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Abstract

The goal of this Ph.D. thesis, was that to support nanomaterials risk assessment, focusing
on the characterization and control of physicochemical properties and befsavaausing
potentially hazardous mechanisms against human and environment. Througixodifferent
nanoparticles here organized into five case studies, the experimental design was $at up
measuring nanomaterials intrinsic (composition, dimension and morpkdlsgstem-dependent
(aggregation and dissolution in media) and fate related properties. Both reference and
commercial nanomaterials were selected as representative of a wide class of components
maximizing the overall impact of the researdhy = "@& E}e+ _ % & 306h narjdparticles
were selected as representative of three different grouping classes: soluble (Ag, CuQgnd Zn

passive (Si§and active (Cetand TiQ).

The case studies were faced following a step by step characterization at increasing
complexity. Firstly, we collected information on the intrinsic properties (size, sisape/ficial
functionalization), that outline the nanoparticles nature, then we dispersed the nanoparticles in
relevant (eco)tox media, measuring the system-dependent properties derived from the
nanoparticles / medium interaction and finally, moving toward the humarosxpe routes, we
evaluated thdn-vitro ex-vivdranslocation through dermal or oral mucosa membranes with Franz

cell tests.

In particular, the third chapter was focused wrvitro ex-vivaests. Herein, we outlined
the ability of Ir complexes to mark Si@anoparticles, without changing the properties of both
phases. In this way, we followed the nanoparticles fate in different matrix and thrbughan
skin, showing a negligible trans-dermal penetration. Still using FraneseluO nanoparticles
were demonstrated to penetrate only abraded human skin, being safe for inteet \While in
oral mucosa exposure study, the usernifvitro test of baby porcine oral mucosa showed a higher
penetration of Ag nanoparticles in young individuals than in adults, highlighting the possibili

trans-oral passage also in children once exposed as well.

Whilst, in the fourth chapter, the case studies were focused on ZnO; @aDTiQ
nanoparticles and presented a deep physiochemical characterization of intrinsic andsiextrin
properties in environmental media, as sea and fresh water. This provided informationdrédate
the distribution along the water column and the fate of these nanoparticles in daellu

conditions.



As far as fate in human models are concerned, we believe that data collected will
contribute to dosimetry adjustment of dermal and oral mucosa exposure-tgesgonse studies,
in order to derive more relevant reference eoe ~ E >U U YeX /v 18]}vU §Z
nanomaterials fate across dermal barriers will provide information on humpasexe potential
and mechanism. Moreover, fate in environmental model, even less investigatedgtnrine
thesis, provided physicochemical data that can be used to improve eco-texrdsgonse models

and derive more accurate reference values (PNEC) for scientific and regulatory purposes.

Key words: nanosafety, human exposure, skin, oral mucosa, ecotox model.
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1. Introduction

Since the 20 century, when*v v}3§ Zv}o}PC_ A « % E prizéRich@dP} o
& Cvu v JHE]JVP Z]e (u}lpe o SUE ~dZ E [+ W4 nad@echhobyyu $
becamea breakthrough research field with promising revolutionary developments in evayy d

applications.

Nowadays, nanotechnology and nanomaterials are getting more available and presen
in different products on the market, due to the advantages obtained from theig and
properties Nanomaterials (NMs) and nano-enabled products (NEPs) cover an active farea o
research and related techno-economic sestavith full expansion in many application domains
and fields. NMs and NEPs have grown importance in technological @awants due to their
tunable physicochemical properties. In nano-dimension world, physiochemitatter
characteristics change - such as melting point, wettability, electrical and thermal cibritit)
antibacterial power, catalytic activity, light interaction with matter - resultingenhanced
performance over their bulk counterparts and provides new properties to mateimajgoving
their use in new fields Therefore, NMs and NEPs find their use in various applications such as
nanomedicine, for drug delivery, imaging, cancer diagnosis and thferelpgmical sensors and
biosensors fooc?, aerospacg environmental remediatiof) for energy and cataly$i&, and in

every day used as clothings

Due to these interesting new propertiés }A E i[6ii IVIA % E} p §+ oCE
market contained engineered NMs and this number is expected to grow. The Eurdiddan
market generated turnover of more than United State dollar (USD) 2.5 billi@®15 and is
expected to reach USD 9.1 billion by 2022, with a compound annaeftigrate (CAGR) of
20.0% during 2016-2022. In the market metal and non-metal oxide-baaedparticles (NPs)
are the most widely applied NMs in the industrial production with a CAGR of 2#?2@16
to 2022, where titanium dioxide, silver, and silicon dioxide NMs cowgreadbove 25% of the

market'?13 Exact global annual production quantities are unknown,ibis estimated at up to

In principle, NMs are described as materials with length 0D nm in at least one
dimension, where a nanometer (nm) is an International System of Units (Systéameational
d'unités, SI) unit that represents POmeter in length. Nanoscale materials can include
nanoparticles (NPs) (3-dimension nano), nanotulf2slimension nano) and nanofilmél-

dimension nana) The European Community already provided in the Recommendation

§Z
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2011/696/EUS Z (1v]S ]tanontaterial . a natural, incidental or manufactured material
containing particles, in an unbound state or as an aggregate or as doragwate and where,
for 50 % or more of the particles in the number size distribution, onsare external
dimensions is in the size range 1 nm - 108°nkowever, the regulatory definition is still being
debated"”.

Today the definition itself was inspected, there are several documents of EU legislati
and technical guidance supporting implementation of legislation, with specificerefes to
NMs29 Since EU defined the metric dimension, it is necessary to understand, evaluate and
monitor the functioning of these new nanotechnology and NMs whrenantact with possible
biological target during their life-cy&é?. New NMs allow on the one hand new products and
solutions, but also raise concerns due to their new specific properties that charige nano-

dimension as well interactions and effects biological mattet®.

NMs are not intrinsically hazardous per se but specific considerations havketinta
account in their risk assessment associated with human and environment, the twotangéts
considered®. In front of the huge number of NMs / NEPs available on tleeket, scientific
community and EU regulatory frameworks have to consider the globalpgkddsiction and thus

which NMs can get in touch with human or release in the environment during their life-cycle.

In the regulatory frameworks, the predominant regulation institution is the Registration,
Evaluation, Authorization and Restriction of Chemicals (REACH) that contretcandte the
production and use of any substarit®. In the specific case also NMs are regulated, as any
chemical, by REACH, being covered by the definition of "substance" stated in the redtlation
For each substance, including in its nano-dimension, REACH requires a dogsi@mudtion
supplied by industry on the toxicology, eco-toxicology and plepsimical properties. The
European Chemicals Agency (ECHA) has developed REACH guidance documents providing
specific recommendations for the characterization and hazard assessment of NMs.
Modifications of REACH to specifically addressing NMs are currently under reyidiae
European Commission and are being discussed with member Stadesually, the Organisation
for Economic Caoperation and Development (OECD), in agreement with the Mutual
Acceptance of Data in the Assessment of Chemicals (MAD), have developed guidance and

guidelines for testing nanomaterial saféty®

Therefore, the research focused on the safe use of nanotechnology is getting necessary

more and more challengindn the past years, community research, in Europe joint under Nano
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Safety Cluster (NS€)has done many attempt to investigate possible adverse effects and
toxicity of NMs and NEPs from both human and environmental points of¥#wMeantime

the European Commission legislation about NMs and NEPs is going tplbenénted, but ©

have an almost complete risk assessment, the NMsPMEK assessment has to be evaluated

in a life-cycle prospective (life-cycle assessmeb€CA), using a cradle-grave approach (Figure
1.1)?5%, The interaction between NMs and human or environment has to be investigate
each life-cycle step, identifying exposure scenarios, exposure routes and nano-bio interactio
mechanisms, at the final aim to improve confidence on nanotechnologyd/aeoitrol any
potential detrimental effects, outline the regulatory framework that ensure a safe use &f NM
NEPs.

LIFE-CYCLE STAGES

<

\

17 Recycling <« l l, Recycling 4—‘

Synthesis
Synthesis NM Intermediate Manufacturing Use End of life

Product

4 % 1 ! |

CONSUMER
\_ worken  RELEASE l W
ENVIRONMENT

Figure 11. “Cradleto-grave_life-cycle stages of a generic NM. Red rows indicate potential

release impacting on worker, consumer and generically environment.

1.1 Human target

At the present, there is on the market a huge number of products that present NMs free
or embedded in NEPs (coatings, fillers of bulk matrices), and that are used imocom
applications. Nanotechnology, as a cross-cutting technology, involvesy napplications,
including specific human health cat&° as a consequence, NMs can get in touch with human
through different exposure route’he potential for a NMs to have toxic effects can be related
to its physiochemical properties, such as size, shape, surface area, charge and reantivity,
solubility. Therefore, based on their physiochemical properties and finalicagion in which
they are used, NMs can be ingested, inhaled (if airborne), and adsorbed or injectedhhice
skin, once in voluntary or accidental contact with the human target (Fi2)e

Ingestion can occur for deliberate uptak® with unintentional hand to mouth transfer
or larger particles that deposit in the mouth, nose, or throat which can be swallowed.

Inhalation happens basically with NMs at their powdered state and is the exposure route of
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greatest concern, especially in occupational setting. Through inhalation, NMs cantleater
blood stream and translocate to other org&f&#2. Finallyskin adsorptionis mainly derived by
skin healthy and integrity, and NdvVichemistry composition and physical properties, such
respectively dissolution ability and size dimension, possibly passing thiskighand causing

translocate to other organs as wglf*

@~

Dermal )
. Inhalation
Adsorption
Ingestion

Figurel.2: Scheme of possible human exposure routes: inhalation (lungs exposwgestion
(from mouth to gastro intestinal track exposure), and dermal adsorption (absoitireadigh
skin).

Once NMs are inside the human body, they may affect cells, interacting with the cel
surface or entering the cell itself. Different mechanisms have been identified and a cagcade o
events described as part of Adverse Outcome Pathways (AOPSs) that lead to finafefécts
play a role in the risk assessment development and, as conceptual models, can déseribe
initial NMs interaction with the biological system through a series of measukallevents that
lead to a specific adverse outcome. Some interactions are driven by intrinsic NMs chatiacter
and someone else by the physiological fluids, where ldMslispersed. For instance, NMs can
be coatedby proteins - presents in the physiological fluid - and fornt@rona_around their
surface, that alter the common structure of proteins inducing phenomena such as phase
transformations, restructuring and change in dissolution behaviour at the NMs stfifatds
can interact with proteins, but also membranes, cells, DNA and organelles, estaphlsberies
of NMs / biological interfaces that depend on colloidal foreespu % & (] ] 0 Z EP U ]I U *Z %o
as well as dynamic bio-physicochemical interactions. At the same time nano-bio irdesacain
cause an increase in the cell oxidative stress, generating an excessive levels of cegcfare
species (ROS) inside the body and possibly causing adverse effects, from inflamtithdalkie
cell damage and death Media interactions with NMs could also induce NMs superficial
modification, suchasion leaching, that interact directly with cell membrane. Finally, NMs could
endocytosed entirely inside the cell and act‘@sojan horse_U cea}ry and release other, toxic,

chemicals that are attached to its surface into ¢&llall these contributes and more can occur
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when NMs potentially penetrate in to body and get in touch with cells pbss$iaving some

adverse effects.

To predict the final behavior, through different exposure routes and AOPs, an accurate
physiochemical characterization, providing info about NMs size distrimusioperficial charge,
ability to release ions and oxidative potential in the human simulant medismequestetf.

Then this informations usedin in-vitro andin-vivo extrapolation to obtain descriptors useful for

regulation of NMs use in a specific exposure scenario.

1.2 Environmental target

Drawing exposure scenarios and routes in environment it is more diffibalt for
human. The environmental compartments that can be affected by NMs are fresh water (lakes,
rivers), marine (sea, oceans) and soils ecosystems. Knowing exactly howandhesere NMs
are released, transported and transformed within environmental compartments is challenging
because the applications range is wider and there are many potential pathways for félease
NMs may be released into the environment, intentionally or unintentiorf&fy at any stage in

their life-cycle (productionin-use stages, end-life as wadte™, as shown in Figurk3.

. . Marine
=/ ecosystem

,, y y y ye Soil Ecosystem

ENVIRONMENT
Transformation s»
Bioavailability
Formulation \ N =/

Integration

- \ Dose (Toxicit
Handling /' $ ose (Toxicity)
Cleaning Emission rates  Direct use

Fresh water ¥
ecosystem ¢

Waste/Waste O :
B Direct use
water ) ° — \ 3 -
Dis posal o Contact  Ingestion  Inhalation

MANUFACTURING PROCESS CONSUMER PRODUCT HUMAN

/ Use and Disposal 1 Direct uptake
Mechanical release
ENP & .

