003  0.25 0.02
HA 0 0 0 0 0 0.1% 0.05% 0.1% 0.05%
CTRL AgNP HA200@AgNP HA200(GHHPHGK) @AgNP
(b) W Chemical synthesis O Microplasma
120
100 = tm 7] L
80 M1
-
2
S
)
20
0
[nM] 0 0.03 05 0.02 0.25 0.02 0.4 0.01 0.2 0.01 004 0005 0.02
HA 0 0o 0 0 0.1% 0.05% 0.1% 0.05%
CTRL AuNP HA200@AuNP HA200{GHHPHGK)@AuNP

Figure3.2.5. Doseresponse experiment for HUVEC cell [[agCells were incubated
for 24h with AgNEC) HA200@AE) HA20@HHPHa@ACH, AgNP(P), HA200@Ag(P),
HA20@HHPHc@AG(P). Results are presented as mean af$iiplicate experiments and
Y2NXYEFEAT SR (G2 GKS @l tdzSa F2N) O2y G NRf dzy (N
FFFF LYKnonnnam aGFdAadAOFf aAIyWdy@d@lysisofS oA
variance)(b) Doseresponse experiment for HUVEQ loeé. Cells were incubated for 24h
with  AuUNKRC) HA200@A(C) HA20@HHPHc®AUNRC) AuNP(P), HA200@Au(P),
HA20@HHPHe@®@AUNP(P). Results are presented as mean + SD of triplicate experiments
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Very interestingly, in the case of silvesised systems (Fig. 3.2.5a) the

lower toxicity of samples synthesised by plasma can be related to the

significantly lever nanoparticle concentration (about one order of

magnitude, i.e, treatment concentrations of about16M for Ag(C) and

HA@Ag(C) vs. 20M for Ag(P) and HA@AQ(P)). However, in the case of

gold-based samples, the concentration trend is exactly the spoi.e.,

higher in the Au(P) and HA@Au(P) (about-102 nM) than in Au(C) and

HA@AuU(C) (about #8102 nM), respectively. Thus, the cell toxicity

cannot be explained by the nanoparticle concentration but it is more likely

related to another physicdemical properties that is the size.

In fact, according to the results discussed above (Table 3.2.2 and
Figure 3.2.4), the size range for systems fabricated via chemical reduction
isoftheorderofldn  yY OA ®S O WY lyiYT & ASBSIOS0 Wiy R
for silver and goldbased samples, respectively. On the other hand, the
&l YLX Sa aeyikSarasSR OAal LIX Il awvBs SEKAGQG
and 2252 nm for silverand goldbased samples, respectivelyince the
nanoparticle size is one of theucial parametes that tune their cell
toxicity,’°® one canhypothesize that HA&apped nanoparticles with a
medium size range obtained by plasma synthesis, at the used
experimental conditions, allowed for a minimal cell perturbation in terms
of toxicity, which was niothe case for both the small and the large-HA
capped nanoparticles synthesised by chemical reduction.

3.4 Bacterial assay

The antibacterial activity of the AUNP and AgNP against planktonic
organised and biofilm organised bacteria halargely reported in
literature33®34! and various putative mechanisms of actiohave been
hypothesised34° (see Chapter 1 above)Antimicrobial activities of
nanoparticlediffer according to the metal type, synthesis methods, the
different capping agents, and different tested strains, according to results
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reported in literature34 342 343This studywas aimed to discriminate the
different response of a Gram positiv&dcherichia cgliand a Gram
negative Staphylococcus aureum terms d inhibitory effectsby the NP
obtained by different synthesis technique and after the interaction with
the HA200 and HAHPHGK

The photographs oEscherichiaoliATCC 963(&)and Staphylococcus
aureusATCC 29218b) bacterial strains treated for thegar diffusion
assaywith AgNP(C)/HA@AQ(C) and AgNP(P)/HA@Ag(P) samples are
shown in Figures 3.2.6 and 3.2.7, respectively.

1 2 3

(a)

(b)

Figure 3.26. Clear zones of inhibition demonstrated by silver nanoparticles
synthesised by wet chemical reductioising agar diffusion assa) Plate of MH spread
with  Escherichia coli ATCC 9637: (1) AgiM® (2) HA200@AE) (3)
HA20@HHPH@®AYC) (b) Plate of MH spread witStaphylococcus auredsTCC 29213:
(1) HA20@AQ(C) (2) AgNEC) (3) HA208HHPHE@AQ(C)
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Figure 3.2.7. Clear zones of inhibition demonstrated by plasma synthetlzed silver
nanoparticles, using agar diffusion assay. (a) Plate of MH spread with Escherichia coli
ATCC 9637; (b) Plate of MH spread with Staphylococcus aureus ATCC 29213;1L) AgNP(
(2) HA200@AH), (3) HA208nHPHc@AQP); (al) plate (a) after MTT reduction; (b1) plate
(b) after MTT reduction.

From a qualitative point of view, results point to a bacterial specificity
in the inhibition by contact measured by the agar diffusion g¥sa the
systems synthesised by chemical reductidhe photographs showed a
poorly defined area of inhibition foEscherichia cb(Fig. 3.2.6a) and
instead a clear area of inhibition f@taphylococcus aure(Big. 3.2.6).

In the case of the samplesgpared via plasma reduction, both the Gram
potitive (Fig. 3.2.7a) and the Gram negative (Fig. 3.2.7b) showed a clear
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zone of inhibition, visibly thicker for the bacteria treated with
HA20@&HHPH@AQ(PYhan for those treated wittHA200@Ag(PYOn the
contrary, the treatment with the bare, citrateapped AGQNRP) did not
induce any inhibition zone.

Table 3.2.3 summarises the results obtained by the analysis of the
photographic recording of the agar diffusion plate assay.

Table 3.2.3Inhibitory activity okilver nanoparticles sinthesised by wet chemical and
microplasma methods against Escherichia coli ATCC 9637 and Staphylococcus aureus
ATCC 29213 determined using agar diffusion assay in comparison with chloramphenicol
(CHL).

Zone of inhibition (mm)
Escherichia col| Staphylococcus aurey
nM | ng/mL ATCC 9637 ATCC 29213

CHL 30-10° 21.0 25.5
AgNP(C) 37 42 8.0 11.0
AgNP(P) 23| 13 - -

HA200@Ag(C) 56 | 52 11.0 10.0
HA200@Ag(P) 22| 11 15.0 13.0
HA20@HHPHC@AQ(C)| 82 66 9.0 9.0
HA20@HHPHcAG(P) | 14 0.7 18.0 15.0

Note: *the concentration was expressed as nM and ng/mL. Interpretative criteria: very strong
= diameter of inhibition zone 18.0 mm; strong = diameter of inhibition zone (18.0, 13.0] mm;
good = diameter of inhibition zone (13.0, 11.0] mm; weak mét&r of inhibition zone (11.0, 9.0]
mm; very weak = diameter of inhibition zone (9.0, 8.0) mm; no activity = diameter of inhibition
zone < 8.0 mm.

The HA20@HHPH®AQ(P) showed a very strong (ZOI = 18.0 mm)
inhibitory activity against Gramegative Ecoli ATCC 9637 and a strong
(2Ol = 15.0 mm) inhibitory activity against Grpasitive S. aureus ATCC
29213. When the HA2@B1rHc@AQ(C) were obtained by wet chemical
method showed a weak (ZOI = 9.0 mm) inhibitory activity ag&nsbli
ATCC 9637 and Suraus ATCC 29213.

The HA200@Ag(P) synthetized by microplasma method showed a
strong (ZOI = 15.0 mm) inhibitory activity against E. coli ATCC 9637 and a
good (ZOIl = 13.0 mm) inhibitory activity against S. aureus ATCC 29213.
When the HA200@Ag were obtainbgl wet chemical method showed a
good (ZOI = 11.0 mm) inhibitory activity was showed against E. coli ATCC
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9637 and a weak (ZOI = 10.0 mm) inhibitory activity against S. aureus ATCC
29213.

Antimicrobial activity of HA200@A(P) and HA20@&HHPHG@AJP)
F3FAyad GSadSR aidNIXAya ¢la KAIKSN (K
presence of the peptidencreaseghe antimicrobial activity again&. coli
ATCC 9637 arfsl. aureuATC@9213 of NP with respe¢tA200@AQ).

The antimicrobial activity of AgN®)was higher tharHA200@A(C)
and HA20@HHPHc®AJC) In general, it is possible to notice that
HA200@A@P) andHA20@HHPHc@®AJP) were the most active against
both E. coliATCC 9637 an. aureuATC@9213, it could be due to the
optimised plasma synthesisethod and to the antimicrobial action of the
peptide against both Gramositive and Garmegative bacterid*

The absence oinhibition zone diameter for gold nanoparticles
synthesised by wet chemical and plasma reducfaata not shown)and
plasma synthssed silver nanoparticlegwithout HA) could be due to
possiblephysicochemicahteractions with agar medium.

Several invstigations report for AUNP and AgNP MIC value range
through a wide extend range of variation and it is difficult to compare the
results and to draw general consideratiéf. 343347 Moreover, lacks
standard protocols to evaluate antimicrobial activity of the NP and
different methods currently used by researckéf® In the present study,
the antimicrobial activity of NP was Jvestigated alsousing broth
microdilution assayand the concentration of NP was reported as
nanomolar (nM) and pg/mL which is the standard unit for the MIC
measurements?28. 348

Using broth microdilution assayll AQNEC) and AuNRC) showed
inhibitory activity against both tested strains, at a concentration (ug/mL)
much lower than chloramphenitqdCH.) ones used as control (Table
3.24).
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Table 3.24. Inhibitory activity of synthetized silver and gold nanoparticles
synthesised by wet chemical and microplasma mestaghinst Escherichia coli ATCC
9637 and Staphylococcus aureus ATCC 29213 using broth dilution assay in comparison
with chloramphenicol (CHL).

Minimal inhibitory concentration (MIC)
Escherichia coli Staphylococcus aureus
ATCC 9637 ATCC 29213

nM ng/mL nM ng/mL
Ag NRC} 23 2.6 93 10.5
Ag NP(P®) 5.8 0.3 - -
HA200 Ag NIZ} 35 33 14.0 13.0
HA200 Ag NP(P) 2.8 0.1 5.5 0.3
HA20QHHPHcAg NRCY 9.0 4.2 20.5 16.6
HAZO%HHPHGLAQ NP(Fi) 0.9 0.3 1.8 0.06
Au NRC} 0.6 14.5 06 14.5
HA200 Au N} 0.6 0.01 0.6 0.01
HA20@HHprcAU NRCY 0.2 0.006 0.2 0.006
CHL 25x 10 8.0x 1¢° 25x 10 8.0x 1¢°

Notes:1the nanoparticles were tested at the following concentration ranges: AGNRPmM
9.3nM (= D.5ng/mL) to 12nM ( = 1.3ng/mL); HA20@AgC)from 14 nM ( = 3.0-ng/mL) to 18
nM ( = 1.6ng/mL); HA20@uHPHc@AQ(C)from 21 nM ( = B.6-g/mL) to 26 nM ( = 21-ng/mL);
AuNRC)from 06 nM (=0.02ng/mL) to 0.07 ( ©.002ng/mL); HA20@Au(C)from 06 nM ( =0.01
ng/mL) to 0.07 nM ( ©£.002ng/mL); HA20@HHpHc@AWC)from 0.2 ( =0.006pug/mL) to 0.03 nM (
=0.001pg/mL);

2The nanoparticles were tested at the following concentration ranges: Agji{em 5.8 nM
(=0.3ng/mL) to 0.7 nM ( 9.04 rg/mL); HA20@AgP)from 5.5 nM ( =0.3 rg/mL) to 07 nM ( =
0.03ng/mL); HA208HHPHc@AYP)from 3.6 nM (0.01 rg/mL) to 05nM ( =0.01 rg/mL); AUNEP)
from 30nM (=0.7 rg/mL) to 3.7 nM ( ©.09 ng/mL); HA20@Au(P)from 20nM ( =0.5 rg/mL) to
2.4 nM (=0.006 pg/mL); HA208uHpPH@AWP)from 2.0 nM ( =0.05ng/mL) to 03 nM ( =0.001
ng/mL;chloramphenicol was tested at the concentration range fromxt12» to 5 x10? ng/mL.

AuNKC)AUNP(P), HA200@A(CYHA200@A(P),
HA200GHHPHGK@®) and HA20@HHPHa@AU(P) did not show
difference in MIC value betweelitscherichia colATCC 9637 and
StaphylococcuaureusATCC 29213, with a concentration ranging from
0.24 to 0.58 nM.