_ Emission rates
Synthesis

Figurel.3: Scheme of possible environmental exposure routes.
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In particular, when NMs enter in water compartments, even fresh or sea water, they
tend to aggregate forming larger particles and settling in the sediment layer changingsiaen
shape, dissolution ability) and their concentration along the water cofi®nSo far, the
effects of NMs on aquatic life, in most studies on fresh water and marieeiesy produce
mainly a reduction of growth, reproduction, locomotion, breathing and fegdin particular,

NMs tend to accumulate in species at the bottom of the food chain, such as microAlgae
result, NMs could be transferred and accumetiinto the food chain, reaching big hunteasd
humart>*®. Nevertheless, NMs can enter also in soil ecosystems via pathways such as the
application of sewage sludge, fertilizers and pesticides. As in fresh water and marirseirexpo
NMs can be absodd and accumulate in plants and food, and again have implicationsein th

food chain, as for animals as for hum&#?.

1.3 Risk characterization

Exposure-Dose-Response relationships is required to define a risk as a function of
hazard and relevant exposure.dkep knowledgeon Exposure-Dose-Response relationships is
required to define the risk associated to NMs. The dose, amount of mats&iciated to
adverse effectis a result of exposure before and after reaching the biological target and being

up-taken (Figurd.4).

Q
P*O
Model
Exposure ™= Response
Concentration (mass, (Hazard) GROUPING

surface area, number) DOSE

) In-vitro test
Form (shape, size

distribution, surface _In'VlVOtQSt //qf

chemistry in media) " Model /q

Benchmark
[ Dose \

Risk Characterisation <) Risk Mitigation

Figurel.4: Risk characterization inputs and outputs.

Once extrapolated the exposure-dose-response relationship frewitro to in-vivo and

to humans or environment scenario, it is possible to derive a benchmark dode)(Biwe BMD
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is a dose or concentration that produces a predetermined change in the response rate of an
adverse effect. This predetermined change in response is called the benchmark response (BMR).
Normally, the default BMR is 5% or 10% change in the response rate of an adverse effect
relative to the response of control group depending on whether response data fmgons or

guantal (dichotomous).

The BMD can be used to derive for example some health guidance values such as fo
human: reference dose (RfD), derived no-effect level (DNEL), acceptable thdily (ADI)
occupational exposure limits (OELs}, for environment: predicted no-effect concentrations
(PNEC}™®. When suitable values of DNEL, OELs or PNEC, are available, risk characterization
ratios (RCRs) can be derived in order to decide if the risks are under control for each
environmental compartment and for each human exposure scenario k#fétwnThe RCR
compares the exposure level with health guidance values, in order to decide if risks are
adequately controlled for each environmental compartment and for each human atgual
known to be or likely to be exposed (REACH Annex |, 6.4):

Vc_j Hmqgc

. _T
RCR human health W RCR environment =G

Often dosimetric adjustments are used to convert the doses experimentally
administered to animals or cells into effective doses or lifetime ocmotis human-equivalent
dose$?, in order to improve the dose-response assessment model and derive morel soun
reference dosesWithin the European Parliament and Council Regulation (EC) N° 1907/2006 on
the REACH, risk assessment is conducted under the overall framework of the chemical safety
assessment (CSA) process, by which a registrant shall identify and describe thersundider
which the manufacturing and use of a substance is considered to be safe during eactldife-cy
step.

The general obligations in REACH is applied for NMs, as for any other substance, and
required a risk assessment, which should be performed as part of the CSA process using
pertinent information. Hazard evaluation, made hbyvitro and in-vivo tests, is mandatory to
qguantify the effects produced on biological targets and investigating toxieg#ghanisms, and
new hazard assessment strategies (approaches, models) - such as® Alfgrated
Approaches to Testing and Assessment (I8T®and GROPUPIRG! - are becoming more
and more recommended, in response to the need to reduce time, cost and anseafou
testing®’%. Moreover the exposure characterization, that provides information about NMs

release, concentration (express as mass, sufaE U vpu EU Yo v (}EU ~ -

Z

C
/
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]*SE] US]IvU cp@E( is apriofisdEa@yrisK assessment and mitigation strategy. In
real exposure conditions, a variety of parameters, such as pH, salinity, thenpeesé co-
exposed molecules, can change the physicochemical properties of NMsodhdir potential
toxicity!>’"’® One of the main research challenges is to assess how NMs form and behavior

transforms throughout their life-cycle, in dependerme exposure conditions.

If the risks are not under control, the CSA has to be refined, either by obtaining more
data on the properties of the substance, making more precise exposure estimatichsnging
the conditions of manufacturing an-use, developing and applying a risk mitigation strategy to

contain and reduce the hazard.

In conclusion, for a comprehensive NMs risk assessment, deep NMs characteriation i
needed to identify the presence or absence of hazardous properties, likelibfoexposure in a
specific compartment if. workplace, in-use stages, freshwater ecosystem, marine water
ecosystem, soils ecosysteny), and dose-response datag( RfD, DNEL, OELs, PNE®lajor
investments have been done so far on the characterization of the NMs togical profile,
adding data on relevant human health endpointe.(acute toxicity, irritation and corrosivity,
sensitization, repeated dose toxicity, mutagenicity, carcinogenicity, and reproduotiiaty),
as well as data with respect to the NPs fate in the body. {oxicokinetics, absorption,
distribution, metabolism, and excretiofi) However there are no specific DNEL, PNEC and OELs
values for all NMB8™®®, To fill this lack of information, the European Commission seeks advice
from independent scientific committees on the assessment of NMs, in order to support
proposed actions to adopt new or revised OELs under Directive 2004/3#BMirective

98/24/ECO8L

In front of the EU Scientific and Advisory Committees and independent risk asgessors
knowledge and opinions, current risk assessment methods are applicable, buttspeesare
still uncompleted due to the current lack of standardized approaches for determining the
hazards and levels of exposure to the human health and the environment. Even ibjbstyn
of standard endpoints used in regulatory hazard assessment remain appropriate foniins
context of supporting data for toxicological and environmental risk assessrap@atific
considerationsare neeced due to the nano-dimension of NMs. However, changes on sample

preparation and dosimetry have been foreseen for most of the #ésts
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1.4Importance of physiochemical characterization in safety assessments

In the NMs safety assessment framework and in a progressive reduction of anirsal test
the implementation of deep physiochemical characterizations can be ¢sgldn the
development of different approaches to reach easier and faster these two .afns
physiochemical characterization can be applied in computational modédidgrive reference
values t such as dose-response datae( PNEC, DNEL, OELs, In) NMs grouping, the
physiochemical characterization can be selected as discriminator in the graugniameters. In
fact, the grouping strategy is based on NMs physiochemical properties - intgregberties -
and possible interactions with biological targets classification. Thus groupatges a’read-
across approach, that allows data gaps on potential hazards on a specific NM tceldeuBihg
information about anotheNM in the same group and that has been testéd. The challenge
of this approach is to generate enough data about a specific NM - physiochentpalt®s
§} /] }o}-Adliablyalso for the other NMs of the same grdughe same consideration has
to be done in the identification of biological adverse effects, where the plogal
characterization can provide strong tools to improve it. Finally, the plogial
characterization is considered the first step in both AOPs formulation ars&faby-design
approach8, In particular, the final response in physiochemical characterization is associated to
three different natures (Figurg.5).

AGGREGATION/SEDIMENTATION DISSOLUTION

Hammaker constant
Medium viscosity

:: ?Z:E:r\:rszgzlty P ;": v' Medium pH
4 \ "+ v Complexing agent
v’ Zpotential i +
v
v

SIZE

SHAPE
STIFFNESS
POROSITY
SURFACE AREA

SURFACE /
CHEMISTRY |

COMPOSITION
IMPURITIES
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SURFACE DEFECTS

SURFACE
FUNCTIONALISION

IDENTITY

AEREOSOLISATION N VAIII DS BIO-CORONA
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ZN

AOPs (Adverse'Outcome Pathways)
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Figurel.5: Scheme of possible property on a generic NM once in contact with biological target.
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Firstly, the NMs intrinsic properties such as chemistry composition, physical shape,
‘U ( (uv 3]}v ohhveéid\be evaluated, taking in to account the NM as it is #fier
production. Secondly the system-dependent property can provide info aboub¢haviour of
NMs in media (agglomeratiomgorona (}E&u S]}vU YeX /vy thé\inefaeiidnr with
biological compartments provides information about NMs reactivityd apnossible AOPs
development. Ideally, all of these properties, as well as many others, woulddzbto obtain a
complete picture of theNM®. Therefore, provide a fuNMs physicochemical characterization is
one of the most difficult and challenging probleincomplete characterization of NMs is a
major limitation for comparing results between different studies fottbquality control on

material production and nano-safety studfés

10
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2. Aim of the thesis

Risk assessment is a process that integrates the hazard, exposure, antedpease
data to characterize risk in a population (e.g. workers or biota), in omgurovide health
information (benchmark, limit doses that ensure a safe exposure) needed for aiskgament
decision-making The main goal of my Ph.D. thesis is to support risk assessment of NMs
focusing on the characterization and control of properties and behaviors, that affect external

and internal exposure, driving potentially hazardous mechagism

Through five case studies, the experimental design were set up for measurisg NM
intrinsic properties (such as composition, dimension, superficial ar§asystem-dependent
properties (such as aggregation and dissolution in media) and fate related properties
considering exposure to both human and environmental targdfach case study was selected
based on the research needs and knowledge gaps, and is associated to differezd (CJemg03
of NMs (Figure2.1) in order to facilitate the *ead-across approach for hazard and risk
assessmenit’. Therefore, we selected six different NMs, belonging to soluble (MGggiye

(MG3) and active (MG4) groups and applied them in the five case studies.

MG1: Soluble MG2: Fibrous MG3: Passive MG4: Active
NMs NMs NMs NMs
* Non-bio- * Rigid NMs * Bio-persistent, * Due to chemical
persistent NMs » Fulfil the World non-fibrous NMs composition and
* The chemical Health that: their ability to
composition is Organization * do not exhibit release toxicant
important for criteria for specific bio- metal ions or to
hazard respirable fibers. interactions; have a pro-
assessment than « do not possess oxidative
the chemical toxic potential.
nanostructure. potential;
* tend to

agglomerate in
biological fluids.

Figure 2.1: NMs grouping based on nano-bio interaction and physiochemical propertie
described following DF4nanoGrouping (Arts et al., 2015).

For what concern human exposure scenarios, the case studies were focused on metal
and metal oxide-based NPs, due to ithevidespread use in technologically relevant
applicatior’®. The objective was to investigate the adverse effects of selected NPs through two
possible human exposure routasansdermal and oral ingestion. At this purpose, skin and oral

mucosa were selected as-vitro ex-vivatarget membranesf the diffusion Franz cell modein
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Aim of the thesis

order to investigate the permeation and penetration through human skin androtalosd®*%

A scheme of the selected case studissreported in Figure2.2. We compared the skin
permeation and penetration of silica dioxide (SKIPs), belonging to passive NMs group (MG3),
to that of copper oxide (CuO NPs), belonging to the partially solukle gdoup (MG1) metal.
Whilst for the oral mucosa exposure routaye selected a soluble (MG1l) metal-based
nanoparticles as silver (Ag NPs). We believe that data collected will conttibutesimetry
adjustment of dermal and oral mucosa exposure-dose-response studies, in ordierive more
relevant reference doses (DNEL, ABI In addition, the knowledge of NMs fate across dermal

barriers will provide information on human exposure potential and mechanism.

NPs Grouping and source Exposure target
. Passive NMs (MG3) .
— SiO, NPs LUDOX® Human Skin

Soluble NMs (MG1)

CuO NPs PlasmaChem GmbH Human Skin
|| Soluble NMs (MG1) .
Ag NPs NanoAmor Materials Inc. Porcine Oral Mucosa

Human scenario

Figure2.2: Human exposure case studies.

For what concern environmental targetaie evaluated the behavior of three metal
oxide NPs, belonging to partially soluble (zinc oxide nanoparticles, Zs aNg reactive
(titanium dioxide nanoparticles, Ti®IPs and cerium dioxide nanoparticl€eQ NPs) groups in

two water compartmentsfresh and sea water (Figure 2.3).

NPs Grouping and source Exposure medium
©
L Zn0O NPs Soluble NM*S (MG1) Fresh water ecosystem
[ o o JRC
3

(4] . Active NMs (MG4) Fresh water and sea

c C TiO, NPs JRC* water ecosystems
° Y
- — m .
E CeOz NPs || Active ;\IRI\(';I: (MG4) Fresh water ecosystem
w

Figure2.3: Environmental exposure case studies. *Joint Research Centre - Europa EU (JRC)
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Aim of the thesis

The aim of the work was to support the study of NPs fate in water ecosgstayn
characterizing how intrinsic properties change in environmental relevant media. Three mai
endpoints were addressed: static dissolution, agglomeration degree andbdigdn along the
water-column, evaluated in acellular-vitro systemsWe selected Elendt M7 medium for fresh
water and Egg Water medium for marine water, because wsegkference media foin-vivo
tests, respectively witlbaphniamagnaandZebrafish(Danio rerio)species. The final aim of this
work was that to provide physicochemical data that can be used to improve eco-ge¢ do
response model and derive more accurate reference values (PNEC) for scientific and regulatory
purposes.

For all addressed case studies the same testing strategy was dd|love collected
information on intrinsic properties (such a1 U «Z %ihat odtkne nature of NPs, theme
dispersed NPs in relevant media, characterizing the so called system-deperu@etties
resulting from the interaction with medium components (satts;exposed molecules, pH), and
finally for human scenariowe evaluated thein-vitro exvivo translocation through dermal or
oral mucosa membranes with Franz cell tests. The testing strategy is summarkzegdre 2.4
with color indicating the case studies and the expected information that wileperted in the

following chapters.

Experimental Design
Strategy

NMs Selection

Intrinsic
properties

Dispersion in medium
(human or
environmental)

System-dependent
properties

— e

Contact with
biological targets

“Franz-cell tests

EEw
Figure 2.4Design strategy for them() SIQ NPs, @ ) CuO NP#s () Ag Ni®s, () ZnOmNPs, (
TiQ NPs and§{ ) Ce®Ps.

18



Aim of the thesis

The selection of reference materials (RMs) - as ZnO; aid Ce® NPs - and
commercial representative NMs - &Q, CuO and Ag NPs - in support to risk assessient
facilitates S Z read-across approach and the transfer of information, evidences, mechanisms

to all the NMs within the grouping class.
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Aim of the thesis
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3. Fate inin-vitro ex-vivo human model

To fulfill the gap in research knowledge and provide useful information for future
hazard evaluation using-vitro extrapolation, my research was focused on two main uptake
routes skin and oral mucosa NPs adsorptidihe decision was supported by the know-how of

the University of Trieste.

For both exposure routeswe followed the same rationale based on an initial
physiochemical characterization of NMs / NPs selected in the case study once dispettsed

simulant fluid and following quantification in then-vitro selected model.

Percutaneous and buccal absorption studies were both performed using the Franz
model (1975) (Figure3.1), a diffusion cell used and applied to the biological membyrane
respectively skin or oral mucosa, depending on the case study. The diffusion -cgll metsents
in the top a donor chamber, where NMs / NPs are dispersed in the simoiedium and
exposed to the biological membrane. in the center the membrasién or oral mucosa, is
clamped between the donor and the receptor compartmentThe receptor
chamber/compartment has a functioof receptor fluid of thein-vitro model, continuously
stirred and thermostated at a constant temperature (32°C for skin and 37°C for oral mbgosa)

the jacket surrounding the cell (water jacket).

Donor Phase —*

Donor Chamber

C

Membrane ===

.

% = Receptor Chamber
Water Jacket == == Stirbar

&1

Figure3.1: Franz cell experimental sap.
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Fate in in-vitreex-vivo human model

The Franz model can provide two descriptors, penetration and permeation of NMs / NP
once in contact with the skin or the oral muco$zenetration occurs when NMs / NPs are
detected within the skin / buccal layers, while permeation process is basically due NIR&s(br
ions released), that are able to cross the membrane and pass in the receptéf.flladdetect
NMs / NPs penetration / permeation both the membrane and the receptor fluice tavbe

analyzed after exposure.

3.1 Skin membrane

The skin is one of the larger organ of the body, accounting for more than 10%lyf bo
mas$®, forming, as a consequence, a great area over which intentional and unintentional
exposure to chemicals (in form of particles, cosmetics, clothing, handiiulygts) can occir.

The skin barrier is composed of two layers: the epidermis and the dermis (Biglre

Stratum corneum

Epidermis

Stratum basale

Dermis

Figure 3.2:Structure schematize of human skin, mainly divided in epidermis and dermis.

The epidermis is made of a stratified squamous keratinized epithelium, which consists
of two kinds of primary cells: the keratinocytes and the non-keratinocytes. The forneracel
stratified in different layers (stratum basale, stratum spinosum, stratum granulosum, stratum
lucidum, and stratum corneum), while the second own protection functions (sg&lN'-light
damage) and immunological functions (melanocytes, Merkel cells angettans cell§) The
outermost layer is the stratum corneum, which acts as the first barrier to external agents;
modulates chemicals, drugs and particles absorption into the deeper skin layers. Its thickness
can vary depending on the body regions (thicker in the palm and tafger in scrotum and
body flexures). Therefore, one of the main functions of the skin is to act as arpattowing
body protection from external substances. Even so, it is well-known that someotomip are

capable to penetrate and permeate this barrier and cause possible local effects, such as
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Fate in in-vitreexvivo human model

irritation or sensitization phenomena, or also translocate into blood vessels repshstemic
circulation and other organdhus, the skin adsorption is mainly derived by two contributes: the
skin healthy and integrity, and different properties of NMs such as chemistry, conopoaitd
further physicochemical properties, suds dissolution ability and size dimensféncan
influence this mechanism.

A lot of chemicals can come in contact with the skin, either in their bulk form thein
nano-size range. For example, there are already many applications of various NPs in
dermatology, such as photoprotection, photothermal and photodyratherapy, hair disorders
treatment, and also in gene therapy, vaccination and nanodiagnds@esrently, mostly skin
absorption information is in relation to drugs, cosmetics, toxins, metdts and powders
exposure. Many of these potentiallg } £] *p ¢S v ¢« E o0 0 Al8Z ~el]v v}IE §]
American Conference of Governmental Industrial Hygienists (ACGIH), which warns that
cutaneous exposure to these compounds may significantly contribute to t®tatemic
exposuré’. However, the interaction of NPs with the skin is still a matter ofstigation by
researchers, since it has been demonstrated that some NPs can penetrate the outer stratum
corneum layer of the skin, while others can permeate into the deeper dermal layer, reaching
the systemic circulations. In fact, one of the first topics that should be clarified is the
mechanism of NPs penetration through the outermost rate-limiting barriethe stratum
corneum. Some authors hypothesized that NPs may be hold in the lgdidxnof the skin or in
skin annexes and subsequently can be slowly released into the deeper dermdf-fayer
Concerning this theory, some characteristics such as NPs size, shape, charge, surface properties
have to be further investigated to better understand which of them, and eventimllyhich
degree, can affect skin penetration. In addition, since NPs characteristics may change
completely when they interact with physiological media, also changes dumetdia have to
considered, evaluating NPs aggregation and agglomeratiod perhaps change in surface

charge.
3.2 Oral mucosa membrane

The oral mucosa is the mucous membrane, covering the inside of the huroath.m
These soft tissues comprise stratified squamous epithelium, termed "oral epithelitmat,
covers entirely the human oral cavity (FiguB&)°. Like epidermis for the skin, the regions
stressed by mechanical forces associated with masticasicsm covered by a keratinizing
epithelium (masticatory mucosa). In this area, the keratinized epithelium is tigttdghed to

the underlying tissues by a collagenous connective tissue, called lamina propria.
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Epithelium

Lamina propria

Figure 3.3:Structure of lining oral mucosa.

Otherwise, the mouth floor, buccal regions, and esophagus, which require flexibility t
accommodate chewing, speech, or swallowing of a bolus, are covered with a raiimizéng
epithelium (lining mucosa). The connective tissue of lining mucosare etastic and flexible
than the connective tissue in the masticatory mucosa. As in skin, mucosal cells et abl
differentiate and migrate from the stratum basale to the surface. The epitheisirthen
separated from the submucosa by a muscularis mucosa, consisting of a smooth muscle and
elastic fiber layerwhich may serve to reduce the excursion of the luminal lining mucosa as a
result of the contractions of the external esophageal muscle. The organization ¢sues

reflects so their functiontransporting ingested food from the oral cavity to the stom#ch

As in skin, the primary function of oral and esophageal epithelium is the qtioteof
the underlying tissue. Lipid-based permeability barriers in the outer epithelial layemscptoe
underlying tissues against the ingress of a range of potentially damaging external substances
These include microbial toxins and enzymes and antigens and carcinogens frdsn diod
beverages. However, if few informatiasmavailable on skin, less is known about NPs absorption

by the human oral mucosa.

3.3 Case studies

During my PhD program, | focused my research on three case studies usingyitne
exvivo Franz model, mimicking human dermal or oral exposure. Looking at Iti®alg
production volumes, the main class of nano-size products is composetetal and metal /
non-metal oxide-based NPs® Therefore,| selected silicon dioxide nanoparticles (SKIPs)

and copper oxide nanoparticles (CuO NPs) to compare the behavigassife oxides with
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partially soluble oxideé8 (Figure3.4) when exposed to derma, whilst for oral exposute,
selected silver nanoparticles (Ag NPs) as target NMs. The choice was due to thailakiliay

of data on this specific scenario. In addition, due to the similarity betwesmam and porcine, |

used porcine oral mucosa to evaluate the penetration / permeation ofiNBaby individuals.

The experimental design strategy is summarized below for the human related case studies

(Figure 3.4).

NMs Selection

Size, shape, superficial

Intrinsic properties ) oo
functionalization

—an

Dispersion in medium —

Size distribution,

System-dependent
Y P static dissolution, zeta

i
L potential
l
| |
Synthetic Sweat Physmlc_)gmal
Solution

8 [
Franz-cell test o
ranz-cell test on )
porcine oral

human skin
mucosa

Figure3.4: Experimental design strategy for the human related case studiesNEI§/m ), CuO
NPs(m)and Ag NPém ).
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3.3.1 Silica nanoparticles for photo-induced setfarker and
antibacterial function

Source (published papers):

"D §ZCo S]}v -tefrazdate/ complexes: an effective route to modulate the emission
JuE%oude v 8} ¢A]3 Z &} v3]u] \Eoling |.%a@op%S.Easthmni, X. L. Costa, A.
Hochkoeppler, V. Zanotti, A. M. Ranieri, M. Massi, A. Stefan and S. Stagni, Daltoaotibrgnsa
2017, 46, 12328.

NV o %epo SV }( §1}vl 1&] Juu~///+ § & @iich} matriX usgnthedis,» Jv3}
Z E § E]I 8]}v Vv }% 3] |. CaberdE V%FidaSi] M. Rosado, B. Ballesteros, M.

Androulidaki, M. Blosi, S. Ortelli, S. Stagni, M. Dondi and A. L. 8estalournal of Chemistry,

2018, 42, 9635-9644.

Mse of cotton textiles coated by Ir(lll) tetrazole complexes within ceramic silicgphases for
photo-induced selma®&Il E v v3§] § &E]l. dafpni, E]BlsiXV. Fiorini, M. Crosera,
S.Ortelli, S. Stagni, A. Stefan, S. Psilodimitrakopoulos, E. Stratakis, F. Larege Eildbgsta
(under submission paper)

Introduction

The demand for innovative, functional and smart textiles is one of themadjallenges
that fabric and clothing industries are requested to face nowadays. In particular, the end user
market requires accessible products associated with advanced features that nanomatanials
satisfy, such as photocatalytic performance and self-cleaning propettiastimicrobial
activity>® photo and thermochromisi and fire retardand?'°. One novel approach pursued to
realize this kind of innovative materials involves the coating of textilfases with
nanoparticles (NPs), capable to impart specific functionalities, once anchoreditosthiéace
without compromising their comfort, easy care, and hygiénat this purpose, one of the main
challenge, strictly related to the need of controlling product safety andityidd the possibility
to easily detect the presence of NPs and monitoring their persistence and digiributieach
step pf product life-cycf, from manufacturing to use and end of lif&t this purposewe have
developed the design strategy schematized in Scheme 3.1.1, combining the following
components: silica NPs (embedding matrix), phosphorescent dyes formed by catdam(lil)
tetrazole complexé<'314 (marking phases), cotton textiles (substrate) to be covered by the
resulting luminescent systems. Silica is well known for its chemical, opticahandal inertia,
with a proven compatibility with light emitting transition metals-basednplexe$>!®, available

at affordable cost. Cyclometalated Ir(lll) complexes are widely known for their intense and

27



Human case studies

color tunable luminescent output, which is found to span the entire spectrum oflevisiit as

a consequence of slight modifications of their chemical structure. These peculiar
photoluminescent performances have prompted the use of Ir(lll) cyclometadatesnitters in
lighting devices, and as suitable luminescent bioprét3€82°, On the other hand, in
comparison with Ru(ll) and many other classes of metal-based derivatives, the antialicrobi
properties of Ir(lll) complexes have been explored to a lesser extent. In this regardsipgpm
anti-microbial potential of a set of kinetically stable and substitution inert cationi
cyclometalated complexes towards Gram(+) bacteria (eSgaphylococcus aureusnd
Deinococcus radiodura)iét?>2® was recently demonstrated, therefore adding further
possibilities for applications of this class of luminescent compounds. Fabthne described
properties, the strategy developed and schematized in Scheme 3.1.1 suggeststénigbo
application of luminescent sith based NPs as self-marking, antibacterial coating for textile.
However, to finalize their application in textile coatings, the potential risk 8i@& NPs and
their marking Ir(lll) complexes can cause to human skin (the final biological)tangest be
evaluated. In fact, the non-negligible cellular toxicity and a scarce bicatioiiply of poorly
water soluble Iridium (lll) complexes, limited their use in biomedical?fi€ldeven if opened

some interestingapplications in cancer therag$?°.