In particular, the highest inhibitory activity was showed by
HA20@HHPHeKk@UNKC) with aMIC value of 0.24 nM. The Au{d® not
coated with hyaluronic acid, andA200@A(C) coated with hyaluronic
acid at lowest tested molecular weight, showed the lowest inhibitory
activity between AuUNE)(MIC values of 0.58 and 0.55 nM, respectively),
agairst bothE. coliIATCC 9637 arffl.aureusATCC 29213.
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The AgNEC)showed MIC values higher than AU ranging from
2.31 to9 nM. The inhibitory activity was different between the two tested
strains. The highest inhibitory activity was showed by A@)édgjainstE.
coli ATCC 9637 which a MIC value of of 2.31 nM. The HBARJT)
excited a 1.5old inhibitory activity, lower than that of AQNP alone, with
a MIC value of 3.5 nM foE. coliATCC 9637. ThdA20@HHrPH@AQ
showed a lethal concentration 8MM aganstE. colATCC 9637. All tested
silver nanoparticles showed afdld lower inhibitory activity against the
Grampositive strainS.aureusATCC 29213.

All plasma synthetized silver nanoparticles showed a lower inhibitory
activity againstE. coliATCC 9%/ andS. aureusATCC 29213, except
AgNRP)which did not inhibit the growth of Graspositive tested strain
(Table3.24). For plasma synthetized silver nanoparticles, MIC values
ranging from 0.90 to 5.82 nM, much lower than chloramphenicol (CHL),
used as control.

The highest inhibitory activity was showed by HA20@Hc@AgNRP)
with a MIC value of 0.90 nM. The HAZDAYP) showed an inhibitory
activity lower than that of HA20€hHPHc@AQ(P)with a MIC values of 2.75
nM. The lowest inhibitory activity, between plasma synthetized silver
nanoparticles was observed for AgiRPagainstE. coliATCC 9637 (5.82
nM).

The inhibitay activity of HA20@AgP) HA20@G:HHPHc@AYP) against
S. aureudn\TCC 29213 wasf@ld lower than that observed againgt coli
ATCC 9637.

In agreement with several studies which reported tisataureusvas
more resistant against AgNP than GraegativeE. coliprobably due to
differences in membranestructure and in cell wall composition which
could influence bacterial accessibility to K¥P3*3 346The results of this

study showed MIC values lower than that often reported in the literature.
340, 342, 343, 34347

Plasma synthetized gold nanoparticles did not show inhibitory activity
except AUNFP) that showed a MIC value of 29.80 nM. Moreover, the
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HA200cHHPHc@AU(P) at the highest obtained concentration (78 nM)

showed a percentage of 64%, determined as
6 0OY 60Y j60OY p T, TAagainstE. coli
ATCC 9637.

Nanoparticles obtained from gold exhibited a highdrilitory activity
with respectto that one obtained from silver.

AuNP fabricated by wet chemical reductioexhibit a higher
antibacterial activity copared with the silver nanoparticles fabricated
both by plasma and chemicahethods, whichis probably whythe
mechanism through which NPs cause bacterial death is dependent on the
components and structure of the bacterial céltobably, ér these strains,
the nonroxidative AUNP mechanism is more efficient than the oxidative
mechanism (with ROS production)tbe AgNP leading to an incresam
the antibacterial activity. The differences on the antibacterial activity
coud be due to different NP size, in fact, AUNP(C) exhibitdugger
optical diametetthan AgNP (R raged between 684 nm and 3135 nm
for the AUNP(C) and AgNP(P), respectiviéfy).

4. Conclusions

In this work, hyaluronic acidrapped AuNRndAgNPRwverefabricated
by two comparative approaches that usegreen processes ofwet
chemicalreduction and plasmachemistry Low molecular weight (200
kDa) pro-angiogenichyaluronic acidwas conjugated with an ari
angiogenitanti-inflammatory peptide (GHHPHGK sequencefo
scrutinise, if any, the modulation of angiogenic and inflammatory
activities of thehybrid HA@NP systems

The optical characterisation by biN&iblespectroscopy evidenceihe
formation of larger nanoparticlegbigger optical diameter$tabilised by
the hyaluronan shell coatingnd this effectwasmore evident for AUNP
than AgNP. In particular, HA200@@®) and HA208HHPH@ALC)
synthesised by chemical reductidnespectively 76 nm and 84 nm
optical siz¢ and the plasma syhetised HA200@Au(P) and
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HA20@&HHPHG@AU(P) (24 nm and 52 nm, respectivelyibiteda general
increase in sizeompared to the bare AUNEB5 nm) and AuNP(P) (22 nm)
especially for theGHHPHGKA conjugate

The cell viability assagn a HUVEC cell linehowed a significant
toxicity only for AQNKC) and HA@A(L) systems with a maximum
decrease in celliability (about 30% compared to control untreated cells)
for the treatment with HA20@HHPHca@®AJC) The cells treatment with
AgNP(P), AuNe)or AuNP(P)both bare and HA&oated nanoparticleslid
not showa significant toxicity.

Except for plasmaynthesised bare AUNRP) and AgNEP) all the
tested N showed a great antibacterial effect mkin patogenssram
negativeE. coliATCC 9637 and Gnapositive S. aureusATCC 29213n
particular, AQNRC)exhibited a similar antibacterial effect againgk. coli
ATCC 9637 arfel aureu®\TCC 29213, as confirmed by #ralyses of the
zone of inhibition(ZOl)in agar diffusion assayand minimal inhibitory
concentration(MIC)in broth dilution tests All the goldbased system did
not show inhibition by contact in #h agar diffusion test at the used
experimental conditions. However, in the broth dilution methotet
highest antibacterial activity was actually detected for
HA20@&HHPHc@ Au(C)with much lowerMICvalue 0.2 nM) than the other
cases, both Albased and Afpased. A possible explanation of these
findings can be related to th&trongcharge transfer effets between the
histidine groups in the peptide sequence and the galetal ion
precursors during the synthesis, which resulted ithiek shell of the
peptide-conjugated HA around the metal core (so, a relatively high
number of peptide molecules). Moreover, in the hybrid HA@Au, a more
oriented arrangement of the peptideowards themetal surface system
compared to the analogous HA@Asupport the idea that &ch and
arrangement allows for the protection of the peptide molecules against
early degradation during their interaction with the bacteria and,
therefore, a more efficient aningiogenic and aninflammatory activity.
According to this picture, the send most efficient system for the
antibacterial activity was found to bdA20@HHPHe@AQ(P) (MIC value of

142



Chapter 3

0.9 nM and ZOI of 18 mm), wherethinner (and probably less ordered)
shell of peptideconjugated HA was efficiently wrapped around the
nanoparticles
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AT THE INTERFACE WITH
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Motivation ofthe study

MOTIVATION OF THE STUDY

Inorganicnanoparticles (NPs) exhibit relevant physical properties for
application in biomedicie and specifically for bottliagnosis and therapy
(i.e. theranostic) of severe pathologies, such as caacdwound healing
treatments The inorganic NP core is oftamot stable in aqueous
suspension and can induce cytotoxic effects. For this reason, over the
years, several coating strategies were suggested to improve the NP
stability in aqueous solutions as well as the NP biocompatibility. Among
the various componentsvhich can be used for N catings there are
synthetic and natural polymers such lagaluronic acidThe synthesis of
the polymercapped nanoparticles improve their suitable properties,
decreasing the side effects such as cytotoxicity anealbbmumulation.

A relevant point for biomedical applications is the penetration of
nanoparticles (NPs) through the cell and biological barriers. Important
biological barriers are the cell membranes, which are dynamic, fluid
structures essential to # life of a cell, thg are formed by amphipathic
lipids, which consist of hydrophobic and hydrophilic portidnsorder to
scrutinize thenteraction and the activity of the NP and HA@ bliBtained
by chemical and plasma methods, with model membrane in-tigsd,
quart crystal microbalance with dissipation monitoringvas used;
additionally,the uptakeand distributionstudyof these systemen human
umbilical vein endotheliatell linewas studied by LSM technique.
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HYALURONADECORATEROLD AND SILVER QRARTICLES
AT THE INTERFACEANIHE CELL MEMBRANE

Abstract

The rapid development of nanomaterials has led to an increase in the
number variety of engineered nanoparticles in thenvironment.
Nanoparticles (NPs) are present in the environment because of their
nanoscale siz&iven their increasing use in sunscreens, cosmetics and
other personal products and their use in the nanomedicine such as in the
wound healing field, they maynger the bloodsteam by permeation
through skin Given this degree of exposure, it is important to understand
the implicationshuman healthlt can be possible studying the interaction
of the NP such as noble metal NP with model membrane and the
interaction with the true cell cytoskeleton of endothelial cells.

In this work we investigate the interactions between AgNP and AuNP,
coated with hyaluronic acid at three different molecular weight (200, 700
and 1200 kDa) and synthetized by wet chemical and miasoph
methods, and the bilayer both synthetic by rdémhe quartz crystal
microbalance with dissipation monitoring (QED) technique and real by
laser confocal scanning microscopy (LCSM) to investigate the interaction
with the cellcytoskeletonof the HumanUmbilical Vein Endothelial Cells
(HUVEC).

1. Introduction

Metal nanoparticles are widely studied in different fields of
nanomedicine; application of nanotechnology in medicine currergly
being developednd itinvolves employing nanopatrticles to delivkugs,
in the diagnostic filel, in the wound care and in the antibacterial
treatments 350 351

Noble metal nanoparticles, in particulAuNP and AgNP, have elicited
a lot of interest as model theranostic platforms owing to their apparently
low toxicity, ease ofsynthesisand versatility in functionalization with
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various moieties (including anibodies, peptidesand DNA/RNA to get
specificcell target!®3

Thanks to the increasing importance of gold and silver nanoparticles,
new synthesis strategies were developed in order to obtain biocompatible
NPs using green and easier methods without organic and teagents
on mild reaction conditios 352

Tailoring vet chemical synthg&isand microplasmasynthesis allows to
obtain polymercoating nanoparticle$?® the NPs wrapping with
biopolymers such as hyaluronic acid allows to prolong the in vivo
circulation and to spectfidelivery of the hybrid system&anks to the
targeting of specific receptors on the cell membrane, such as CD44
overexpressed in carcinogenic (prostatic cancer cell line3)®€and
human primary cell lines (such as endothelial cells, HUYE®preover,
for silver nanoparticles the interaction with the membrane is well known
and it is involved in the toxicity and antibacterial activity, in particular
AgNPs interact with the baetial membrane and are able to penetrate
inside the cell. Transmission electron microscopy data shows that AQNPs
adhere and penetrate intd&. colicells and also are able to induce the
formation of pits in the cell membran&® 35’AgNPs have been observed
within E. colicells albeit at sizes much smaltean the original particles;
Y2NB2@OSNE !'3 bta ¢6AGK 2EARAT SR adaNFI C
K2t S EQMlisukfates; after the interaction, large portions of the
OSftftdz F NJ O2y Syl as S Adordidg2toAaNP WWS | (¢
studies aboutell manbranes conducted by Cho et ale can notice that
the uptake of AUNP by S¥R3 cells was dependent on the surface charge,
where positively charged AuNPs present a higher uptake rate compared
to the neutral or negatively charged AuNRsgditionallythis interaction
does notinvolvetoxicity viamembrane destabilisatiaf®

Thus, me way to really understand the biological properties of the
hybrid-NPssystems asvell astheir fate and theitbehaviouronce they get
in contact with biological mediais to study the inteaction between
hybrids systems and the model oeal cell membranes. Biomimetic
membrane modelssuch as supported lipid bilayere interesting tools
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to approach and understand N&=Il membrane interactions. The use of
these models permitsfirst of all, to control physical and chemical
parameters and to rapidly compare membrane types and the influence of
different media conditions. The interactions between NPs and cell
membranes can be qualified and quantified using analyticahaodielling
methods3%°

In this contest, there is an increasing interest in using quartz crystal
microbalance with dissipation monitoring (Q€D) to investigate the
interaction of nanoparticles (NPs) with model surfaces. The high
sensitivity, ease of use and the ability to monitor interactions in-tiead
has made it a popular technique for colloid chemists, biologists,
bioengineers, and biophysicists. QdNMhas been recentlysed to probe
the interaction of NPs with supported lipid bilayers (SLBs) as model cell
membranes. The interaction of NPs with SLBs is highly influenced by the
quality of the lipid bilayers. Unlike many surface sensitive techniques, by
using QCMD, the quaty of SLBs can be assessed in-tima¢, hence
QCMD studies on SEBPs interactions are less prone to the artefacts
which arise from not well formed bilayers. The ease of use and
commercial availability of a wide range of sensor surfaces also have made
QCMD a versatile tool for studying NP interactions with lipid bilayéts.