$i0, NPs embedding matrix

N YN

[F,IrPTZ-Me]* marking complex Ir@Si0, luminescent system Ir* @Si0, nanostructured coating

Scheme 3.1.1Design strategy of the work make by combining silica NPs (embedding)matri
with cationic Ir(lll) tetrazole complexdmarking phases), and applied as coating for cotton

textiles (substrate).

In this study we have selected two cationic Ir(lll)-tetrazole complékge? TZ-Mel and
[IrQTZ-Mel, which display different luminescent properties, we have embedded them in a silica
NPs matrix and investigated the optical properties antibacterial effects ondeeded inside
the matrix used as a cotton coating medium. The results reported herein highligtzhing on
of their antimicrobial activity toward both Gram(+Hp€inococcus radiodurapngnd Gram{-

(Escherichia cgli upon embedding in silica matrik@SiQ system3, and on cotton textiles.
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Given the possible potential risk that NPs and Ir(lll) markers can caeseyaluated the
possible penetration of Ir@SiMPs through human skin, using Franz cell model, in support to

risk assessment and management of this potential application.
Experimental section

General Consideration®ll the reagents and solvents were obtained commercially (e.g.
Merck, Alfa Aesar, Strem Chemicals) and used as received without any further purification. The
commercial colloidal suspension of silica (Silica LUDOX® HS-40) was syp@liade Davison
and destabilized using a commercial exchange resin Dowex 50x&gr@erck), with MESH
value of 20-50 and total exchange capacity of 1.7 med.nilhe purification of the Ir(lll)
complexes was performed via column chromatography with the use.Qk Ak the stationary
phase. Appendix 1-mass spectra were recorded using a Waters ZQ-4000 instrument (ESI-MS,
acetonitrile as the solvent). Nuclear magnetic resonance spectra (consistingaoid**C) were
always recorded using a Varian Mercury Plus 460 899.9;°C, 101.0 MHz)'H and3C
chemical shifts were referenced to residual solvent resonances. As textile substrate we used a

260 g n, 98% cotton fabric and 2% EA elastomer containing about 85% polyurethane.

Ligand synthesisWarning! Tetrazole derivatives are used as components for explosive
mixtures. In this lab, the reactions described here were only run on a few grams schigan
problems were encountered. However, great care should be exercised when handling or
heating compounds of this typd-ollowing the general method reported by Koguro aw
workers®?, tetrazole ligands [HRTZ and [HQTZ has been obtained in quantitative yield.

General Procedure for the Preparation of the Cationic Ir(lll) cawek. The
preparation of cationic Ir(lll)-complexes was accomplished by following théopsdy reported
procedure by Fiorini et al. (20£7)1 eq of the desired neutral Ir(lll) tetrazolate complex was
added to dichloromethane and the mixture was allowed to cool down bydrmsin into an
ethanol / liquid nitrogen cold bath. Then, methyl trifluoromethanesulfonate (1.2 equiv., ealuti
in dichloromethane 0.179 M) was added. The reaction was stirred under nitrogeB0for
minutes while in thermal contact with a cold bath, and then allowed to warm apobm
temperature (RT) and stirred for 3 hours. Anion exchange was carried out by addingeas ex
of NHPF in water to the solution and stirring for 20 minutes. The product tiresm extracted
using dichloromethane (3x10 mL) and the organic components were combmekdried over
anhydrous MgS£€ Subsequent purification by column chromatography on alumina (gradient:
CHCLE / acetone 8:2, second fraction) yielded 0.059 g[®drPTZ-Me][PFK]" and 0.067 g of
[IrQTZ-Mel[PR].
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General procedure for the colloidal physical encapsulatidime Ir(lll)-tetrazole based
nanosols were produced by following the previously reported procedure byrdaet al.
(2018%. We mixed[RIrPTZ-Me€] or [IrQTZ-Me€] with Silica LUDOXHS40 destabilized using
Dowex 50x8, a commercial cationic exchange resin (Ir(ll)tetrazole complexa&i®ol ratio =
1:1000, w silica (%) = 3). To facilitate the mixing and the intimédeaiction between the two
phases, the systems were ball-milled for about 24 hours, in the presencacohia balls
(diameter, @ 5mm) as grinding bodies. Destabilization of Silica LXHE2R was carried out in
a 250 mL flask by adding the resin to the nano-suspension under vigoreotsgstnd
monitoring the change in pH from 10 to 4. Once the desired pH was reached (pH = 4), the silica /
resin contact was interrupted and the resin was extracted using a separation greciojpm

pump filtratior?*,

General procedure for the dipad-dry-cure process for coating cotton fabricBabric
samples, size 7x7 é&mwere washed in an ultrasonic bath for 30 min (15 min with soap and
water, and 15 min with water). The fabric coupons were dipped into the two different Ir@SiO
systems at 3% wt concentration and left to soak for 5 min, then passed througb-eober
laboratory padder, oven dried at 100°C and finally cured for 10 min at 130°Ce Thre
impregnation steps were carried out to achieve the final dry add-on value (AO%) arctadh
step, the fabric coupons were dried in an oven for 5 min at 100°C. The exact A% val
obtained are reported in Tabl1.4. The dry-add on (AO%) is the amount, in percentage, of the
finishing agent added to the fabric with respect to its initial weight. This was detedrby
weighing each sample before ijvand after (w) the dip-pad-dry-cure process, using a Sartorius
balance (+ 18g).

A0% = (wa;w') x 100

Colloidal CharacterizationSize and ZP (Zeta Potentiagpots 3 measurements of the
nano-solutionswere carried out with a DLS / ELS (dynamic light scattering and electroghoreti
light scattering Zetasizer Nano instrument ZSP, ZEN5600, Malvern Instruments, UK). ¥he stud
of the colloidal behaviour and the interaction between silica and Ir(lijptexes (ZP vs pH) was
carried outusing a Zetasizer Nano instrument coupled with an automatic titrating sysiém.
titration was performed with 1M KOH and 1M HCI solutions on the Ir(ll)@&syslems at a
concentration of 0.01%wt. The interaction between Ir(lll) complexes and siliczsolamatrix
was evaluated with TEM (transmission electron microscopy, FEI, Tecnai F20 S/TBpBdequi

with an Energy Dispersive X-ray Analysis (EDX) probe.
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Morphological characterization of cotton fabric samplesThe morphology
characterization of pristine andr@SiGQ-coated cotton fabrics was performed by electron
microscopy analysis using a Field Emission Scanning Electron Micrd¥e8g#\M (FEI Magellan
400L SEM High Resolution SEM). The uncoated and coated cottorcéalpims (about 3mm x

3 mm) were fixed with conductive adhesive tape and gold metallized or silver pasted.

Photophysical characterizatiomrAbsorption spectra were recorded BTusing a Perkin
Elmer Lambda 35 UV/vis spectrometer. Uncorrected steady-state emission and excitatio
spectra were recorded on an Edinburgh FLSP920 spectrometer equipped with a 450 W xenon
arc lamp, double excitation and single emission monochromators, and aerRutled
, U u Sepy ZOTOW %Z}3}upos]%o0] E Su  ~i0fA>0RAIvveleX SE A} E Vv
acquired with a cut-off filter (395 nm) and corrected for source intensity (lampgaaithg) and
emission spectral response (detector and grating) by a calibration curve supplied with the
instrument. Experimental uncertainties are estimated to be + 8% for lifetime determirsatit
20% for quantum yields, and + 2 nm and £ 5 nm for absorption and emigsiaks,
respectively. More details on the photophysical investigations and characterizatioa wer
reported in the Appendix 1 documetit’. The dispersion homogeneity of the complexes within
the silica matrix, once deposited as coating, and textiles tomography werdredduwy a 2p-
Fluorescence Microscope as described in detail by Psilodimitrakopoulos 20H8)¢. Briefly,
the setup was based on fa excitation laser source, centered at 1030 nm, with ~1 W output
power and 76 MHz repetition rate (Pharos-SP, Light Conversion, Lidhuand a 20x/0.8NA
objective (Carl Zeiss, Germany) and emission sample was acquired with a bandpgé&dilter
52 nm, Semrock, USA) for Ir@S&ystems. Qualitative analysis on images acquired by 2p-
Fluorescence Microscope was done using ImageJ 1.52p software (National Institute of Health,
USA).

Washing fastness tesiThe release of Ir(Ill) complex and silica NPs from treated cotton
samples was performed under static and dynamic conditions to simulate wasyates of the
fabric while in use and to study adhesion to the substrate and quantify the weigt The
dynamic test was carried out by dipping 5x5dneated cotton samples (in 25 mL MilliQ) in an
ultrasonic bath for 10 min for three cycles at RT, after every step the washing water e sto
and analyzed at ICP-OES, then the sample was dried in the oven at 80° C for 10 muhutes an
washed again. The static test was performed by immersing the samples (size’y7x7armilliQ
water bath (50 mL) at RT for to ten days and sampling washing water a&tefaumr hours and
one, three, four, seven and ten days. For the dynamic test we collaetatal from coate

textiles, from silica-coated textiles and from samples coated with the t@=SI© complexes.
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Release under static conditions involved only the blue Ir@&i@ted substrate as reference.
The collected washing waters were analyzed by inductively coupled plasma opticalbemissi
spectrometry using an ICP-OES 51@@rtical dual view apparatus (Agilent Technologies, Santa
Clara, CA, USA) to determine S#nd Ir@Si@complex content. The analysis was performed
using radial viewing mode, at a viewing height of 8 mm, and caliloratirves were obtained

with 0.1, 0.5, 5.0, 10.0 and 100.0 mg dtandards for all analyzed elements. Nitric Acid (65% -
Titolchimica) was added to both standards and samples in 1:10 in volunze Fatially, all
calibration curves were evaluated, finding atcBrelation coefficient >0.99. The concentration

of SiQ in washing water was evaluated directly by ICP Si determination, while the release of

Ir(111) complex was analysed taking the Ir amount as reference.

Bacterial strains and media.The Gram-negative Escherichia coli TOP10 strain
(Invitrogen) was cultivated in LuriBertani (LB) medium (1% tryptone, 0.5% yeast extract, 1%
NaCl). Solid plates were prepared by adding 1.5% agar. Deinococcus radioduraas, a
pigmented Gram-positive bacterium, was grown in TGY medium (0.5% tryptofe,glutose,

0.3% yeast extract), to which 1.5% of agar was added if necessary.

Antibacterial evaluation.Antibacterial performances of Ir@ SiCoated textiles against
E. colie D. radioduranswere evaluated using the antibacterial activity assessment of textile
materials t Parallel Steak Method (AATCC 147 modified) procétutedilution (0.1 mL) of a
liguid overnight culture (corresponding to approximately 1 x 108 CE®) mas smeared on LB
and TGY agar plates in order to produce bacterial lawns. In the modified vefsfogkTfCC 147
we use a lawn of bacteria instead of the parallel streaks detailed in the standard méthoe.
sterile sample of blue and red Ir@ gi&dated fabric are cut to 25 x 50 mm. These fabric samples
are then placed directly on top of the inoculate agar and incubated at 30 = 2°C fougsl n
our investigations, we compared three different lighting scenarios: darkness, exkgoslab
light and exposed for 45 seconds to UV lighfax = 365 nm) and then to lab light for the 24 h of
exposure. The incubated plates were examined for interruption of growth beneath the
specimen, and for a clear zone of inhibition beyond its edge. Where no bacteia@ies
growth is observed under the specimen with the presence of an inhibitior,ame considered
to have an acceptable antibacterial activity. This test cannot be considered tadeitqtive,
but it can be used for comparison against non-antibacterial samples, and saoigt@®wn
antibacterial activity. We have used resistadeinococcus radioduran®. radiodurans) and

Escherichia col(E. coli), as our standard test organisms.
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Preparation of skin membranedduman abdominal full thickness skin was obtained as
surgical waste. Prior to freezing, subcutaneous fat was removed and hair shaved. All the pieces
}( (poo 8Z] Iv se ¢l]v A E +3}E Jv (E I E 3 > £ (PE d% E]}
months*’. Skin integrity was assessed using the Trans Epidermal Water Loss (TEWL) method as
described by Guth et al. (2015) and used in other our previous studies (Cebser20183%.
Ceooes A]3Z A o fi ®*BEneér® Rabsidered as damaged and rejected. The study was
approved by the Trieste Hospital Ethical Committee n° 236/2007.