It is equally important to study the interaction of the hybiiPs
systems and real cefhembrane in order to investigate not only the
interactions with phospholipidilayer but alsahe induced response of
the cellular receptorsFor this kind of investigains, Laser Scanning
microsc@y is a useful technique because it allows to perform tt@ak
imaging with a relative simple preparation of the sample. Additionally,
this technique allows to perform uptake studies and to analyse the
distribution of the hybid-nanosystems on the organelles and cell compart
as well as to scrutinize the cytosol modification after Npske 361

In this work, we scrutinize the interaction between a model
membrane PORGLB and\uNP and AgNP, hybrgystems HA@Ag and
HA@Au obtained by wet chemical and plasma synthesis, by-QCM
measurementsand the interaction with real cell membrane, treating

151



HUVEC cell line with the previous sample, obtaining information about the
activity, upake and distribution of the systems inside the cells after
internalization.

2. Materials and methods

2.1. Chemicals

Sodium hydroxide (NaOH) was purchased by Honeywell Fluka (USA);
Silver nitrate (AgN§) purity > 99%, sodium brohydride (NaBH LJdzNR ( & %
99.0%, B+)3f dzO2 &S LIzNAR (& x dhpdPp 2> ¢SGHINI OF
(HAUGI-3Bh 0 LJdzZNR G & x ddpdd 272

HA 200 kDa (HA 200), HA 700 kDa (HA 700) and HA 1200 kDa (HA 1200)
were provided by Fidia Farmaceutici spa (Italy); phosphate buffer saline
(PBS)Chlorofam (CHG) was purchased by Merk, Ammonia solution 25
% (% w/w) was purchased by Merk, Hydrogen peroxid®j-HB0 % (%

w/w) was purchased by Sigma Aldridkpalmitoyl2-oleoytsn-glycere3-
phosphocholine (POPC) purchased from Avanti Polar Lipids (Ust@&y. W

ga RSA2YyAT SR oNBaAiAaGAgAle B mydH YK
Q unit (MillkQ plus, Millipore, France). Glassware were first cleaned with

aqua regia (HCI: HNOL1:3 volume ratio) and then rsed with water

before starting. Mediurg00 suplemented with LSG®as purchased

from SigmaAldrich (USA).

2.2. Synthesi®f Hyaluronic acigcoated nanoparticles
2.2.1. Wet-chemistry reductiormethod.

The aqueous solution of AgNQvas reduced with NaBHin the
presence of HABriefly, a solution of AgN.5 mM was added to a
solution 0.2 % (w/v) of A20O0 or HA700 or HA120fhder magnetic
stirring in an ice bath. Then, a freshly prepared aqueous hlaBldtion
100 mM was added dropwise over 5 minutes. The initially colourless
solution became yellow and wsstirred in ice bath for 105 minuteBig.
2.1a). The synthesis of bare, borohydridapped AgNE)was carried out
using the method of Mavani et dk°
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For the synthesis of HeéoatedAuNP(Cjo an agueous HAugolution
0.5 mM were addedNaOH 7 mM and glucose 5 mM. The reaction mixture
was maintained under stirring and at controlled temperature of 25°C
using Eppendorf ThermoMixeFhe HAcapped gold nanoparticles were
formed approximately in 1 minute. As to the bare, glucoapped AuNP,
the same reaction was conducted in water instead of HA 0.2% aqueous
solution.

For both HA@Ag and HA@Au hybrids, the as prepared colloidal
dispersions were concentrated by two repeated centrifugation steps (4
minutes; 9391 xg; 15 °C) in a Eppendorf Camgef(5417R, FA453011
Rotor, Italy), with washing with milliQ water in between the two
centrifugations. 0.5 mL Amicon Ultra centrifugal filters (Merk Millipore,
USA) were used, with a molecular weight-otft of 30 kDa. As to the
reference bare AUNP and ABNsamples, the pellets were obtained by
double centrifugation and washing in Eppendorf at 6010xg for 15 minutes
for AUNP and at 11766xg for 20 minutes for AQNP, respectively.

2.2.2. Plasma Synthesis of Hyaluronic acid coated Silver
Nanoparticles (HA@AQ)

HA@Ag(P synthesis was performed using atmosphgmessure
microplasma. The synthesis was carried out as fotldiws discharge
current was applied to a solution 8gNQ 1 mMandHA 0.2 %o obtain
HA@Agr TSG mM to obtain the reference AgNP(P). The atmosjhe
LINS&dadz2NE YAONRLI FaYl g1 & AYyAGAL G
sccm argon (Ar) from a pressurized stainsteel capillary tube (inner
diameter = 0.6 mm) whose tip was positioned approximately 2 mm above
the surface. A platinum (Pt) foil immsed in the solution served as
counter electrode. The microplasma was ignited and sustained by a
ballasted directcurrent power supply with the capillary electrically biased
at negative high voltage and the Pt foil electrically grounded to promote
cathodic reduction reactions at the plasmauid interface. In the
microplasma system, the discharge current was 3 mA (with the value of
NBEaArAadlyOS wmnnan K0 I yR *dolitiongdr 45 | LILIKE

(0p))
X«
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minutes changing colour from transparent to yelldrown. No stirring

was applied. The temperature of the solution was maintained during the
experiment < 5 °C using an ice bath and it was monitored by an infrared
thermal camera.

HA@AuU(P) synthesis was performed using atmospipeessure
microplasma. The syntheswas carried out adding NaOH 7 mM to a
HAud solution 0.5 mM (in water for the reference or in HA 0.2 % to
obtain coated NP). In the microplasma system, the discharge current was
p Y! O06A0GK (GKS @lFtdzS 2F NBaradglrkyoS
AU solution for 15 minutes changing colour from yellow to +marple.

No stirring was applied. The temperature of the solution was maintained
< 5 °C during the experiment using an ice bath to avoid the increase of the
NP sizé&% the temperature was measured by an infrared thermal camera.

The referencalucose cappeduNPwere synthetized by mycoplasma
adding 5 mM of glucose solution to a solutiontfAuC] 0.5 mM. The
F LILJX ASR RAAOKI NHS Odz2NNByid ¢1a p Y!
for 15 minutes; the solution changed colour from yellow to-pdple.

For both HA@Ag(P) and HA@AuU(P) hybrids, the as prepared colloidal
dispersions were concentratl by two repeated centrifugation steps (4
minutes; 9391 xg; 15 °C) in a Eppendorf Centrifuge (5417R, FA453011
Rotor, Italy), with washing with milliQ water in between the two
centrifugations. 0.5 mL Amicon Ultra centrifugal filters (Merk Millipore,
USA) wre used, with a molecular weight eaff of 30 kDa. As to the
reference bare AUNP(P) and AgNP(P) samples, the pellets were obtained
by double centrifugation and washing in Eppendorf at 6010xg for 15
minutes for AuNP(P) and at 11766xg for 20 minutes foNX®),
respectively.

2.3. Preparation of small unilamellar vesicles (SUVSs) dispersions

Small unilamellar vesicles (SUVs) were prepared from chloroform
solutions of POP(% mg/mL) PBS solution 10 mM was prepared using
tablets (0.01 M phosphate buffer contaigr8 mM KCI and 0.14 M NaCl,

LI Todn0d ¢KS o0dZFFSNI gl a FALGSNBR
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Healthcare, USA) and degassed for 30 minutes under ultrasonic bath
(Labsonic 2, FALC Instruments, Itady)hloroform solution of POPC (5
mg/mL) and Rho®HPE1 wt %) was taken inarourd2 G G 2Y bl &l =
FFGSNI SOFLIRNIGAYT GKS a2t @Syd dzy RSN
2y GKS gLttt 2F GKS blal e¢la Sydz &
vortexed. The lipid dispersions werg¢herefore, extruded 13 times

through a 100 nm polycarbonate membrane, followed by other 13 times
through a 30 nm membrane (Avanti Polar Lipids).

Vesicles prepared in this way typically measured 30 nm, as determined
by DLS analyser (HORIBASEB, USA). The refrigerated vesicle solusion
were stored under B and used within two weeks, accordinto an
established protocot®? Before the use, the size of SUVs was checked by
DLS measurements.

2.4. Quartz crystal microbalance with dissipation (QDM
monitoring
The measurements were performed dame QSense E1 (Biolin)
AYAGNHzySyd 2LISNFaGAYy3a gAGK | O2yai

temperature of 25 °C. The sensor crystals were cleaned by immersion
overnight in a sodium dodecyl sulphate solution (0.4% w/v in-NEIQDQ),
followed by copious MillieHO washing, then Nblow drying and UV
ozone treatment for the removal of surface organic contamination (two
aisSLla 2F mMpQ SIOK gAOK g1 0SNJ NRAyaA
tweezers were cleaned with a piranha basic solution3(NHO, : HO
volume @tio = 4: 1: 1), followed by copious rinsing with MHKD. For

the QCMD runs, NFHA and NP pellet samples were dissolved in 10 mM
PBS buffer to the final concentration of 0.1% w/v in HA aifch and

0.06 nM for AgNP and AgNP(P) ,respecti\@356nM or 0.5 nM for AUNP

and AuNP(P)espectively.

All solutions wereoutgassed for 30 minutes under ultrasonic bath
(Labsonic 2, FALC Instruments, Italy) and were analysed at 100 pL/minutes
starting in PBS 10 mM. For the physicochemical characterization the
vesicles, diluted to a final concentration of 0.1 mginkere adsorbed on
the silica surfaces and then were rinsed with PBS buffer 10 mM.
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2.5. Cell cultures and maintenance

Humanumbilical vein endothelial cell line wasltured inplastic flasks
in Medium200 supplemented LSGS (fetal bovine serum, 2% vlv,
hydrocortisone 1 pg mt,human epidermal growth factor, 10 ng L
basic fibroblast growth factor, 3 ng MiLheparin, 10 pg mb), in tissue
culture treated 25 criiCorning flasks (Sigm#ddrich, St. LouisyiO), in
humidified atmosphere (5% GPat 37°C (Heraeus Hera Cell 150C
incubator). For the cellular treatments, the day before the experiment
cells were seeded in full medium on TPP® tissue culture plates (Sigma
Aldrich, St. Louis, MO). The {dénjugatedsilver and gold nanoparticle
samples were concentrated 5 times up to the final HA catregion of
1% wivor, in the case of the bare AQNP and AuNP reference samples, up
to the maxmum washing by centrifugation steps to avoid aggregation

OGeLMAOrfte WLISEEtSG HQ al YLt Saovz FyR |

the desired final concentratiofior incubation times of 90 min for the
confocal microscopy experiments.

2.6. Confocal microsquy analysis

For LSM live cell imaging analysis, cellevgeeded at a density of 2.5
- 10 cells/well in 12 mm glass bottom dishes (Willco Wells, Amsterdam).
The day after cells were washed with-supplemented Mdiun200, and
treated with HAconjugated NRand bare NP samples for 90 min. During
the last 20 min of the total treatmenime, the cells were stained with
LysoTracker Red (150 nd)[ & & 2 ¢ NI O] 9¥IHermoBsRer)d b 5
deep red-fluorescent dye for labelling and tracking acidic lysosome
organeles in live cells and HoecB8342 (1 pg/mL) (Hoechst 33342
Solution, ThermoFishefr fixed and live cell fluorescent staining of DNA
and nuclei in cellular imaging technique. Cells were rinsed with fresh PBS
and cellular fixation was performed with higturity paraformaldehyde
(4% wiv) in PBS. For the straining of cytoskeleton actin, cells were
permeabilized with 0.02% w/v Tritor200in the presence 010% bovine
serum albumin (BSA) and treated with a hajffinity Factin probe,
conjugatedwith greenft dz2 NS & OSy G ! £t SEI Cf dz2 NX
488 ReadyProbes® Reagent, TermoFisher).
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LSM imaging was performed with an Olympus FV1000 confocal laser
scanning microscope (Olympus, Shinjuku, Japan), equipped with diode UV
(405 nm, 50 mW), multiline Argon (45488, 515 nm, total 30 mW),
HeNe(G) (543 nm, 1 mW) and HeNe(R) (633 nm, 1 mW) lasers. An oll
immersion objective (60xO PLAPQO) and spectral filtering systems were
used. The detector gain was fixed at a constant value and images were
collected, in sequengil mode randomly all through the area of the well.
The image analysis was carried out using Huygens Essential software (by
Scientific Volume Imaging B.V., The Netherlands). The statistical analysis
was performed with ImageJ software and eway ANOVA test.

3. Results andDiscussions
3.1. HA@NP pellet characteristics

In this work, from stabilized AuNP and AgNP synthetized by wet
chemical method and by microplasfia nanoparticles pellets were
obtained and the most important characteticss of the samples were
showed in tabled4.1. Intable 4.1 was reported the comparison of the
optical diameter (d), the hydrodynamic diameter g and the
concentration (molar and in NP/mL) between the pellet suspension
obtained from the as prepared suspgion synthetized by wet chemical
synthesis and plasma synthesis.

Table4.1. UV-visible parameters and characterization of the peNd obtained by
wet chemistry and plasma reduction.

MW do dh nM NP/mL
(kDa) nm nm
AgNP 0(C) 12 32 5.64 6.33-10
200(C) 13 100 592 5.23-10
700 (C) 25 199 1 1.24 .10
1200 (C) 20 220 166 4.03-10
0(P) 31 52 0.58 3.76-18

200 (P) 32 118 055 3.07-16
700 (P) 33 214 04  2.00-16
1200 (P) 32 245 05 26916
AUNP  0(C) 66 57 028 1.96-10
200 (C) 73 112 017 8.30-10
700(C) 123 208  0.04 3.66- 10

157



1200 (C) 134 234 0.05 3.87-10

0(P) 24 49 462 6.09-10°

200 (P) 27 102 3.91 3.51-10°

700 (P) 35 195 1.63 6.97:10

1200 (P) 30 222 2.85 1.94.1@°
Note: C= wet chemical synthesRsplasma synthesis.

Startingwith the concentrations indicated in Tablel, the QCMD and
LSMexperiments were carried out.

3.2. Interaction of the hybrid hyaluronatonjugated
nanoparticles with model cell membranes: a QDMudy

QCMD experiments wer@erformed to investigate the interaction of
the hyaluronanrfunctionalized nanoparticlesplasma and chemical
method synthetized in comparison with the bare NP, with model cell
membranes made of supported lipid bilayers.

The dissipation parameter gives nmeagful information about the
viscoelastic properties of the film adsorbed, which are useful to
characterize the interaction of SLBs with different molecules and
nanosystems. The QCDI response observed after the addition of
vesicles onto the siliceoated QCMD sensor shows the expected two
phase behaviour for POPC SUVs agiagronto hydrophilic substra#é®,

i.e.: (i) firstly, the adsorption of intact vesicles onto the silica surface until
a critical coverages reached (corresponding to the minimum in frequency
shift and themaxmum in dissipation shift); (ii) secondly, the spontaneous
vesicles rupture/fusion resulting into the formation of a homogeneous
SLB (typical shift values in frequency and dissipatoa LJS O i X@-S t &
Hc | 1 '0406R0% ps reported in the literaturds

The experiments were performed starting the nseaement in PBS
(10 mM) for 5 minuteghen the addition of SUV 0.1 nmglL-* during 7 min
and 3 min of buffer rinsing. After the SLB formation and the buffer rinsing
the sample (HAonjugated NPs or positive controls of bare NPs and HA)
was injected into tke measurement cell for 10 min and the final rinsing
was carried out PBS for 5 min. The experiment was conducted at the flow
rate of 100 pL/min.
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Figure 4.1 showed the QCMD curves of frequency shifts and
dissipation shifts corresponding to the fifth overtones to investigate the
interaction the SLB and the HA and HA@NP systems.

For all cases, the first part of the experiment (i.e., vesicle adsorption)
displayed in Figure 4.1, points to the successful formation of a SLB
following the rupture and fusion of the SUV adsorbed at the sensor
surface.Introduction of HA and HA@NP systems produced a negligible
change in f, indicating no change in mass.

To notice, in Bj.4.laand Table42 O2 YLJ NBR G2 (GKS | |
x 10) the HA200@A&) and HA200@Ag(P) showed high shifts of the
dissipation of 1.3 x ¥0and 3.1 x 18 respectively; smaller shifts were
observed for HA200@AG)and HA200@Au(P) of 1.1 x®Hhd 0.9x 1¢°
respectively. In Figlband Table42 O2 YLJ NBR (2 GKS 1!
x 1®) the HA700@AE) and HA700@Ag(P) showed shifts of the
dissipation of 0.74 x POand 1.9 x 18 respectively; higher shifts were
observed for HA700@A@)and HA700@Au(P) of 0.6 x6Xhd 1.2 x 18
respectively. In Figtlcand Table 42 O2 Y LI} NBR (2 (KS
0.74 x 16) the HA1200@AgNe)and HA1200@AgNP(P) showed shifts of
the dissipation of 1.9 x 2@nd ~0, respectively; for HA1200@A{N)and
HA1200@AuNP(P) were observed shifts of 2.2 % &fd -0.9 x 16,
respectively. In Figt.ldTable4.Z A G Ll aaAiroftsS G2 y20A
nanoparticles and the dissipation shifts were negative for AG\P
AgNP(P) and AuN®)(of -0.3 x 16, -0.1 x1(?, -0.2 x 16) and ~O0 for
AuNP(P).

Table42n5 206G Ay S RD canges abdSthe inferaction of the pelldP
obtained by wet chemistry and plasma reduction and the SLB.

MW (kDa) nD-10¢ MW (kDa) nD-1(¢
AgNP 0(C) -0.3  AuNP 0(C) -0.2
AgNP 0 (P) 01  AuNP  0(P)
HA200 0.71 HA200 0.71

AgNP  200(C) 1.3 AuNP 200(C) 1.1
AgNP 200 (P) 31 AuNP 200(P) 0.9
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HA700  0.36 HA700  0.36
AgNP  700(C) 074 AuNP 700(C) 06
AgNP 700 (P) 1.9 AuNP 700 (P) 1.2

HA1200  0.74 HA1200  0.74
AgNP 1200(C) 1.2 AuNP 1200(C) 2.2
AgNP 1200 (P) - AUNP 1200 (P)  -0.9

Note: C= wet chemical synthesis; P=plasma synthesis.
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Figure4.1. QCMD curves of frequency shifts (left hand side axes) and dissipation
shifts (right hand side axes) corresponding to the fifth overtones for POPC vesicles (0.1
mg- mth) adsorption on SKDQCMD sensors and, after, the addition &) HA200,
HA200@Ag(CHA200@Au(C), HA200@Ag(P), HA200@ An)AA700, HA700@Ag(C),
HA700@Au(C), HA700@Ag(P), HA700@Au(E); HA1200, HA200@Ag(C),
HA1200@Au(C), HA1200@Ag(P), HA1200@Au(PAgNP(C), AuNP(C), AgNP(P),
AuNP(P).

In the case ofAQNP and HA@Ag systents the sample addition
follows the rinsing step in which the dissipatida notcame back to the
initial value indicating irreversible interactions the opposite
consideration could be observed the case oAUNP and HA@AU.
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To study the properties of luronic acid or HAybrid systems
attachment to cell membranes, SLBs were formed on silica surface and
the interaction were studied in reagime by QCMD techniqu#&?

Several studies were conducted to investigate the interaction
between HA and SLBs to understand the biological activity and
modulation of the biopolymeand to obtain new drug delivery systems
suchas the enhanced topical delivery of hyaluronic acid encapsulated in
liposomes3%® HAisa nonNewtonian fluid with viscoelastic properties and
its interaction with SLB leads to thcrease of the dissipation valtféfor
' HanE |!'Tnn +FyR 34x6 7 r16agsfectiely) ™ E
meaning the formation of softer layer after HA additi®h.

To notice, upon addition of thelAconjugated NP hybrid systems to
the preformed SLBs, the QGBI curves of dissipation and frequency
shifts reflect the influence of both hyaluronan and the NP components in
the interaction with the supported lipid bilayers (Fig. 4daand in
particular the hybrid systems showed an increase in the dissipation
variation: HA200@Ag) and HA200@Ag(P) showed high shifts of the
dissipation of 1.3 x ¥and 3.1 x 18 respectively; smaller shifts were
observed for HA200@A@)and HA200@Au(P) of 1.1 x®Hhd Q9 x 10
NBaLISOGAGSte@d / 2YLI NBER) the HATO0@IE) ! T n s
and HA700@AgNP(P) showed shifts of the dissipation of 0.74 anti0
1.9 x 16, respectively; higher shifts were observed for HA700@3and
HA700@Au(P) of 0.6 x8#nd 1.2 XL(?, respectively and the same effect
was observable for HA1200@@®)and HA1200@AC)s A G K np5 @I f d:
19x16and22x 16 NBaLISOGA @St eT (GKSAS AyO
due to the increase in the SLB fluidity and viscoelasticity after the
perturbation of the phospholipids bilayer by the hybrid systeif¥Shese
findings point to a stronger viscoelastic character of the interface
established between the SLB and the hybrid HA@Ag and HA@Au systems
with the 200 kDa (chemical and plasma) and 1,200 kDa(chemical)
molecular weight hyaluronan in comparison with the 700 kDa (chemical
and plasmamolecular weight one.
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The HA1200@Ag(P) and 12280@Au(P) showed a different response
NB3IF NRAY 3 { KéspgssblE tobbservE a ii@dligibleAvariation
of the dissipation for HA1200@Ag meaning no interaction with the SLB
and-0.9 x 16for HA1200@Au (Fig.1c).Similarly, by addition to th8LBs
of bare AQNP and AuNP (FdLd) solutions, a significant decrease in the
dissipationwas detected, whictwad KA 3 K S NJ F-2.NIGkHah GSNI O n ¢
F 2 NJ 32 -0R-10 nahopdtticles. This effect is well known in the
literature, the nanoparticles affect the lipid conformation and the
resulting membrane stresses are relieved by the rigidity of the membrane
and bythe leakageof some lipid molecules from the bilayer. Only a small
amount of lipid is removed consistent with the small ambwf NP
adsorption, and the lipid removal occurs leading to small pores or other
forms of membrane defects that are not significant enough to perturb
membrane stability?58: 369

Moreover, after the rinsing, thelA@Agurves dd not recover to tle
initial valuedut a residual increased dissipatiaasfound forboth, thus,
confirming an irreversible interaction mostly related to an actual
adsorption,as observed for the barBgNP On the contrary as obsered
for the bare AUNP and the cant HA samples, the hybridA@Ausystems
showed a reversible interaction and the curahiftswere mostly related
to solvent exchange in the measurement chamber as well as to the change
of density and viscoelasticity at the interface with the artificial cell
membranes.

Figure 42 shows the dissipation versus frequency shifts in
characteristic D/f plots. This graph allows to drop the time as explicit
variable; in turn, it allows to interpret the temporal homogeneity of the
investigated attachment process due to fast kinetics f@arsp data points
and slow attachment kinetics, reaching the steady state, for overlapping
densepoints.37°
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Figure 4.2. D¢f plots for adsorption on SLB of the@) HA200, HA200@Ag(C),
HA200@Au(C), HA200@Ag(P), HA200@ A AR 700, HA700@Ag(C), HA700@Au(C),
HA700@Ag(P), HA700@Au(P)s) HA1200, HA200@Ag(C), HA1200@Au(C),
HA1200@Ag(P), HA1200@Au@)AgNP(C), AUNP(C), AgNP(P), AUNP(P).

In the QCMD measurements the viscous and elastic contributions of
a softwet biointerfacewere taken into account by the simultaneous
RSGSOGA2Y 2F OKIy3aS Ay FNBIljdsSSyoe n
rigid adlayeswad 2yt & ¢SIF{1{fe& RIFIYLSR oavlff¢
softadlayershdl f I NBAS RA&AALI BR2y FI O 2 NI «

It is interesting ® note, as be expected, the HA200, HA700, HA1200
showedin the Df plots graphsKig.4.2ac) a high slope that med a high
viscoelastic character of the adlay®&t.It was possible to observe the
same effect for the HA200@Ag and HA200@Au (both plasma and
chemicalsynthetized), for the HA700@Ag and HA700@Au (both plasma
and chemical synthetized) and for the HA1200@Ag and HA120QEAU
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4.2ac). It was possible to notice that soft adlayerscha large dissipation
FLFEOG2N) 60KA3IK ps5kpnfoo

Conversely, the B plots of the HA1200@Ag(P), HA1200@Au(P) and
the bare AQNEC) AgNP(P), AuN®) AuNP(PJFig. 2ed) showed weakly
damped (smalh & nrdatio) trend thatwassignal from rigid layet%

The Figure4.3 showedthe LSM fluorescent micrographs of human
umbilical vein cells (HUVEC) after incubation with AQNP and AuNP alone
and in association with HA208A700 and HA1200 and the corresponding
references.