In-vitro diffusion systemPercutaneous absorption studies were performed using static
diffusion cells following the Franz Method (19%5)The receptor compartment has a mean
volume of 14.0 mL and was maintained at 32°C by means of circulation of thermosatated
in the jacket surrounding the cell. This temperature value has been chosen in order to
E %% E} B SZ Z vV [* %ZCe*]}0o}P] 0 S u% E SPE S vi@Eusd }v ]S]]
salt in the receptor fluid is approximately the same as can be foundodbIThe solution in
each cell was continuously stirred using a Teflon-coated magnetic stirrer. Each pikirevehs
clamped between the donor and the receptor compartment; the mean exposed skin area was

3.3 cnt and the average skin thickness was 1 mm.

The experiments were performed as follows. At time 0, the exposure chambers of four
Franz diffusion cells were filled with 18 mg Zmof blue or red Ir@SKNPs solution dispersed in
water (conc. 3% w/w) and diluted 1:2 with synthetic sweat at pH 4.5 to rem®dn vivo
conditions (4 mL solution). Two blank cells were treated as the other cells witbxtieption
that no Ir@Si@ dispersion was introduced into the exposure chamber. After 24 hours the
receiving phases were collected to perform the concentration analysis and the skin samples
removed, divided into epidermis and dermis by dipping them in hot wg@erC) for one minute
(heat shock), and acid digested by microwave (MultiwvavePRO, Anton Paar). An inguctivel
coupled plasma mass spectrometry (ICP-MS) was used to measure Ir (mass selected: 193 u.m.a.)
concentration in the receiving phase and in the solutions from the digestibthe skin
membranes. The instrument used for the analysis was a NexION 350 X (Perkin Elmer, USA). The
samples were analysed by measuring against standard solutions (0.01, 0.1, 1 jagdt) Gor
instrumental calibration. The coefficient of variation (CV) for the analysis of Ir metal waagsal
less than 5%. Data analysis was performed with Excel for Windows, release 2007 and Stata
Software, version 11.0 (StataCorp LP, College Station, TX, USA). Skin absorptionrelata we
reported as mean + standard deviation (SD). The difference among independent data was

assessed by means of the Mann-Whitney test. A p value <0.05 was considered significant.
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Results and discussion
Synthesis and characterization of luminescent Ir complex

In order to accomplish the functionalization of negatively chargedN\$®, two cationic
Ir(1ll) tetrazole complexes (Scheme 3.1.2) were selected as phosphorescentrerfitesen
from a library that also includes the corresponding neutral and anionic cyclometalgtd)-

tetrazolates.

X=H, L =QTZ [IrQTZ-Me]*
X=F, L = PTZ [FIrPTZ-Me]*

Scheme3.1.2 Molecular structure of cationic Ir(lll) tetrazole comple{édrPTZ-Me] and

[IrQTZ-Mel.

The choice of considering these specific compounds, nafRg¢lPTZ-Mel (C N = fppy; NN =

PTZMe - 2{2-methyl-2H-tetrazol-5-yl)pyridine) anfirQTZ-Me] (C”N = ppy; N*"N ©TZMe -2-

(2-methyl-2H-tetrazol-5-yl)quinoline), is motivated by their displaying markediffetnt

emission colours. Indeed, whereas the luminescent output[FefrPTZ-Me} consists of a

vibronically structured profile centred in the blue regiomax = 490 nm) of the visible spectrum,

the fluorine-free compleXIrQTZ-Mef exhibits a broad and unstructured radiative emission

%o 1]V Pmad 638nm?. In 10°M CHCL solutions, all the cationic Ir(l1l) complexes displayed

similar absorption profiles, with intense ligand centréldQ) transitions up to 260 nm and metal-

to-ligand charge transfertNILCT) bands tailing off above 380 nm (FigBrela)->° Upon

excitation of the!D> d ( SpUE  ~, ARI®TZWE] displayed a sky-blue emission
JOJUE §Z 8 }EE *%}v » §} «SEN S pidk= 454 186]and 3@6EM((Fogurd |5 Z

1b and Table 1), suggesting an interplayL@@’MLCT-type emissive excited staté&s'® On the

contrary, the red emitteflrQTZMe]" produced a broad and unstructured emission profile with

ma—= 638 nm, typical oMLCT-based phosphorescence (Figutelb), as evidenced also by the

v}s§] 0 E]P]} ZE}lu] <Z](8 } « EA v (E}hw= 568 Amy Sahle 3 E] £

3.1.1p1216
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The complexes were prepared by following the procedure reported by FigtriaiZ,
which consists of an electrophilic addition at the tetrazole ring of the corredipgnneutral

Ir(11) precursor’H-NMR and®C-NMR characterizations are reported in Appendix 1 (Figute S
S16).
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Figure3.1.1: (a) Absorption Profiles of blue emittifglrPTZ-Me] (blue line) and red emitting
[IrQTZ-MeT (red line), 16M, CHCL; (b) Normalized Emission Profiles [BfirPTZ-Me} (blue
line) and[IrQTZ-MeJ (red line), CkCh.

Table3.1.1: Relevant absorption and emission data of cationic Ir(lll) complexes discugkes] in

work.
. Emission
) Emission 298 ¥
CHCbas the Absorption 77K
solvent ,ab{NM);(10% x « =B} em ®air *Ar "air  "Ar £m °
(nm) ~.0 =~ (W )| (nm)  ~...
253 (4.25), 310 (1.41), 37/
[IrQTZ-Met ( 20 78) ( ) 638 0.220 0.550 2.8 45| 568 1.56
257 (6.24), 318 (2.70), 35| 454, 486, 448,
IrPTZ-Me 0.040 0.140 1.7 47 6.62
[F2 1 (1.20) 526 480

awnr JE_ u ve JE& <«p]o] €& S clopusS]lved) NefOUSUIvee uVIAECPEP}V  Su}e %o 2
b:[Ru(bpy)]Ck/H20 was used as reference for quantum yield determinatidns= 0.028);% in frozen
CHCE

Intrinsic properties of Ir@Si£hanosols systems

Ir@SiQ nanosols (namelyblue Ir@SiQ for [RIrPTZ-Mel andred Ir@SiQ for [IrQTZ-
Me]*) were obtained by mixing the appropriate Ir(Ill) cationic complihk a silica suspensiéh
which was previously destabilised through a cation-exchange resin treatment in which the
replacement ofNa" with HO" promotes the intra-particles cross-linkifigin this regard, an
explanation is provided by Dumont and Watitrthat pointed out how the Nasubstitution by
H:O" ions affect silica bonding, with the replacement of dissociated silanol-sitzorals by

cross-linked siloxane bondsSiOHyywy>~]1> 1 >A7]>K>"] . 4dn kddition, the
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electrostatic stabilization of resin treated silica nanoparticles decreases; in fact, Zetgti&o

(ZP -2zpote g passes from -42 to -29 mV as expected by the pH decrease from 9.0 to 4.5 (Table
3.1.2). The colloidal properties df@SiQ nanosolssystems were studied in respect of their
hydrodynamic diameter and surface charge properties (Taudle). As evidenced by th&Pvs

pH measurements (Figui@l.2), the presence of the phosphorescent Ir(lll) tetrazole-markers
did not affect the surface charge properties of $i@s. For all the silica colloidal solutions, the
obtained plots revealed only one isoelectric point (IEP) found at @dkb<while the highest
stability P H- 30 mV) have been found between 3 < pH < 10 values. Furthermore, the
hydrodynamic diameter of colloidal SKIPs was not significantly affected by the physical mixing
with the Ir(lll)-markers, as confirmed by hydrodynamic diametgry@alues obtained from DLS

analyses (Tabla.1.2).

Table3.1.2: Colloidal properties of silica based nanosols.

Sample pH dors(nm) Zpotg s(MmV)
SiQ_Ludox 9.0 20+1 -422+1.1
SiQ* 4.5 23+1 -29.0+0.2
blue Ir@Si® 4.5 22+ 2 -33.3+1.8
red Ir@SiQ 4.5 24+ 1 -30.8+ 1.5

*Commercial Sialestabilized through treatment on cationic-exchange resin.
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Figure 3.1.2 Zeta Potential (mV) vs pH plot of silica nanosol (grey line),ll@8iQ (blue line)
and redir@SiQ (red line), 100 mg1of solid fraction.

The morphology 08iQ NPs and the distribution of the Ir(lll) complexes were examined

by the means of TEM-EDX (Fig8re.3 and3.1.4). The NPs size distribution is homogeneously
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centered on 14 nm, being these values in accordance with the measure@dble3.1.2). TEM
images highlight a negligible increase of the,WPs mean diameter (33%i03.7+3.1 nm, &
blue Ir@SiQ 13.8£3.1 nm, @ed Ir@SiQ 14.0+£3.4 nm) and a slight improvement of particles
cross-linking in the presence of complexes, forming necklace-like structures (Bib&eB-C).
TEM images acquired at higher magnification revealed the presence of a haloein th

surroundings of SKDPs, imputable to the presence of Ir(lll) complexes, as shown in Figure 3.1.4

and confirmed by EDX analysis.

nm 10 nm nm
m———

Figure 3.1.3 TEM images on copper grid acquired at different magnifications of ANBSOB)
blue Ir@SiQ, C)red Ir@SiQ.

«
h S " 8105100 Actuire EDX Saarch HADF Point 1

20+

It Ir
S u Wk

 Energy (keV) %

N° particles

101

Dimension (nm) NEE AL
Figure 3.1.4 a) NPs distribution made by 250 particles-population:MR3 (grey line)blue
Ir@SiQ (blue line),red Ir@SiQ (red line); b) TEM image bfue Ir@SiQ, with relative EDX

analysis.
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As previously reported in literatuté colloidal silica has no optical influence over the
photoluminescent output of transition metal complexes, resulting transparent in both the
absorption (230-400 nm) and emission range (400-800 nm). This belasaonfirmed by the
absorption profile of SiDIPs (Figure.1.5), where no maxima were found in the region of

interest.

20 |
é 16+
8
[ =
8 1op
o
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Figure 3.15: Absorbance (%) vs Wavelength (nm) plot obISR3, 3%wt, Milli-Q 49, r.t.

The emission profiles qFIrPTZ-Mel and its silica embedded structuldue Ir@SiQ
(Table3.1.3 and Figure3.1.6a) resulted almost superimposable to each other and did not
provide any indication of the new chemical interaction established betwWegdrPTZ-Me] and
the silica matrix. On the other hand, the rigidochromic blue shift encountered in thesami
profile ofred Ir@SiQ@ in respect oflrQTZ-MeJ (Table3.1.3 and Figur&.1.6b) is in agreement
with the prevailinggMLCT composition of its excited state, being more sensitive to modifications

of the surrounding chemical environmént

Table3.1.3: Relevant photophysical properties of Ir(ll)-complexes@&0osols systems.

Emission 298 K
| Absorption

H20 as solvent A{nM) om oair oar . 4,
(nm) ~..t ~. (%) (nm)

Red Ir@Si® 252, 312 610 0.100 nd.* nd* 28
454,

Blue Ir@Si@ 263, 286310 484, 0.010 n.d* n.d* 0
520

*n.d. = not determined.
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Figure 3.1.6: Comparison between normalised emission profflegrPTZ-Me} (blue line) and

[IrQTZ-MeT (red line) complexes and thén@ SiQ systems(black lines).

The Ir@SiQ systemswere performed and optimized with the aim of obtaining self-
marker products that emit in the blue and red regions of visible lightet and red-lr@SiQ,
due to the presence ofRIrPTZ-Me] and [IrQTZ-Me], respectively). The physical mix was
developed with easiness of design and processing in mind, while reducing tbent@tion of

luminescent phase and in turn the manufacturing cost of the final material.
Ir@SiQ nano-coated textiles characterization

After optimization of dispersedt@SiQ sol€, we investigated their application in the
field of markable nano-functionalized textiles. To this end, the lumineskté@®siQ sol were
anchored onto cotton textiles using tréippad-dry-cure techniquewith thermal treatment in
an oven used to strengthen the coating bond to the substrate. Since the presence afidkermi
hydroxides on SiDIPs allows interaction with large number of -OH groups on the surface of
Zz (] ®U sz Z lv }( }88}v (] &+ ]+ %AEE][o EoC

purposed. As with most commercial cotton fibéfsthe commercial textiles samples used in

OOHO}e

this work contain an optical brightener, the presence of which is responsible fagrttigsion

centered at ca. 430 nm (Figure 3.1.7).
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Figure3.1.7: (a) Emission and (b) excitation profiles of untreated cotton textile.
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Exploiting two-photon (2p) excited fluorescent emission of such dyed cowtenare
able to reproduce the textile 3D structure, using a 2p-fluorescence microscope ahiag

the first 350 um of the surface, as shown in Figue8

Figure 3.18: Tomography image of cotton textile (350 um depth) made by 2p-Fluorescence

Microscope.