Gold and silver nanoparticles were reported to induce strong
modifications depending on thgize and concentratioff3

After incubation wih AgNRC)(Fig.4.3b) it waspossible to observe a
different morphology of the actin staining, and in particular the cells lost
their elongated form andook the spherical form

The treatment of HUVEC cells with #i&not induce relevant changes
in comprison with the control (Figt.3d, Fig4.3g, Fig4.3l).

The incubation with the HA@Ag®systems (Figt.3e, Fig4.3h, Fig.
4.3m)showedthe protective role of the HA frortihe AgNP toxicity, in fact
it was possible to observe that the morphology dhe cells was
maintained compared to the control and the actin staining shows regular
membrane fibresinterestingly, the intensity of the lysosome staining in
the presence of HA@AgKP) decrease probably due to the quenching
effect of these systems.

Compred to the AQNEC) AuNRC)did not show any influence on the
cell morphology, cells look like the same shell of the contmgbartantto
known the intensity after the lysosome fluorescence increlse the
presence of HA200@AQ)and HA700@A(L) compared to the control.
The incubation with HA1200@ KAL) the lysosome stainingvas less
evidenceprobably due to the different properties and viscosity of the
HA1200.
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Accordingly with the MTT assa@hapter 5 results and discussions)
the gold and silvenanoparticles synthetized by microplasma method are
less toxic compared to thwet chemical reduction synthesisexhes; that
led to small modification morphology in the LSM fluorescent micrographs
of human umbilical vein cells (HUVEC) after incubatioh WgNP(P) and
AuNP(P) alone and in association with HA200, HA700 and HA1200 and the
corresponding references showed in Figdré.

CTRL AgNP AuNP

Figure4.3. LSM fluorescent micrographs of humn umbilical vein cells (HUVEC): in
blue, the nuclear staining with Hoechstdem = 405/42%450 nm); in green, the
Oeliz2a1StSli2y | OGAY  &cdehA488/50@30nm)] i red, @& Ay DN
feazazyYlrt &AGFAYAY 3 ewdA G4B/55E680 AN RANEY Beigedw SR «
confocal micrographs of nuclei + actin + lysosome+ optical bright field micrographs.
Cellular treatments were carried out for 90 min withm p > [ byAgNRS){W6 nM
= 6.3 x 16NP/mL) ;c) AUNRC)(0.28 nM = 2.0 NP/mL);d) HA200, 0.1% w/\e)
HA200@A(C)(0.6 nM=5 x 1ONP/mL, 0.1% w/v HAf} HA200@A(C)(0.17 nM = 8-19D
NP/mL, 0.1% w/v HAY) HA700, 0.1% wih) HA700@AE)(0.1 nM= 1 x 1ONP/mL,
0.1% w/v HA))) HA700@A(C)(0.004 nM = 3-XNP/mL, 0.1% v HA),I) HA1200, 0.1%
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wiv; m) HA1200@A€C)(0.2 nM= 4 x 1ONP/mL, 0.1% w/v HA)) HA1200@AuNE)
(0.005 nM = 4-TONP/mL, 0.1% w/v HA). Scale bar = 30 um.

The actin staining in the contrdFig.4.3a and4.4a) shows regular
membrane fibres and somglobular aggregates, while lysosomal staining
exhibit the characteristic punctual distributioW

To notice, after incubation with AQNP(P) and HA200@Ag (P ¥ &hy).
a different morpholog of the actin staining, and in particular the cells lost
their elongated form anddoked like round shape; there wast change
in the lysosome staining.

CTRL AgNP (plasma) AuNP {plasma}

(c)

HA1200

Figure4.4. LSM fluorescent micrographs of human umbilical vein cells (HUVEC): in
blue, the nuclelld &G F AYAYy 3 gk & KO5/42245® Kd;lin géeen, the
Oel2a1StSt2y | OGAY Acdeh A4BH50EE30NMY] i red, @ Ay DNEB S
teazazyl t A0FAYAY T evet A BAR/S5E6DCE M) RANEY Beigedw SR 0 <
confocal micrographs of miei + actin + lysosome+ optical bright field micrographs.
Cellular treatments were carried outfor 90 minwahi | + 9/ O2y i NRf wmp >[ 27F
water; b) AGQNP(P) (0.06 nM = 3.8719P/mL;c) AuNP(P) (0.51 nM = 6.2810P/mL);d)
HA200 , 0.1% w/vg) HA200@AgNP (0.6 nM= 3.1 “10P/mL, 0.1% w/v HAY)
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HA200@AuUNP (0.4 nM = 3.6210P/mL, 0.1% w/v HA)J) HA700 , 0.1% wivh)
HA700@AgNP (0.04 “18M= 2 NP/mL, 0.1% w/v HA);HA700@AuNP (0.2 nM = 7210
NP/mL, 0.1% w/v HA)) HA1200 , 0.1% whAm) HA200@AgNP (0.05 nM= 2.7 810
NP/mL, 0.1% w/v HA}) HA1200@AuNP (0.3 nM = 1.9-NP/mL, 0.1% w/v HA). Scale
bar = 30 pm.

The treatment of HUVEC cells with HA does not induce relevant
changes in comparison with the control (Fgld, Fig4.4g, Fig4.4l).

After the incubation with the AgNP(P) in the presence of HA systems
(Fig.4 4e, Fig4.4h, Fig4.4m), it is possible to notice the protective role
of the HAagainstthe toxic activity of theAgNRP}) in fact, after AgQN{P)
treatment the morphology and cells viability of the cells was maintained
compared to the control and the actin staining shows regular membrane
fibres.

Comparedo the control, the incubation of th&are NP(P)XFig.4.4b
and Fig4.4c) influence the structure of thactin; the imagesshow the
presence of small actin globular aggregatfse same condition do not
affect significantly the lysosome staining

The incubation of the cells with HA@@®R)(Fig.4.4f, Fig4.4i, Fig4.4n)
led to the reassembly othe actin that choose the high florescence
because the aggregate of the actin were formagsosoma in the
presence oHA@AUP)increasel the fluorescence stainingompared to
the HA and AuNP)alone

With HA@Au (both obtained by chemical and plasma synthesis) a
change of thestainingcoloursis observable with a more effective actin
activation (corresponding to the increase in intensity of green emission)
and even more elongated and denser fibres in comparison to controls.
However, the actin activation can be digjuished, especially associated
with the dotted spots colocalizing with aggregates of lysosomes.

AuNP are partiallinternalized and detectable inpdical bright field by
the dark spots that correspond to calidal aggregate?’* that induce
lysosomal swelling as sbrved for AUNP and HA@AuByhthesised by
wet chemical and microplasma reductiéf?
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4. Conclusions

In this workwere scrutinizedhe interaction of theAgNP and AuNP
synthesizedwith and without HAat three molecular weights (200, 700
and 1200 kDaby wet chemical and plasma methods with mo¢eLB by
reattime QCMD technique)and real cellular membrandgby LSM
microscopy) The QCMD measurements evidences théerathe SLB
formation the ntroduction of HA and HA@NP systems produced a
negligible change in f, indicating no change in mass. The variation of the
dissipation meana realtime interaction with the studied systems and
the perturbation of the fluidity of the formed bilayer.

The interaction with HUVEC cells treated with NP and HA@NP
synthesized by wet chemical and plasma metheds evaluated by SM
images The treatment of HUVEC cells with Hiél dot induce relevant
changes in comparison with the control. When the cells were incubated
with the HA@Ag(P) and HA@&Jin the presence of HA systemsaias
possible to notice the protective role of the HA from the AgNP toxicity and
the morphology and cells viability was maintained compared to the
control and the actin staining sh@sd regular membrane fibres.
Comparedo the control, the incubation of the NP(P) alone influethtiee
structure of the actin that shoed the presence of small actin globular
aggregates; the same conditiondchot affect significantly the lysosome
staining. he incubation of the cells with HA@AU(T} led to the
reassembly of the actin and to an increase in the fluorescence. Lysosomes
in the presence of HA@AQ) increased the fluorescence staining
compared to the HA and AullP) alone because colloidal aggregate
AuNPwere partially internalized.
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CHAPTER 5

A HYBRID MULTIFUNCTIONAL
PLATFORM OF INORGANIC
NANOPARTICLES CONJUGATED
WITH HYALURONIC ACID FOR
ANGIOGENIC AND
ANTIBACTERIRROPERTIES
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MOTIVATION OF THE STUDY

The wide application of the noble nanopatrticles in nanomedicine field
drives researchers to develop green, easy and biocompatible syeghes

Plasmas at atmospheric pressure method and in particular
microplasma allowto sythetize noble metallic NPs (Ag, Au) in a simple,
fast and versatile way without the using of any reducing agents. The mild
reaction conditions allow to use of biologicalppeng agents and to
develop the synthesis in water.

In this study, silver and gold nanoparticles are generated by the
reduction of silver and gold salt in a hyaluronic aigieous solution (at
three different molecular weight200 kDa, 700 kDa and 120Dd& by
microplasma to synthesize HA@NP(P) nanohybrid systems. The NP and
HA@NP systems obtained by microplasma methods were characterised
and compared to the same hybridPs obtained by wet chemical
method. In particular, was compared the cytotoxicitytieé plasma and
chemical NPs by MTT assay on the HUVEC cell line. Furthermore, how
these HA@NP(P) influence the wound healing process in comparison with
the chemical synthetized nanohybrid systems was examined by
microbiological studies on pathogenic baggestrains ofE. Coliand S.
Aureus to study their antibacterial effects on the wound healing process.
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A HYBRID MULTIFUNBNAL PLATFORM OFRRBANIC
NANOPARTICLES CORJEOG WITHHYALURONIC ACID
FOR ANGIOGENIC ANOIBACTERIAL PROBERT

Abstract

Plasmas at atmospheric pressumeethod is a simple, fast, and
versatile tool for the synthesis of noble metallic NPs (Ag, Flugnks to
the nanoparticles optical and biological propes;j they are widely used
in new nanoscaled technologies including medicine, Ehysptic and
electronic field To date, nany synthesis methods wereeveloped to
produce particles and control their size, shape and aggregation such as
chemical synthesis, sochemistry ultravioletvisible (UWis) irradiation
flame pyrolysis and laser ablation In particular, gold and silver
nanoparticles exhibit different biological activity as angiogenic regulator
and antibacterial activity, respectively the synthesighe use ofnatural
polymers adNPs stabilizer and capping agsenth as hyaluronic acid allow
to form new nanohybridgystems with different or enhancebiological
activity.

In this study,silver and gold nanoparticles are generated by the
reduction ofsilver andgold salt in arhyaluronic acid 200 kDa, 700 kDa
and 1200 kDaqueoussolution by microplasman order to synthetize
HA@NIPP) nanohybrid systemsThe NP and HA@NP systems were
characterized by UVisible spectroscopy, in order to study the plasmonic
properties of hyaluronic acid hybrids with metallic nanoparticles, and
their stability during the aging time. Dynamic light scattering (DLS) was
carriedout to characterise the NP hydrodynamic size. The cytotoxfity
the plasma systems in comparison with the chemical synthetized HA@NP
was evaluated by MTT assay on the HUVEC cell line. Furthermore, the way
in which these HA@NP(P)nfluence the wound healg processin
comparison with the chemical synthetized nanohybrid systewss
examined by microbiological studies on pathogenic bacteria strais of
coli and S.aureus in order to study their antibacterial effects on the
wound healing process.
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1. Introduction

Noble metals (Ag/Au) nangarticles have been studies due to their
tunable properties (size, morphology, shape, etc) and potential
applications in many sectors of science and technology sash
electronic$’® 377 solar cell¥® 37 and bio applications such as biophysical
studieg®, biological sensirf’, imaging®®, medical diagnosti¢¥cancer
therapy,3®? gene therapy?®® medicines’®* optics, 3%° as well as in
catalysis®®®

In order to synthetize metal nanoparticlg, different synthesis
approacles were developal such as chemicahethods based on the
chemical reduction of the metal salts, electrochemical pathways or the
controlled decomposition of metastable organometallic compoyHd¥*

9496 biological methods which utilize extracts (microorganisms, proteins,
amino acids, polysaccharides, and vitamins) from-dsganisms as
reductant, capping agents or batf! physicalmethods including plasma
reduction, thermal reduction, photochemical reduction, radiolysis, laser
ablation and microwave treatmer{’: %8

As a special category of plasma being confined within submillimeter
scale in at least one dimension, microplasma has attracted tremendous
interests for nanofabricabn due to their unique characteristi¢gjn fact,
microplasma allows to obtaiNPs bydirect reduction of the metal salts in
solution at atmospheric pressufé?

The synthesis of AUNP and AgNP by microplasma allows to obtain
spherical NP#n the presence of small molecules suchfragtose®®® or
citrate®®” or polymers as capping agents. In the work of De Vos ¥P al.
presents a comparative study of the reduction of aqueous silver (Ag) and
gold (Au) salts to colloidaAg and Au nanoparticles, respectively, by a
gaseous, cathodic, atmsphericpressure microplasma electrode using
polyvinylalcohol (PVA) as capping agent obtaining monodisperse NP with
high yield.

In this work we used the hyaluronic acid, a natural polymer, at three
different molecular weight (200 kDa, 700 kDa and 120D&) as stabilizing
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and capping agents in the microplasma synthesis of gold and silver
nanoparticlesHA exhibis different biological activities dependiran the

molecular weights, soetimes in conflict with each other. High molecular

weight HA species wit > 600 kDa are spaddling, anttangiogenic and
immunosuppressive; they are involved in ovulation, embryogenesis,

wound repair and tissue regeneratiéff Instead, HA fragments of lower

molecular weight are inflammatory (<1000 repeats), immunostimulatory

and preangiogenic, and under certain conditions, low molecular weight

HA species (2200 kDa) work aanSy R2 3Sy 2dza &G Rl yY3ISNJ &aA 3
even smaller fragments can ameliorate these effeééis.

The bare and HA capped synthetizNP were characterised by Wi
and DLS measurements and their stabiitying theagingtime andafter
the electrolyte addition was investigatedloreover, he comparison of
the biological response between AuNP and AgNP with and without
HA200, HA708nd HA1200 synthetized by weltemical ananicroplasma
methodwas investigated and in particular was evaluated the cytotoxicity
of the two sets of nanosystems (chemical and plasomajhe HUVEC cell
line and their antibacterial activitgnd responsen pathogenic bacteria,
S. aureus ACC 29213 and E. coli ATCC 9637 by broth microdilution assay
and agar diffusion assay.

2. Materials and methods
2.1.Chemicals

HA 200 kDa (HA 200), HA 700 kDa (HA 700) and HA 1200 kDa (HA 1200)
were provided by Fidia Farmaceutici gfialy); Sodium hydroxide (NaOH)
was purchased by Honeywell Fluka (USA); Silver nitrate @ghaty >
99%, D(+)Df dzO2aS LIJzNAGE x dpdp 72> ¢ SN OK
(HAUCGI- 3Bh 0 LJdzZNR G & x dpdd 72> aA2RAdzyY OKf ;
purityx, g 72 X a2 RA ezY LYEANRANIEG Sk & 92k 2 | G SN,
ONBaAaUuAGAGE B MyodH YK OYQunitiMilkp c/ 0 |
Q plus, Millipore, France). Glassware were first cleaned with aqua regia
(HCI: HN@) 1:3 volume ratio) and thenrmrsed with water before starting.
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Medium 200 supplemented with LSGS;(45-dimethylthiazol2-yl)-
2,5diphenyltetrazolium bromide (MTT reagent), dimethyl sulfoxide
65a{ho LJdzNR (0 & KPPPTI: 3 ¢ NRAOKERI
hydrochloride (TRIS / £ 0 LJdZB&A dal&um xhapodide (CaCpurity
XPT O/E: S 42 RAdzZY0  ALJdZNIBKAF &0 Sx dodbdd { B2 & S NI
SigmaAldrich (USA). Brain Heart Infusion broth (BHI) and Mueller Hinton
(MH) broth and agar were purchased by Oxoid (Italy); methanol were
purchased byHoneywell, USA.

2.2 Plasma Synthesis of Hyaluronic acid coated Silver Nanoparticles

(HA@AY

HA@A@) synthesis was performed using atmosphgmessure
microplasma. The synthesis was carried out as follows AghiGtion 1
mM was mixed with HA solution withfanal concentration of 0.2 % or a
tri-sodium citrate 5 vl to obtain the reference AgNPYXP The
atmospheriepressure microplasma was initiated at the liquid surface in a
bow of 25 sccm argon (Ar) from a pressurized stairdéss| capillary tube
(inner dianeter = 0.6 mm) whose tip was positioned approximately 2 mm
above the surface. A platinum (Pt) foil immersed in the solution served as
counter electrode. The microplasma was ignited and sustained by a
ballasted directcurrent power supply with the capillaglectrically biased
at negative high voltage and the Pt foil electrically grounded to promote
cathodic reduction reactions at the plasrhiquid interface. In the
microplasma system, the discharge current was 3 mA (with the value of
NBaAadl yOS it was mppliedkto thd HABAgolution for 15
minutes changing colour from transparent to yelkdnown (Equation
5.1). No stirring was applied (Figusel). The temperature of the solution
was maintained during the experiment <5 °C using an ice bath arabit
monitored by an infrared thermal camera.

Adagt+ lelb ls3 E°=0.7996 V versus SHE(5.1)
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Figure 5.1. Synthesis of theHA@AGP) and the experimental apparatus (AgNO
1mM, HA 0.2 mg mi).

2.3.Plasma Synthesis of Hyaluronic acid coated ®Gldoparticles
(HA@AD

HA@AEP) synthesis was performed using atmosphgmessure
microplasma. The synthesis was carried out adding NaOH 7 mM to a
HAuC] solution 0.5 mM (in water for the reference or in HA 0.2 % to
obtain coated NP). In the microplasmatm, the discharge current was
p Y! 06A0K (GKS @lFtdzS 2F NBaradglkyoOS wmn
AU solution for 15 minutes changing colour from yellow to 4@atple
(Equation 2)No stirring was applied (Figube2). The temperature of the
solution was maintained < 5 °C during the experiment using an ice bath to
avoid the increase of the NP siz&the temperature was measured by an
infrared thermal camera.

[AUCH] (aq)+ 3€l  !(5)@z4Clagy E°=1.002 V versus SHE (5.2)

Figure5.2. Synthesis of thelA@A(P) and the experimental apparatus (HAUCH
mM, HA 0.2 mg mt, NaOH 7 mM).
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The reference AuNP (glucose capped) were synthetized by
mycoplasma adding 5 mM of glucose solution to a solution of HAUEI
mM. The applied discharge current was 5 mA (with the value of resistance
mnnan (KO F2NI mp YAyYydziSAaT GKS az2f dziA:;
purple.

2.4 Preparation of concentrate anglashed nanoparticles pellet

After the synthesis, the as prepared HA@NP(P) solutions were
concentrated and washed with milliQ water for twtimes by
centrifugation at 9391xg for about 4 minutes at 15 °C (Eppendorf
Centrifuge 5417R, FA453011 Rotor, Italyding 0.5 mL Amicon Ultra
centrifugal filters (Merk Millipore, USA) with a molecular weight-@ffit
30 kDa. The reference pellets of the AUNP and AgNP were obtained by
double centrifugation and washing in Eppendoré@i Oxgfor 15 minues
for the AuNP ad at 11766xgfor 20 minutes for AgQNP. The resulting pellet
was characterized by WXsible spectroscopy and dynamic light scattering
analyzer (DLS, HORIBASSB, USA).

2.5.U\W-Visible characterization of the nanoparticles

UW-Vis spectra were recorded at 25°C wusing Lambda2S
spectrophotometer (Perkin Elmer, USA). The measurements were
performed into a 3 mL quartz cuvette with a 1 cm path length or into 300
>[ ljdzk NIT O0dz@SGiGS 6AGK nom OMVetld (K
preparation, UWis spectrum was recorded in order to check the NP

spectrum in terms of absorbance anthxmum wavelength.

The optical parameters of the wavelength at theximum of plasmon
absorbance ( ) and the corresponding Abs values wersed to
calculate the optical diameter(QY, in nm and the molar extinction
coefficient ¢, in L moft cntt), according to eq.s5@)-( 5.6) for AgNPS
and eqgs.%.7) and 6.8) for AUNP?6. 217

Q - for 8<Q<20 nm (54)
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8
Q S for 20<Q<100 nm (5.5)

- - 0Q for 8<'Q<30 nm (5.6)

- W QQ for 30<'Q<100 nm 5.7)

where®and®are constants=405 and=1.5 in eq.4¢x=397 andx=9.58-
103in eq.5.5) as well a$ and'Y (6=6.984 - 18 "Y=0.104)and cand Q¢
=4.709 - 1&;°=2.017 - 19in the Eq5.7) .

8

Q S (5.8)
6Q (5.9
GKSNBE . FyR ' I NB {(ang=3DiR0K yha y&T

B=16-18T I M@ 85nm)32 NJ
2.6.Dynamic light scattering characterization

DLS measurement were obtained at 25°C using dynamic light
scattering particle size distribution analyzer (DLS, HORIESQ,BJSA)
with a lightsource 650 nm (laser diode, 5SmW and a photo multiplier tube
detector). The measurements were performed into a 3 mL quartz cuvette
with a 1 cm path length. After each synthesis and pellet preparation, DLS
measurements were carried out in order to investgathe NP
hydrodynamic size.

2.7 Flocculation experiment

Gradual addition of NaCl concentrated solution (5 M) was added to
the NP pellet suspensions. Sequential additions (50, 100, 200, 300, 400,
500 and 600 mM) of NaCl were carried out until completealygregation
was reached. Before and after every addition,-W&ible spectra of the
samples were recorded using Lambda2S spectrophotometer (Perkin
Elmer, USA).

2.8 ATRFTIRspectra

The silicon wafers are cut in a surface of 0.8 cm x 1 cm and washed
with metharol and iseoctane. 100 uL of sample (HA, NP or HA@NP) was
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putted on the cleaned silicon surface and left to dry at room temperature.
The ATRFTIRA LIS O NJ gl a NBO2NRSR dzaAy3
Spectrometer (Perkin Elmer, USA).

2.9. Atomic force microscopy

Ten mcroliters of the NRvashedpellet was put on freshly cleaved
muscovite mica (Ted Pella, Inc.) and incubated at room temperature for 5
minutes. After that, the mica surface was washed with 1 mL of ultrapure
water, dried under a gentle nitrogen stream, amdmediately imaged.
Scans were recorded using a Cypher atomic force microscopy (AFM)
instrument (Asylum Research, Oxford Instruments, Santa Barbara, CA),
operating in tappingmode and furnished with a scanner at an XY scan
range of 30/40Im (closed/open I@). Tetrahedral tips, made of silicon
and mounted on rectangular 30lm long cantilevers, were purchased from
Olympus (AT240TS, Oxford Instruments). The probes had nominal spring
constants of 2N/m and driving frequencies of 70kHz. Images and sizes of
particles were measured using afreetoolinthe MFB ¢ a 2 Fb Ay S &
analysis software.

2.10. Cellular assay
Cell culture

Human umbilical vein endothelial ke (HUVEC) were cultivated in
Medium200 supplemented LSGS (fetal bovine serum, 2% Vlv,
hydrocortisone 1 pugnL?, human epidermal growth factor, 10 ng rhL
basic fibroblast growth factor, 3 ng mLheparin, 10 pg mi). The cells
were grown in tissueulture treated Corning flasks (Sigrddrich, St.
Louis, MO) in humidified atmosphere (5% 37°C (HeraeuHera Cell
150C incubator).

Cytotoxic assay

C2NJ G0KS OSftfdzt  NJ NBIFGYSyGasz4 OS¢t f
cells/well in Medium200 supplemented with LSGS on 96 wells cell culture
plates (Cellstar, Sigma Aldrich, USA). In order to treat the cells with the
NP, the pellets were diluted directly in the Medium200. The evaluation of
the biological effect of studiedompounds on HUVEC cells viability was
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performed after 24 hours of incubation. Cells were quantified by the
reaction with MTT reagent (0.5 mg )L After 90 minutes, the reaction

was stopped by DMSO addition and absorbance was measured at 570 nm
(Varioska® Flash Spectral Scanning Multimode Readers, Thermo
Scientific, USA). Results were expressed as % of viable cells referred to the
concentration of each compound.