Moreover, the emission from the optical brightener partially overlaps with théssion
of Ir@SiQ systems in the blue region of visible light. In order to ensure the @btirdhesion on
cotton together with a noticeable emission typical of @ SiQ systems, we performed three
impregnation steps on the treated textiles. The percent increment values, hereinafered
to as the % add-on, showed a linear correlation between number of layenspsol
concentration and solid content weight of the textiles (Tabltk4). In fact, the obtained add-on
values after three impregnation layers are about threefold the nanosol concentraabres
(3% wt) without any effect induced by the iridium complex on the adhesidolgTa14), thus

confirming a strong interaction between the nanostructured coating and the subétrate
Table3.1.4: Add-on per cent values evaluated for three layers coated textiles.

‘ SiQ* ‘bluelr@Si@

red Ir@SiQ ‘

% adden

79+05 ‘ 8.0+0.7 ‘ 89%+10 ‘

*Commercial Silestabilized by means of treatment with cationic-exchange resin.

To investigate the coating distribution on the substraf&sSEM surface images were
acquired both from untreated andr@SiQ-coated samples. After two washing cycles with
MilliQ water, the cotton fibers of the untreated sample (see Figure93 A-B) still appear well

organized and clean, except for small amounts of calcium carbonate;Caki@3e detection, is
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consistent with a residual MilliQ water contaminant. At higher magnification ipgsiple to
distinguish a characteristic superficial micro porosity of the cotton fiber, usefultifer
successive impregnation step (Figur&.9B). On the other hand, as shown in Figure B3(GF),
the two Ir@SiQ nanosol systems applied on cotton textiles cover all the fabric area, fitleng
inter-fiber space and promoting a so-calleeramized coatingThe primary nanosized spherical

particles constituting the coating can be observed at higher magnification (Figuée 3-F).

Figure 3.19: FESEM images of untreated cotton textile {/8), blue Ir@ SkKroated textiles (G

D), red Ir@Sig@coated textiles (& F) at different magnification.

Concerning the luminescent properties of the substrates after three treatment cycles,
the data point out that all the prepared samples were qualitatively traceable under UV lamp
~em= 365 nm), showing an unchanged emission of Ir(lll) complexes, with ggamtgion of the
complex into the silica matrix (FiguB1.10). Besides luminescente@SiQ coating imparts
new functional properties to the treated textiles, such as hydrophilicity and abrasgistance
provided by the silica matrix. Luminescent emission from this kind of substratesess an
especially difficult goal to achieve, due to a liqtodsolid state transfer of the chromophore
molecules and to the presence of optical brighteners whose optical emission cemjtatand
% ES0C }A 0o % 35Z }Ju%o A [ ulee]}vX-lajeh iApréghatiog wa ve }( 3
were able to clearly distinguish the emission contribution of the compldsas that of the
optical brightener. In this way, samples can be observed directly under the UV lamp, whereupon
untreated and treated samples appear clearly different (Figure 3.1.10), maintainimg th

expected luminescent output. In particular, the corresponding emission spectra ofdheedr
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samples result in broad spectral curves from the overlapping of Ir complex régtitds dye
spectral profiles (Figure 3.1.11). Since bhee Ir@Si@ system emits in the same visible range

of the optical brightener, the resulting spectrum can roughly be considered as the sum of the
two contributions without shifts in their emission maxima. In contrast, this drawbaclotis
observed for the system based ginQTZ-Me], i.e.red Ir@SiQ. Indeed, the emission profile of

red Ir@SiQ was shifted from 610 nm for the nanosol state to 590 nm as a coatirgyialthe
typical 3MLCT-based emission evidenced also by the noticeable rigidochromic blue shift
encountered at 77K (Figure S1.7 Appendix 1). As well, in passing from a Indispsosed
system to a nanosol coating, the complex structure increases its stability due da sili

embedding and solid state transfer, causing rigidochromic blug'&fift+243,

Figure 3.1.10:Z o Ju P }( ( E] * u%o0 * pM= &S ms). ancoded-(A), silica
coated (B)blue Ir@SiQcoated (C) anded Ir@SiQcoated (D) cotton textiles.
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Figure3.1.11: Emission profile of cotton textile coated bjue Ir@Si@system (a) and byed
Ir@SiQsystem (b.

Taking advantage of the emission resulting from Ir(lll) complexes, 2p-fluorescence

microscopy was used to detect both distribution and homogeneityir@SiQ systems on
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textiles. As shown in Figu®1.12, it is possible to reconstruct each single fiber of the fabric -
detecting only the complexes emission - by cutting off the optical brightemetribution with a

620 + 52 nm bandpass filter. The results evidenced that the complexes coupled andateti

by the silica matrix covered all the fibers in a homogeneous way. Usingatjiualanalysis by
ImageJ software, we compared samples with and without the luminescent complexes. As
expectedlr@SiQ displayed much brighter emissions than both plain cotton and siticated
cotton. In fact, by evaluating the color intensity of the images collected lyrefigence
microscopy, in the presence of theE@SiQ complexes we detected an increase of intensity by

more than 1*16 counts.

Figure 3.1.12: 2p-Fluorescen image of textiles coated bijue Ir@Si@ system (a) anded
Ir@SiQsystem (b.

Washing fastness

Coating adhesion and washing fastness were evaluated by exposing the textiles to
washing tests in dynamic and static conditign&ith the intent to reproduce the fabrics
behavior during washing and in use stages. The washing fastness tests followed a constant
methodology for ICP-OES analysis. The obtained values are negligible botttiarstatynamic
condition, reaching at most some units per cent for all the systems, without anytdéte
release of Ir(lll) complexes (Figusel.13 and in Table1Sl-S1.2 Appendix 1¥. In particular
dynamic tests results showed no significant variation in the behavior of gili Ir@SiQ
coatings as to washing fastness, giving similar values of total silica weigltdo286). After 4
days in static conditions, silica release flattened out, stabilizing at 5% Wveight loss. These
results indicate strong adhesion of the coating and good embedding of thedo(fiplexes into

the SiQ matrix, which also promote a strong interaction with the fibers.
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Figure 3.1.13Percentage of SiQost during release tests both in dynamic condition (a) and in
static condition (b) for textiles coated by three-layerbifie Ir@SiQ system(referred as silica

weight loss% in function of time).

Antibacterial properties

The antibacterial properties of Ir(lll)-based luminescent textiles was comparduhse
displayed by [FrPTZ-Me] and [IrQTZ-Mé]alone against Gran)(Escherichia colknd Gram(+)
Deinococcus radioduranés previously reported, both of the cationic Ir(lll) tetrazole denresti
promoted excellent antimicrobial activity toward Gram positiBeinococcus radiodurans
presenting a minimum inhibitory concentration (MIC) of ... P *dor [RIrPTZ-Me]U 8 ..7P u>
for [IrQTZ-Me], while no antibacterial activity was observed fér colicultures. According to
the procedure reported in the antibacterial activity assessment of textile matetidarallel
Steak Method (AATCC 147, modified), the antibacterial activity was tested of coategistaxtil
direct contact with agar culturé$ This test was chosen as a qualitative method to compare any
differences in their antibacterial strength between Ir(lll) complexes alone and Irhplexes
embedded inside the silica coatings. After an incubation phase of 24h attB@8€ different
exposure conditions were analyzed: dark, natural light and UV + natural light.riBhacte
inhibition is usually associated with an alteration of the parallel strea&ked out on the agar
plates corresponding to bacterial colonies. Unlike results reported by Fatrati (2017, once,
both [RIrPTZ-Me] and [IrQTZ-Mé]complexes encapsulated within ceramic silica coating and
exposed to visible light displayed antimicrobial activity agahstolicultures. IndeedE. coli
growth was inhibited by both blue and réd@SiQ to a comparable extent (blue@ SiQ shown
in Figure3.1.14, while for redr@SiQ agar plates are shown in Figure S1.8 Appendik.1goli
growth inhibition was observed on the coated textiles once exposed to natghaldand UV +
natural light, while no alteration of the streaks is observed for samples left in ésskiThis

results might suggest a photo-induced antibacterial activity of the Ir(lll) triplet emift€ysifce
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stabilized by silica, an effect that can be correlated with the production of singlgeax§O.)

that - together with other ROS - might be potentially toxic for bactetta This qualitative
response paves the way to further hypothesis about the driving mechanism causing the
antibacterial activity displayed by@SiQ systems, in which the strong interaction between

silica matrix and complex probably plays a key role.
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~ ;
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light +
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Figure 3.1.14:mage of AATCC 147 tests on blue Ir@8iated textiles in the dark (I) and
under natural light (1) and natural light + UV (lll) conditions.

Wearable-releaset in-vitro test

With the aim of investigating the coated textiles behaviour during their usage, we
evaluated Ir@SiQ NPs release in static condition under exposure to synthetic SWeat
mimicking the conditions of sweaty fabric in contact with the human skid, ewaluating any
possible release of the final material when wearied. We performed 24-hour releaseittests
static condition at 32°C, the typical external temperature of human“&kiafter ICP-OES
evaluation, we observed a very low release of,%i an Ir signal either below or close to the
instrumentation limit of detection (LOD) (Tablel®), a negligible value compared with the

total amount of coating.

Table 31.5: Release values in synthetic sweati@®SiQ coated fabric after 24 hours in static

condition at 32°C.

Ir (mg L) Si (mg L) Weight loss of Sie©%

Ir@SiGNPs | 0.01+0.01| 7.92+0.16 0.95+0.01

Taking advantage of the Franz eedivivo model, trans-dermal diffusion of@SiQ NPs
was evaluated. This choice was made in order to enhance skin exposure by puittimlyéct
contact with the Ir(lll) nanosols instead of sweaty fabric, which showed such eelease of

NPs. After 24h of exposure to@SiQ NPs, no trans-dermal diffusion was observed to occur as
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confirmed by ICP-MS analysis, which showed no detectable amounts of Ir insicecénang
phases (LOD for'#? = 0.010 ug ). By means of separation of the skin into its epidermic and
dermal components, epidermal ad dermal NPs penetration could be evaluatealysés
detected little penetration of Ir into the dermis, while the amount detected withire th
epidermis was found to be higher because epidermis acts as the main B&fridiypically, the
amount of toxic agents detected in the epidermis displays a high variance dyptific donor

skin characteristics, such as number of hair bulbs and thickness (BigjLir8.

0.06 - *

0.05

0.04 +

0.03 +

Ir ammount (pug/cm3)

0.02 +

0.01 4

0.00

B Epidermis blank Dermis blank B Epidermis exposed M Dermis exposed

Figure3.1.15: Ir distribution within human skin in blank and treated samples as determiged b

ICP-MS. (*: values are significant different from the blank with p < 0.05)

The Ir@SiQ NPs distribution on the epidermal surface was then mapped with 2p-
fluorescence microscopy, to better investigate skin surface distribution. Mereaith the use
of a 620 + 52 nm bandpass filter this technique enhances Ir(lll)-based emntigsmitting the
emission from the first skin layer, thus collecting only the signal due to @Bserving skin
samples before and after NPs exposure (Figure 3.1.16), we noticed the presence of light dots
the treated sample. A closer z-stack images analyses obtained by acquiring the first 50 um layers
in thickness (Figur8.1.17), revealed luminescent dots that can be associated to the external
part of hair channels, having dimensions about 20 um in diametexgdés seem to confirm the
behaviour reported in literature for silica NPs with diameter lower than 43°nRarticularly,

Ir@SiQNPs hypothetically released by the textile are stopped in the first skin lapessng to
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the hair bulbs and crowding around them, without any strong damage of the innetaslens

and tissues underneath.

Figure 3.1.16:Superficial images made using a 2p-Fluorescence Microscope of skin ¢ample

beforelr@SiQ NPs exposure and (b) after 24 hours of exposure. Image size is 360Qumm.

Figure 3.117: Tomography images made using a 2p-Fluorescence Microscope of skie ¢am

mm*1 mm*50 um) after 24 hours of exposure @ SiQNPs.