2.10.Bacterial strains and culture conditions

The strains tested in this study weEscheichia coliATCC 9637 and
Staphylococcus aureuATCC 29213, belonging to the collection of
Bacteriological Laboratory of Fidia Farmaceutici S.p.A. (Noto, Italy). The
media were: Brain Heart Infusion broth (BHDxoid, Italy) and Mueller
Hinton (MH- Oxoid,Italy) broth and agar. The incubation was performed
for 1824 h at 37°C in aerobic conditions (memmert incubator, GmbH +
Co. KG, AuRere Rittersbacher StraRe). For the assays, the strain from stock
(stored at-80°C in BHI broth with 20.0%v/v glycerol) vp¢sted on MH
agar plates; after 24h of incubation a single colony of each strain was
picked to inoculate 10.0 mL of MH broth and incubated overnight1@6
h). The overnight broth cultures were used for the ass8y/s$*

Brothmicrodilution assay

The broth microdilution assay was performed inoculatitsgherichia
coliATCC 9637 arstaphylococcus auredsTCC 29213 in serial two fold
dilutions of tested nanoparticles, modifying the methods described by
CLSI MA7 for bacteria??8 391, 392

The NP were dispensed a 96well plate performing serial dilutions
in MH broth (Oxoid, Italy). For the inoculum, individual colonies or
overnight broth culture were checked for purity and the densities
adjusted to McFarland 1 (3.1 x20FU/mL) with an equivalent @pof
0.16¢ 0.2 (Bioteck Synergy ht). The bacterial suspension was then diluted
1:500 in MH broth (Oxoid, Italy) to obtain a final concentration of about
3.1 x 16 CFU/mL in eactvell. 328392

MH broth (Oxoid, Italy) inoculated with the tested strain was used as
a positive control and sterile MH broth (Oxoid, Italy) was used as negative
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control. The 96well plates were incubated at 37°C for 24 h in aerobic
conditions, according to CLSI M18Q3 348

The Minimum Intbitory Concentration (MIC) was the lowest
concentration of nanoparticles that completely inhibited visible bacterial
growth in the well, according to CLSI M&33° The absence of growth
was confirmedneasuring spectrophotometrically (@f9Bioteck Synergy
ht) and spreading on MH agar (Oxoid, Italy) 100 pL from each well in which
the bacterial growth appeared inhibited. The experiments were carried
out two times in duplicate.

Agar diffusion assay

The gar well diffusion assay was performed modifying the method
described by CLSI MY7328 Briefly, 200 pL of each nanoparticle
suspension were deposited in 6.0 mm wells previously punched in MH
agar. For the inoculum, the bacterial suspensiere prepared using
sterile saline solution (NaCl 0.85% wi/v, Sigma Aldrich, Italy), until a
turbidity  corresponding to o® 10° CFU/mL, determined
spectrophotometrically (O§o, using a spectrophotometer Bioteck
Synergy ht) as degbed by CLSI MA7 and 100 uL were spread on MH
agar surface to confirm the initial vital bacterial concentrati®h3%The
inhibitory effect was detected by an inhibition zone around the wells
containing the tested nanoparticle suspension after 24 h of incubation at
37°C under aetoic conditions®®® 392The inhibition zone were highlighted
spraying the MH plates with a watéased 3(4,5dimethylthiazol2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) solution which gives the grown
colonies a violet colouration. The chloramphenicol (30 pg/mL) was used
as reerence antimicrobial agent. The results were the mean of three
individual experiments.

2.11 Determinatiorof enzymatic collagenase activity after treatment
with silver and gold nanoparticles

During the first phase of wound hearing the body works to attai
haemostasis and collagen has key role. Moreover, during the
inflammatory phase collagen adsorbs wounds exudate promotinrg re
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epithelialization and wound repair. During the repair phase the collagen
serves as biodegradable substance for cellular migrasiod capillary
growth necessary for the repair proce®4.

The effects of tested nanoparticles on collagenase enzymatic activity
was determined spectrophotometrically quantifying the fragment
produced by the enzymatic retian against external standaré?>3°’” The
enzymatic activity of collagenase was detected spectrophotometrically
(absorbance of fragment at 320 nm), measuring the production of the
fragment gliciL-prolil-D-arginine (yellow) produsd from the synthetlc
substrate  PZ-prolil-L-leucytglicitL-prolil-D-arginine  (PZ = -4
phenylazobenzyloxycarbonyl), after extraction with a solution of ethyl
acetate acidified with citric acid. For the assay, a collagenase solution
(ranging from 0.35 to.2 nkatal/ml) was prepared using a buffer solution
of 25 mM TRKBICI, 10mM Cagfl(pH 7.1 adjusted using HCI). The
enzymatic reaction between collagenase and 1.23 mM substrate solution
(PZL-prolil-L-leucylglicitL-prolil-D-arginine dissolved in methanolsing
10ul/mg of substrate) was carried out for 15 min at 37° C in a water bath
and the two fragments RE-prolil-L-leucine and glicil-prolil-D-arginine
were obtained. The gliellprolil-D-arginine (yellow) fragment was
extracted using ethyl acetate seint in presence of citric acid. The organic
solution was dehydrated using M@S anhydrous and the absorbance was
determined spectrophotometrically (at 320 nm, using a -1200
spectrometer). The substrate solution mixed with buffer solution was
used as blak.

The enzymatic activity was quantifiedag 5.10

YO noadd Yo ¢ BEIEWGE G vmpmmT

6 00 Q& VPO Y6 & noocsd W T (5.10)

00

where: standard concentration was 0.Q#moles/mL, 50 was the
dilution factor of sample, 1000 was the conversion factor fiamoles to
nmoles, 900 were the seconds in 15 minut@sWas the dilution factor
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of collagenase to obtain a solution with a final activity ranging from 0.35
to 1.2 nkat/mi_.

The results are expressed as a relative percentage of collagenase
activity @ 0) calculated agq 5.11

O B GECANOBA D1 A
B e @0 A O0A b1 A"

Po %

A (5.11)
5 .
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3. Results and discussions

3.1.Nanoparticles synthesis and characterization

In this work, stabilized AuNP and AgNP by using HA at different
weight (HA200/HA708A1200) were synthetized by
microplasma; the microplasma technology altothedirect reduction of

the Ag and Ad* ions at the gadiquid interface without the use of any
reducing agent® Colloidal dispersions of spherical metal nanoparticles
and of the corresponding pellets were successfully synthetized and the
most important characteristics of theamples were showed in tabtel.

In Table5.1 wasNB LJ2 NIi SR
plasmonic peaks, the optical diameten)dthe hydrodynamic diameter
(dn) and the concentration (molar and in NP/mL) between the pellet
suspension obtainettom the as prepared suspension synthetizedn®t
chemical synthesis and plasma dyesis.

molecular

0KS Oa0LtheNNP delef 2 F (K

Table5.1. UVtvisible parameters and characterization of the peNi obtained by wet
chemistry and plasma reduction.

<max do dh nM NP/mL

(nm) (nm) | (nm)
AgNP(C) 395 12 32 5.6 6.3-10
AgNP (P) 406 31 52 0.6 3.81C¢
AgNP HA200(C)| 396 13 100 5.9 5.2-10
AgNP HA200(P) | 407 32 118 0.6 3.1.1C¢
AgNP HA700(C)| 403 25 199 1 1.2-10
AgNP HA700(P) | 408 33 214 0.4 2.01C¢
AgNP HA1200(C| 401 20 220 1.7 4.0-16
AgNP HA1200(P| 407 32 245 0.5 2.7-1C
AuNP(C) 535 66 57 0.3 2.0-1¢
AuNP(P) 524 24 49 4.2 6.1.-100
AgNP HA200(C) | 542 73 112 0.2 8.3-10
AgNP HA200(P) | 525 27 102 3.9 3.51010
AgNP HA700(C)| 559 123 208 0.04 | 3.7- 1
AgNP HA700(P) | 528 35 195 1.6 7.01C¢
AgNP HA1200(C| 565 134 234 0.1 39.-1¢
AgNP HA1200(P| 526 30 222 2.9 1.9-10w0

Notes: C= wet chemical synthesis; P=plasma synthesis.

To notice thatthe pellets exhibited the expected plasmon peaks
centred at<max = 395403 nm (range of wavelength for thmaxmum
absorbance) for sphericélgNP(Chaving 160 n
406-408 nm for AgNfP)having 3840 nm diameterAnother observation
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was the ed-shift of the <naxin the presence of the HA compared to the
bare NP (citratecapped AgNP and glucesapped AuNP): for the Agk®
A& 20 &S NI 8min & the cage of HA708@C)and of AGNP(P)
and a n max= 2 nm in the case of HA700@Ry for the AuNRC)is
203aSNII 6 f &= B0 nik In Ik cage<of HA1200@®B)and for
AuNP(P) a smallgr max=4 nm in the case of HA700@Au(P).

Starting from<maxit was possible to calculate the optical diameter of
the all synthetized nanoparticles using the Equattoh 2.5 and2.8 (see
the Chapter 2, &ction 2.5, materials and methodslt is possible to
observe that the ¢ of the AgNPsynthesised by wet chemiceeduction
ranged from 12 nnfor AQNRC)to 25 nmfor HA7T00@AgNE) were
smaller than the optical diametsiof the AgNP(P)cdrangedfrom 31 for
AgNP(PJo 33 nmfor HA7T00@AgNP(PPn the contrary, the gof the
AuNPsynthesised by wet chemical reductimranged from 66 nm to 134
nm for AUNRC)and HA700@AuNR)respectively were bigger than the
optical diameters of the &NP(P) dranged from24 to 35nm for AUNP(P)
and HA700@AuNP(P)

Comparing eand d, of the AuNP(C)and AgNEC)showed in Tablé.1,
it is possible teevidences a larger difference between the hydrodynamic
size and the optical size in the casé HA@A{C) HA@AgQ(P) and
HA@AUNP(P) (with a percent of variation of 87%, 85% and 82%,
respectively), instad smaller difference was observed in the case of
HA@AC)(43%)

The concentration of silver nanoparticlpsllet are ranged between
0.40 nM (2.00 - TONP/mL) and0.58 nM (3.76 - TONP/mL) for the
HA700@\g(P)and AgNP(P), respectivedynd from 1.00nM (1.24- 16
NP/mL)to 6 nM (6.33 - 10NP/mL)for HA700@Ag(P) and AgNP(P),
respectively the pellet concentration ofjold nanoparticlesare ranged
between 0.04 (3.66 - IONP/mL) and 0.28 nM (1.96 - “lNP/mL) for
HA700@A(C)and AuNP, respectively artmtween 1.64 nM (6.97 - 20
NP/mL) for the HA700@Au(P) aAdb2 nM (6.09 - 6 NP/mL) for the
AuNP(P).
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In Table5.1, it is possible to observe thad2 Y LI NER gAGK (KS
NP, with the increase in the HA molecular weight it is observable a red
shift of i K Sax redative to the increasing in NP optical diameter due to
the wrapping of the NP by the HA chaff.221. 398,399

In Table5.1, it is possible to observe thacreasing in the gfor the
HA@NP(P) compared to the NP{¥)Shimmin et & widely discussed
about this effect and demonstrated that in the presence of polymers, the
NP stabilizing process occurs and the hydrodynamic sizease that
leads to the formation of bigger nanoparticles; the polymer molecules
which interact with the nanoparticle surfaces with a sufficiently dense
coating provide a steric barrier against aggregatféh 23

Taken together, these resultsain be indicative of an actual coating of
the metal nanoparticle by HAwith the resulting increase in the
nanoparticle optical and hydrodynamic diameter due to the coating of the
metal core by the hyaluronan polymer chaf3.22

A further characterization of the hybrid systems was obtained by using
the AFM technique in order to scrutinize tdference in morphology of
the metatHA nanoparticles.

The figure5.3 shows the phase, amplitude and height AFM images of
the HA200, HA200@4Q) HA200@A(C) HA200@Ag(P) and
HA200Au(P)

HA200 - HA200@Ag HA200@Au HAZDO@(P) HA200@Au (P)
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Figure5.3. AFM images of HA200, HA200@B8yHA200@A(D), HA200@Ag(P) and
HA20@@Au(P) from the pellet suspension; (a) phase, (b) amplitude and (c) height images.

In Figureb.3, the AFM images of the HA200 shows a layer ahidéyo
molecules < 0.5 nm thiclgdicating aggregation forces between chains as
well asrather strong hydrophiliinteractions between mica and HA. This
kind of structureis reported in literaturé® and itis typical of the low
molecular weight HAwhich tended to form a network lying othe
substrate, when deposited from aqueous solution. The apparent stiffness
of HA molecules in these latter images should not reflect rigidity of single
HA chains, but rather suggest that during slow dehydration HA molecules
stick together and to the mica.

HA200@A(C)and HA200@AC)images (Figurg.3) show the typical
structure of the polymercoated NPand as suggested by the work of
Almalik et al#°?it is possible to observine presence of an HA monolayer
aroundthe core of aggregated particles. In particular the HA200@Au
seems to an NP aggregate compared to the HA200@AJhe
dimensions obtained byhigh section were 25 nm and 60 nm for
HA200@A(C)and HA200@AL) respectivelyand were 27 nm and 30
nm for HA200@A&)and HA200@Au(P), respectivéRigure5.4). The
HA200@Ag(P) and HA200@Au(P) are show different features compared
to the correspondentwet chemical reduction synthesisednes and
exhibited different microscopic characteristicthat were typical of
globular hybridpolymers metal nanoparticles systerttS
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Figure5.4. Height section of the plasma and wet chemical synthetized
nanoparticles

FHgure5.5 showed the phase, amplitude and height AFM images of the
HA700, HA700@A4Q@) HA700@A(C) HA700@Ag(P) and HA700Au(P).

HOO HA700@A; HA700@Au HATOO@Ag(P) HATOO@AU(P)

(b)

Figure5.5. AFM images of HA700, HA700@B8pHA700@A(D), HA700@Ag(P) and
HA700Au(P) from the pellet suspension; (a) phas@nfip)itude and (c) height images.

The AFM images of the HA7(®igure 5.55hows a different assembly
compared to the HA200 (Figuge3). As reported by Cowman et #P*
HA700 appeared in an extended structural forms as a result of
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intramolecular association. Wide loops and sharp hatisie turns were
formed by antiparallel association of chain segments into stabilizing
structures.The HA200@AE) HA700@A(C)and HA700@Au(P) show a
spherical and pobkglobular structure due tdahe wrapping of the NP by
HA;the HA700@Ag(P) AFM image presented two single nanopatrticles as
a wrapped and spherical structur&€he structure in figur&.5 are typical

of the polymercoated metal nanoparticle systems as reported by Wang
et al#® were dextran is used as a protecting agent as well as a reduction
agent for the synthesis of metal nanopatrticles. The coating of dextran to
the nanopatrticle surface ensures a high level of biocompatibility, enabling
the asproduced particles to be usedrdctly for biological applications
without further surface functionalization. The 3D AFM image shows the
well dispersed spherical nanoparticles surrounded by dextran molecules.
The synthesized nanoparticles are coordinated with hydroxyl group of
dextran mdecules which in turn prevents their largeale aggregatioff®

The dimension®btained by high section were 15 nm anché for
HA700@A(C)and HADO@AYC) respectively and were 1@m and 30
nm for HA700@A@®)and HADO@Au(P), respective(fFigures 4).

In figure5.6 showed the phase, amplitude and height AFM images of
the HAL200, HA1200@A¢C) HAL200@AYC) HAL200@Ag(P) and
HAL200Au(P).
HA1200

HA1200@Ag
R .

= =

HA1200@Au  HA1200@Ag(P) HA1200@Au(P)
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Figure5.6. AFM images of HA1200, HA1200@@gHA1200@AW),
HA1200@Ag(P) and HA700Au(P) from the pellet suspension; (a) phase, (b) amplitude
and (c) height images.

The HA1200 AFM images shows the formatioraforphous and
globular structures and that indicated that hydrophobic interactions
between chains may exert a pivotal role in aqueous solutfén.

While he HA1200@ AL )exhibited a spherical structure with a height
section of ~ 5 nm, the HA1200@Ag(P) exhibited a-gloligular structure
with a height section of ~ 25 nm. The HA1200@Aexhibited a structure
very similar to HA200@AQ)and HA200@AL)(figure5.3) with a height
section of 14 nm, the HA1200@Ag(P) exhibited a-gtipular structure
with a height section of ~ 25 nffigure5.4).

In Rgure 5.7 showed the phase, amplitude and height AFM images of
the AQNRC) AuNRC) AgNP(P), AuNP(P).

AgNP AuNP AgNP(P) HA200@Ag

Figure5.7. AFM images aAgNP, AuNP, AgNP(P), AuNR@™) the pellet
suspension; (a) phase, (b) amplitude and (c) height images.

All the NPs showed a spherical morpholagyeported ifiterature?®®
387, 407wiith a height section of 16 nm for Agi@®and 25 nm for AUNE)
the plasma synthetized NP exhidxt height section of ~ 25 nfar AgQNP(P)
and 8 nm for AUNP(RIrigure5 .4).
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To have further evidences of the interactions between NPs
synthetized by microplasma and HA, IR spectra of the hybrids systems
were carried out Figurg.8.

The Figurés.8 shows he characteristic IR spectra of the hyaluronic
acid at three different molecular weight (HA200, HA700 and HA1200) with
and without AuNP(P) and AgNP(P); it is possible to observe the
characteristic peaks at about 343200 cm! for the OH and NH
stretching, at 295602850 cmt® for the @H. symmetrical stretching, at
about 16001500 cm' can be attributed to C=0 stretching and;H
bending, at about 1480350 cmt for the G;H, bending peak and at 1140
985 cmt for the @;O-C stretching of the proteoglycan sugarg?+2

------- HA200 HAT00 HA1200 eeeees NP
—— HA200@NP(P) HAT00@NP(P) HA1200@NP(P)
bl
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Figure5.8. IR/ATR spectra of the (a) AgNP(P) (black solid line), HA200@Ag(P) (red
solid line), HA700@Ag(P) (blue sold line), HA1200@Ag(P) (green solid line), HA 200 (red
dot line), HA700 (blue dot line), HA1200 (green dot line) and (b) AuNP(P) (black solid line),
HA200@Au(P) (red solid line), HA700@Au(P) (blue sold line), HA1200@Au(P) (green solid
line), HA 200 (red dot line), HA700 (blue dot line), HA1200 (green dot line)

It is possible to observe (Figure8 and Table5.2) that the ¢cOH
stretching at about 3353400 cmtin the ATRFTIR spectra of HA at three
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molecular weight exhibits a blue shift in the AFRR spectra of HA@NP.
It suggests that the interaction between the hydroxyl groups of the HA
and the NP occurs in solution; moreover, the signal of-@w0 stetching

and ¢NH bending 1604500 cm* of the HA@NP exhibit un blue shift

compared to the same HA signals and it suggest that these signals attend
in the NP suspension stabilizing procé&sg®

Table 5.2. Peak position (crt) of the characteristic transmittance spectra of the

hyaluronic acid.

-OH/-NH | -CH -C=0 stretch. -CH bend. GO-C

stetch. stretch. | ¢NH bend. stretch.
HA200 3414 2895 1556 1372 1011
HA700 3355 2888 1558 1368 1011
HA1200 3379 2888 1601 1396 1012
AgNRP) - - - - -
HA200@A() | 3460 3289 1604 1405 1095
HA700@A() | 3413 2890 1558 1369 1013
HA1200@AP) | 3423 2926 1652 1412 1099
AUuNRP) - - - - -
HA200@A(P) | 3459 2943 1696 1467 1156
HA700@A(P) | 3413 2894 1566 1367 1008
HA1200@A(P) | 3397 2891 1650 1395 1099

The stability of the N&during 15 days of aging time was investigate.

Figure5.8a K

(0, 3,6,9, 12, 15 days) of tAgNP, AUNFAgNP(P) and AuNP(P) plasmonic
peaks; in particular the full symbols represent thenoparticles
synthesised by wet chemical reducticend the opensymbols the

20 a

0KS @ lvdasla tuicioy of th& agifigkiBe <

microplasma synthetized ones; the orange colour represents the AgNP
and the winerepresents the AuNP.

Figure5.8 shows that AQNP and AuNP both wet chemical and plasma

synthesized exhibit two different aging trends: Aghiging (with and

a KaZedl-ahift of the plasmonic peaks (in all cases the
N sa< 1 nm) due to the formation of bigger aggregate compared with the
as prepared suspensigi® Instead, for the AuNP(P) it is possible to
akR SI0 NIBH S nSp<dl phRin gil eases except for

Iy RaxI | BTN %k Q8B t

without | ! 0

20aSNWBS

GKS 1!

MHAOANX! dzot 0

wma 0K

nm, respectively at 15 days of aging time. The AuNP suspension initially
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contains aggregates of various sizes at the initial growth stages. It might

be possible that, at this stage, the nuclei particles have multiple sizes. UV
visible absorption sp@ i NI FGSNJ mMmp RI &na<0abmt | IA Y
is a clear indication of the existence of the small and stable NP in colloidal
form.238 It is probable that the big and not stable NP present in the
suspension at the time O stick on the inner waif the vial; together with

this effect the NP nucleation take place leading to further formation of
smaller NP.

(@) (b)

0] 0]
—=-14 -1
a AgNP(C) HA200@Ag(C)
-2+ AgNP(P) -2 HA200@Ag(P)
—e— AUNP(C) —e— HA200@Au(C)
3 /"0~ AUNP(P) 3|70 HA200@Ag(P)
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
d
L © L@
0] 0]
3
—=-14 -1
o HA700@Ag(C) HA1200@Ag(C)
2] HA700@Ag(P) 2] HA1200@Ag(P)
—e— HA700@Au(C) —e— HA1200@Au(C)
3|70~ HAT00@AU(P) 5|70 HAL200@AU(P)
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time (days)

Figure58.0 I tnadn 2 F 0 I NB milt & H h ¥ Rb thBHAY@@NR «)
N raxHA1200@NP as a function of the aging time (0, 9, 2, 15 days).

These observations on the AuNP(P) aging were verified by TEM
measurements. The TEM imagé&sglre5.9) show a decrease in size of
the HA200@A(P) after three days of aging time. Moreover, as shown in
the size distributionKigure5.10), the HA200@A(P) aged (compared to
the HA200@A(P) as prepared) have a tight range of the NP size. In fact,
in Figure5.10 it is possible to notice that the size of the as prepared
HA200@A(P) is ranged between 280 nm with a percentage of about
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45%, onthe other hand three days after the nanoparticles are mainly
ranged between 0 and 10 nm with more than 80% of NP percentage and
only the 20% of NPs in a range size of 10 and 20 nm.

Figure5.9. TEM image of systems: (ZO@A(P) prepared and (bnd (c)
Hy20@@AWP)3 days aged;

m HA200@AgNP(P) as preparec
100
90 m HA200@AgNP(P) 3 days agec
80
70
60
50

40

30

20
ol
0 I

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-9090-100>100
Size (nm)

NP (%)

o

Figure5.10. Size distribution and percentage of nanoparticles of the systems: blue
Hy20@@AWP)as prepared (i= 5mA, t=15min, HAUCE mM), N (humber of particles)=
52, (d)orangeHA200@A(P) 3 days aged (i=5mA, t=15miAuCi 0.5 mM), N= 54.

A similar effect is confirmed by TEM images of tHA700@A(P)
(Figure5.11.a andFigure5.11.b); the NP size distribution changes after
three days of aging-{gure5.12) shows a tight range of size (between 10
and 40 nm) compared tthe wide size range of the NPs as prepared
(between 0 and 60 nm); these changes in the size distribution are
confirmed by the decrease of FWHM during the aging time.
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Figure 5.11. TE.M imag
HA700@A(P)3 days aged.

m HA700@AuNP(P) as prepared

100 m HA700@AuNP(P) 3 days aged

90
80
70
60
50
40

30

20II I

: l

o M= nf o n 1§

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 >100
Size (nm)

NP (%)

o

Figure5.12. Size distribution and percentage of nanoparticles of the systems: (c)blue
HA700@A(P)as prepared (i= 5mA, t=15min, HAUCBE mM), N (number of particles)=
51, (d)orangeHA700@A(P) 3 days aged (i=5mA, t=15min, HAuCI4 0.5,m 50.

Moreover, this effect can be explained in terms of different effects of
the HA on the NP size evolution, namely a digestive ripening effect for
gold?3” by which the size of the NP decreased prompted by the
interaction with the hyaluronan chains, and an Ostwald type growth for
silver?3® likely due to a lower level of interaction between the
polysaccharide chains and the metal atoms.

Figure5.13 shows the capacity of the hyaluronic acid to stabilize the
NP suspension and avoid flocculation after addition of the aggregation
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NaCl concentration; this concentration differed for AQNP(P) and AuNP(P).
The charged shell of the NP allows to maintain e in suspension
thanks to their electrostatic repulsions. The flocculation process occurs
when the addition of an electrolyte to the suspension lead to the
neutralization of the superficial NP charge forming big aggretfte.
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Figure5.13. U\tvisible spectra of (a) bare AgiP(0.58 nM = 3.76 1 NP/mL)
before (solid line) and after (dashed lines) the gradual addition of a concentx=a€d
agueous solution in the concentration range from 50 mM to ®16 (b) HAcoated
nanopatrticles before (solid line) and after (dashed lines) the direct addition of: 0.&€M Na
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