JAA EU JvIE E S} E Z V }%S3Ju 0 E]el e ceu vd v u v I

to identify the real exposure conditions of the fabrics coated Wi@SiQ systems.

For both [EIrPTZ-Me] and [IrQTZ-Mé]cationic complexes we consider 21 uM (15 ug
mL?Y) and 23 uM (15 ug mi), respectively, to be the maximum possible exposure. This estimate
is based on the consideration that in the case of direct contact with Ir complexed ail
skin/fabric friction in the presence of sweat, the entire amount of complex embeduélel

3%wtIr@SiQ systems (3 g™Lof Ir@Si@) can be freed and made available for cell uptake. The
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w/w ratio between Ir(lll) complex and Si@anosol being 1:1000, dispersion in synthetic sweat

(dilution of 1:2) gives a 15 ug rhinaximum concentration of complex.

Although the half maximal inhibitory concentratiolGf) values are not available for
[RIrPTZ-Me] and [IrQTZ-Mé]for keratocyte cell line, i.e. the cell line used as a model for
human skin, we can consider sdCof other Ir(lll) complexes belonging to the same

organometallic class reported in the literature, having M@lues in the range of 2-10 |tk2%2,

As demonstrated above in the washing fastness section, quite low a rele&s® $iQ
from textiles was detected. So, the only risk could be associated tb@8iQ nanosol, and - as
proved by the Franz cell test - we did not observe any trans-dermal migfatidoth Ir@SiQ
systems, which stop in the first layers of the human skin. In fact, based on the peymeati
values assessed by ICP-OES, epidermis and dermis are able to stop over 9@Medtolr
crowding around hair bulbs. Therefore even assuming the maximum possible reledse u
friction-aided conditions, with all of the Ir(lll) tetrazolate complexes free and alailtie final
short-term exposure should be much lower than the averageJ&lues (2-10 uM) reported in
the literature. In conclusion, our final biological target, i.e. the keratocyte oell firesents a
very low exposure risk to Ir(lll) tetrazolate complexes, whose concentration in the skirm shoul
be negligible. However, more long-term exposure and cytotoxicity testsbeilheeded for

achieving the safe industrial production and usdr@SiQ coated textiles.
Conclusions

In the present work, we produced two new typesliag®SiQ NPs based textile coatings,
displaying very promising self-marking and antibacterial properties. Tlamgstimteraction
between Ir complexes and silica nanoparticles gives these systems the abiliy ¢asily
detected under UV light, both when used as coating for textiles and after release in the
environment. The obtained textiles predsea homogeneous distribution of the luminescent
coating, whose mechanical and chemical resistance can be evaluated, simply tracking the
luminescence of deposited and released NPs. In addition, preliminarpaaterial testing
shows interesting antimicrobial properties against both Granipejr{ococcus radioduranand
Gram(-) Escherichia cqli probably due to the known productioaf light-induced reactive
oxygen species. Finally, the stable optical properties showh@piQ NPs, make them ideal
candiddes to track the presence of NPs in different biological matrices, providing useful

information for the assessment of the potential risk arising from dermal exposure to NPs.
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3.3.2 CuO nanoparticles penetration through intact and

damaged human skin

Source (publiched paper)* U Kanoparticles penetration through intact and damaged human
el]Jv_X /X ¢ v}v]U DX @E}+ E U "X KES 00]U DX XopNHU }' U E]VL &X

Journal of Chemistry, Advance Article

Introduction

Since the manufacture and use of NPs are increasing in the market, humans are more
likely to be exposed within occupational, consuroerenvironmental scenarios. The skin is the
largest organ of the body, accounting for more than 10% of body indseming, as a
consequence, a great area over which intentional and unintentional exposure ticdls (in
form of particles, cosmetics, clothing, handling products) can é¢échNPs skirabsorption is an
issue which the scientific community has been addressing, for the concerns ovexziue that
transdermal flux of NPs can generatelowever, so far there are still many knowledge gaps in
order to fully understand origin, properties and fate of NPs that cause adverse efects
biological target%

The impact of metal oxide NPs on human health and environment has beettydeep
investigated because they possess potential safety concerns to humans, animals as well as
aquatic biotd®°1%11, The increased interest for copper oxide nanoparticles (CuO NPs) is due to
their unique, electrical, catalytic, optical and magnetic properties that make themidibal
candidate for the development of supercapacitors, near-infrared filters, magnetic storag
media, sensors, catalysts, semiconductors,.2tcin addition, their great antimicrobial action,
against a wide range of pathogens and also drug resistant bacteria, have led to the development
of various applications in the biomedical field (wound dressings, modietiles, skin creant).
Several in vitro studies have provided evidence that CuO NPs are particularly powverful
comparison to other metal oxides in terms of triggering cytotoxicity and genotoXitijé1718,

CuO NPs toxicity on fish is well documentét] even few data are available on other animals
and no data are available on exposed workers. Gosens et al. in 2016 assgssedwden and
pulmonary toxicity in rats exposed by inhalation route to CuO NR#ingrthe development of

acute lung inflammation and cellular damage for 5 days with a wésal of alterations after 3
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week$!. The study permitted to obtain data useful for risk assessment. Costa et al. in 2018
confirmed that inhalation of CuO NRy E S$e<[ -<i¥ fo d®2 mg cm) cause upregulation

of the oncoprotein ECT2 and the chemokine CCL2 and other proinflammatory markelsas we

% E}o]( & §]}v Jv E}v Z} 0A }o E %]3Z o]Juu (S&RAnredd}€ESrs Eu ]
al. (2018) studied toxicity of CuO in rats after administration of 5 and §kgh per body
weight day* for 14 days, finding a significant dose dependent alterations in antioxatayme
activitieg®. The resulting data showed a significant decrease in Glutathione level, Catalase and
superoxide dismutase activity, and the increase of the lipid peroxidation prqMBA) levels,
confirming the capability of NPs to induce oxidative stress, inflanmmatand consequent
damage to proteins, membranes, and D#A Cathe et al. (2017) studied keratinocyte
HaCaTcells exposed to CuO NPs finding an increase of ROS production wised &xpoand

25 pug mt! of NPs in a dose related mattérFor this reason, the importance to test the toxic
action of CuO NPs toward humans is particularly clear, with a special focus to skin penetrati
route of entry. However, very few studies are focused on the effects of ENMs and icufzarti

of CuO on human skin biological tar§/ét and the outcomes of these toxicity studies are
insufficient to draw conclusions about the specific mechanisms of trans-dermallsuepto

CuO NP$%, At this purpose a systematic characterisation of physicochemical properties and
the estimation of the released toxicant €uions is fundamentdl, together with the
investigation of penetration and permeation pathways. Therefore, in this study we
characterised CuO NPs dispersions in synthetic sweat, in order to capture the surface
modification occurring in relevant exposure medium and investigatedinthétro penetration

and permeation of CuO NPs into human skin, by using Frana-ciétb modef?.

Experimental part

Materials. Commercial CuO nano-powder (declared average particle diameter: 12 + 4
nm) was provided by PlasmaChem GmbH (Germany) and used as referencalmaiaing
ME}I% v WE}I 8SGA Nb.EJ4305). Nitric acid 70% (redistilled, 99.99% trace metal
basis) and all inorganic salts were of analytical grade and purchased from Sdyinh-£5t.
Louis, MI, USA). Human skin derived from surgical waste from Clinical Uyieqsartment of

Medical and Surgical Medical Sciences of Trieste.

Preparation of nanoparticles suspensioA. CuO stock suspension at a concentration of
10 g I of Cu (1 wt%) was prepared by dispersing CuO powder in phosphate-buffered saline
(PBS) medium (total phosphate concentration: 0.05 M, pH = 7.4) and baigntile resulting

suspension wit®d 3 mm zirconia spheres, over 95 h.
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Intrinsic properties.Morphological characterization of CuO NPs was performed by field
emission-scanning electron microscopy (FE-SEM) instrument (Carl Zeiss Sigma MTS Gmb
Oberkochen, DE), coupled with scanning transmission electron microscopy (S@tEdrd
One drop of the CuO stock suspension diluted in MilliQ water (100 |y wés deposited on a
film-coated copper grid and then dried in air. Image analysis was performed om timam 50
particles to estimate the average diameter of particles. Colloidal characterizationdpHyvd -z
potag was performed on samples diluted in synthetic sweat (100 pg*)mmaking 3
consecutive analyses on 3 different batch dispersions. Samples were exposed to synthatic swe
at 32°C (mean skin temperature), collecting data after 1h and 24h. The lyydnwdic diameter
was determined by dynamic light scattering (DLS) and Zeta potential (Zpote g by
electrophoretic light scattering (ELS), both performed using a Zetasmmeo ZSP (model
ZEN5600, Malvern Instruments, UK). The Smoluchowski equation was applied to convert the

electrophoretic mobility to zeta potential.

Preparation of media.As relevant media, we used a solution of synthetic sweat at
0.5%wt NaCl, 0.1%wt Lactic Acid and 0.1%wt Urea, corrected to pH 4.5 with Ammoniu
Hydroxide 1N.

System-dependent propertiedhe quantification of copper ions dissolved in synthetic
sweat was performed by centrifuging 15 mL of 100 g siispension at 5000 rpm and a spin
time of 30 min, using an ultra-centrifugal filter (UCF) unit (Amicon USrat@ kDa, Millipore).
The filtered solution (10 mL) was analyzed by inductively coupled plastizalopmission
spectrometry using an ICP-OES 510@rtical dual view apparatus (Agilent Technologies, Santa
Clara, CA, USA). The total copper (CuO NP$'y¥was quantified and used to normalized the
rate C#"/Cuotal in each diluted suspension, which was previously treated adding 10% wafi/vol
ultrapure HNQ to ensure complete digestion. €uion release was calculated as the ratio
between the dissolved copper ions from ultrafiltration and the total coppesengs in copper
oxide suspensiof. In order to perform tests on CGuions, we applied to thé-vitro model the
ultrafiltrated solutions coming from three different aliquots of CuO disperseyithetic sweat
(100 pg mt) after 1 h of exposure time. The ultrafiltered solutions put in contaith the

model had a total ionic concentration of 30 ug L

Preparation of skin membraneHuman abdominal full thickness skin was obtained as
surgical waste. Prior to freezing, subcutaneous fat was removed and hair shaved. All the pieces
}( (Moo 3Z] Ilv se el]v A E +8}E v (E T E 3 > £ (FH 8% E]}

months. It has been shown that this method of storage does not damage the skinrgince
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difference in permeability was observed between fresh and frozen segments of the same skin in
a separate series of experimepftsSkin integrity was tested before and after each experiment
using electrical conductibility by means of a conductometer (Metrohm, &68trohm AG
Oberdorfstr. 68 CH-9100 Herisau) operating at 300 Hz connected to two stainless steel
electrodes®. The conductibility data, obtained in u% & }vA E3§ FvCel® with a

E <]*3 v o0}A E 37 v iX8iwdfe tirisidered to e damagédDamaged sample

skin was obtain following the Bronaugh and Steward profSc@he use of surgical waste skin
was approved by the Ethical Committee of Ospedali Riuniti di Trieste (Rasalfithe Ethics
Committee of Ospedali Riuniti di Trieste No. 298, 3 August 2007). The Ebioatittee of
Ospedali Riuniti di Trieste approved the study no. 298/2007 and each dagreed an informed

consent.

In-vitro diffusion system.Percutaneous absorption studies were performed using static
diffusion cells following the Franz Method (1975). The receptor @rtnent has a mean
volume of 4.5 mL and was maintained at 32°C by means of circulation of thited water in
the jacket surrounding the cell. This temperature value has been chosen in ordeprtmuce
S§Z Z v [+ %o £8& tdhpagrBtlire at normal conditions. The concentration of the salt in the
receptor fluid is approximately the same that can be found in the blood.sbihgion in each
cell was continuously stirred using a Teflon coated magnetic stirrer. Each pieténoivas
clamped between the donor and the receptor compartment; the mean exposed skin area was
0.95 cnt and the average membranes thickness was 1 mm. The experiments were performed as

follows.

At time 0, the exposure chambers of three Franz diffusion cells were filled withniy11
cm? of CuO NPs solution dispersed in PBS (conc. 10amdl diluted 1:100 with synthetic sweat
at pH 4.5 to reproduce in vivo condition (1 mL solution). At selectedvials (4, 8, 12,16, 20, 24
h) 1.5 mL of the dermal bathing solution was removed and analysed at ICBad$ receptor

sample was immediately replaced with an equal volume of fresh physiological solution.

Skin permeation experiments on abraded skin were conducted following the same
procedure. The skin was prepared following the protocol reported by Bronaugh and Steward
(1985): skin was abraded by drawing the point of a 19-gauge hypodeesitie across the
surface (6 marks in one direction and 6 perpendiculars). For each experiment, oveasel
added as blank. The blank cells have been treated as the other cells with #ierdhat only
synthetic sweat, without NPs, was used in the donor compartment. In order to ateathe

contribute of free ions to the penetration/permeation process we applied the samenaile
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used for NPs exposure to the ultrafiltered solutions extracted after 1h of exposiggnihetic
sweat (ionic concentration 30 pg mil. Each experiment has been repeated two times, in order
to use the skin of four different donors, for a total of 6 cells with intach,ski cells with

damaged skin, and 4 blank cells.

Analytical MeasurementslICP-MS Nexion 350X with an ESI autosampler, (Perkin Elmer,

USA instrument) was used to determinate total Cu concentration in the receiver phases- A fi
points standard curve, obtained by dilution of Cu standard solution for ICP-Mgsasalby
Sigma Aldrich, Milan, Italy), was used for ICP-MS measurements (0i01 -.:},Rorrmass 65
u.m.a.). The analysis was carried out in kinetic energy discrimination (KED) modeltuaing u
ZIPZ %uE]SC Z o]pu ~(0}A taEmidimige gokdi@nicinteiferences. The limit of

§ 3]}v }( wn A < iXi¥dr ICPPMS> and the precision of the measurements as
repeatability (RSD %) for the analysis was <5%. Total Cu concentration inptlases and in
the solutions resulting from the mineralization of the skin samples were performd@B-OES
using an Optima 8000 Spectrometer (PerkinElmer, U.S.A.), equipped with an S10 Autosampler.
Analysis were conducted using a calibration curve obtained by dilution (ranged fig mtt) of
Cu standard solution for ICP-OES analyses (by Sigma Aldrich, Milan, ItalpitTialétection
(LOD) at the operative wavelength of 324.754 nm was 0.01 ug e precision of the
measurements expressed as relative standard deviation (RSD %) for the analysis was always less

than 5%.

Statistical Analysis. 1 }v VvSE S]}v §%) ir thé® receptor solution were
JVA E§ &} §Z U uluvs 8Z § % v SE § ddMathlanatysiE&was pv]s ~...P
performed with Excel for Windows, release 2007 and Stata Software, version 11.0 ¢giataC
LP, College Station, TX, USA). Skin absorption data were reported as mearatd slamchtion
(SD). The difference among independent data was assessed by means of the Mann-Whitney

test. A p value < 0.05 was considered significant.

Results and Discussion

Intrinsic and system-dependent properties

The morphological characterization of CuO NPs is reported in Figure Bh2.1mages
collected by FE-SEM (Fig. 3.2.1a) and STEM (Fig. 3.2.1b) well show the markedi@ggrega
degree of the particles probably deriving from the high temperature treatment undergone
during the synthesis procesdN§50°C). The magnified STEM image (Fig. 3.2.1c) reveals the

primary NPs, spherical shaped, with an average diameter of 12 + 8 nm, consigterthe
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supplier specification. The highly aggregated behaviour of CuO NPs dispersedimadillheen

confirmed in the previous study by Ortelli et al. {Z¢*, reporting a large hydrodynamic

diameter (hiseW 107 F Al vuU }u%o A]3Z o}A v-pots3A0.11+0.4%}35 v3] «
mV, which did not provide the necessary electrostatic stabilisation to ensure the colloidal

stability.

Figure 3.2.1:a) FE-SEM, b) and c¢) STEM images of CuO NPs dispersed in Milli-Q water
(concentration 100 pg mt).

The agglomeration behaviour of CuO NPs in MilliQ has been compared with the
assessed values ob@d Vv -pote s after dispersion in synthetic sweat, to better mimicking the
real transdermal exposure condition¥he results, together with data on static dissolution,
measured after 1 and 24h of exposure are shown in Table 3.2.1.

Table 3.2.1:dois v -pote sand static dissolution (Cu ionic fraction) of CuO NPs dispersed in
synthetic sweat (100 ug ).

ZpoteLs I Cuonid/ Cuotal Weight
‘ ‘ pH doLs(nm) (mv) Cu (ionic) pg nik catio %+
After 1h 5.8 5171 +£1980 -6.6+1.0 21.7+15 16.2+4.9
After 24h 5.6 4744 £ 3617 -59+1.3 27.2+1.0 20.3+6.1

*: data are normalized and calculated as the ratio between the Wlisdocopper ions and the analysed total copper
presents in copper oxide suspension.
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The high standard deviation of the hydrodynamic diameter size as calcularedkigg
3 consecutive measurements on 3 different batch dispersions (Appendix 2 Tale S
confirmed the low colloidal stability of synthetic sweat suspensions and the preypresence
of multi-dispersed aggregates. If compared to water, the colloidal stability of syothetat
suspensions is even worse, as expected by the increased amount of dissolved salts and by the
resulting compression of electric double lajfeX-pot values, in fact, decrease, approaching the
IEP (pH value corresponding &pot = 0), so justifying the high instability that promotes the
aggregation phenomena. Otherwise, the time of exposure does not seem to #fecblloidal

stability and just after one hour of exposure the samples reach stable valuessofvd -pote.s

In order to track the fate of CuO NPs in contact with human dermal target we measured
the concentration of copper (as NPs or ions) throughout three different compartmeats, a
schematized in Figure 3.2.2 (synthetic sweat; human skin: epidermiseaimtsg receptor fluid).
To understand how CuO NPs translocate through the human skin, we evaluatedtahe to
amount of copper present in the three compartments. Before discussing the resultguidsh
be taken into account that it was possible to discriminate between the concentration of NPs and
of ionic fraction (ions most likely released from the surface) only in thghstic sweat,
applying anUFtreatment. This gave us an idea of the static dissolution in exposumditcoTs
and provides an indication of the amount of copper that can easily crosskithebarrier or can

be released if NPs themselves penetrate it.

Copper in
‘ sweat inediun:l Synthetic sweat
|

CuO NPs

Epidermis

- Dermis

Receptor fluid

Figure 3.2.2:Scheme of human dermal exposure to CuO NPs: different compartments and
translocation routes. CuO NPs in synthetic sweat is the donor phase, the skiteddinio
epidermis and dermis) is where penetration processes occur and the physiolagiorsad the

receptor fluid where copper permeates.
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In-vitro test

The Cée ion static dissolution was measured in the synthetic sweat (Appendix 2 table
2.2) and compared with that of wat&t The increasing dissolution from less than 1% (in water)
to 20% (in synthetic sweat), is attributed to the decreased pH (from 6#&cidic pH 4,5 of
sweat}’.The copper skin penetration after 24h of exposure to human skin (100 ggpimCuO
NPs in synthetic sweat), confirmed the expected low permeation of coppdénanintact skin,
with the highest value found in the epidermis, layer that works as main barrier against
environmental pollutants. Even if few examples are reported in literature, metal oxideadPs
CuO NPs, tend to aggregate especially in hollow such as hair bulbs, rgaemétiation, that is
so mainly due to ions released by RIPEhis behaviour is confirmed by Cohen et al. (2013), who
investigated CuO NPs penetration into human skin by a diffénevitro set-up proving by TEM
that mostly of CuO NPs are stopped by epidermis, without penetration into rther iskin
layerg’. Therefore, the most valuable hypothesis is that CuO NPs in their highly aggregated
form, as confirmed by DLS analysis, are stopped in the first skin layer, most [groi@bng in
hair bulb$ and reaching a concentration of around 1 pugZ(h.05 + 0.5 pg cé). On the other
] U §Z u P el]v } ev[S %o (E -eievact®ify amdshowead iher values of
copper (NPs and ions), with a concentration of 2.73 + 1.9 tjicrtihe epidermis and 7.09 + 5.8
ug cm? in dermis (Fig. 3.2.3 and Appendix 2 TaBl8)S

20 4 8 -

Cu® exposure *

18 A u Epidermis

m Dermis
16

® Total
14 4
12

10 4

Copper penetration (ug cm2)

Blank Intact skin Damaged skin

CuO NP exposure

Copper penetration (ug cm?)

= Epidermis *
44 = Dermis
= Total

Blank ' Intact skin Damaged skin

Figure 3.2.3Copper skin penetration at 24 h to 100 pghaf CuO NPs in synthetic sweat, data
are reported as mean anfiDin the bar chart. In the small box: blank, intact and damaged skin
(total p=0.046, epidermis p=0.04, dermis p=0.046) exposed to the ultrafilsokitions (results

expressed as means afd). *: values are significant different from the blank.
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To better investigate the ionic contribute to penetration, we got in toudtnafiltered
solutions to human skin in the Franz cell with a ionic concentration qfg3tL!. The results
shown in the inset of Figure 3.2.3 evidenced that*@ns are able to reach the inner skin layers
only if the epidermis is damaged, otherwise the copper penetration is negligible. In fact, for
abraded skin, the copper amount in epidermis is of 0.92 + 0.16 fgMite in dermis touches
the value of 4.44 + 1.69 ug cénTherefore, these data confirm that the epidermis acts as main
barrier against both Ctiions and CuO NPs dispersion. If we compare the correspondirg) mas
concentration of Cu found in the epidermis for intact and damaged skin with literature exposure
limit dose that causes some detrimental effects on keratinocytes ¢e|lg (mL* of CuO NPs),

we can conclude that both concentrations can cause possibly toxic effect for the skin.

As copper penetration as NPs or ions in the skin resulted relevant, we tested the
percutaneous permeation of CuO nano-suspension that reached the receptor fluid.g=g. 3
Starting from both CuO NPs and®Csplution we found that the permeation through intact skin
was negligible and comparable with the blank sample (p = 0.08 for CuO NPs=afdb dor
Cu"). Otherwise, we observed a progressive increase of copper concentration in damaged skin
Copper was able to reach the physiological solution with a penetration val24 ladurs of 0.55
+ 0.44 pg cm (p=0,046), an estimated flux of 0.04 + 0.04 ug?brhand a lag time of 8.8 + 1.9

hours. A very similar behavior was assessed for thé* Gonic exposure (Fig. 3.2.4) with

damaged skin.
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Figure 3.2.4Copper penetration (means and SD) in receptor fluid for blank, intact and damaged
skin. In the small box: blank, intact and damaged skin exposed to ttediltéted solutions

(results expressed as means &iJ. *: values are significant different from the blank.
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In fact, starting from the Ctisolution as donor phase, the amount of ions able to reach
the receptor fluid is very close to the value detected for the CuO NPs. For ions wetedleula
penetration value at 24 hours of 0.59 + 0.20 ug%dp=0,046), an estimated flux of 0.05 + 0.02
ug cm?ht and a lag time of 11.6 + 0.3 hours. The small differences in penetration after 24 hours
between CuO and Guions exposure is consistent with the hypothesis of a Trojan horse
mechanism. Even if NPs and ions cannot be distinguished by the anayatahtion, we can
assume, based on our results and on literature data, that NPs and ions are ndbgidess
throughout the intact skif*83%49_ On the other hand in damaged skin, we can hypothesize that
the amount of copper detected in the receptor fluid should be most likelp@ated to ions

permeation and penetration vehiculated by CuO NPs within 24 hours of expbsure

To evaluate a possible systemic risk, we considered the NOAEL (No Observed Adverse
Effect Level) and LOAEL (Lower Observed Adverse Effect Level) obtained for Cu ions after oral
exposure of humans: Araya et al. (2002) reported a value of 0.011 frataigand 0.018 mg Kg
day (nausea) for a single exposure, respecti¥elgonsidering an exposure of both hands and
forearm of 100 criwithout cleaning procedures, the amount of Cu that, based on our data, can
permeate the damaged skin would be 55 + 44 ug, so well below the NOA&htedldor a 70
kg man (0.77 mg). Nevertheless, we should take into account that data on NOAEL &hdfdOA
CuO NPs are not available in literature, so the only extrapolation we can do, in ordeniatesti
if we are below or above the exposure limits, is in terms of copper that riecteceptor fluids

in its ionic form.

Conclusion

Franz model technique was used to investigate the total amount of coppergagimg
through human skin during a 24 hours period and the amount presestlenthe skin once
divided in epidermis and dermis layer. Experiments were run with intact skin as wellaaedb
human skin following the Bronaugh and Steward protocol to estimate the effect ofesions

on the permeation rate and the routes used by NPs or ions to gain penetration.

At our knowledge, this study represents one of the first-time results on human skin
penetration of CuO NPs. Intact epidermis acts as good barrier against bttio@iand CuO
NPs dispersion, presenting negligible copper passage through the skin. On the otherahand,
higher value of penetration was observed in damaged skin where the amount gieicop
increased in time in the physiological fluid for exposure to both" @ms and CuO NPs. These
results are comparable to previous studies on the cutaneous absorption of other meédal o

NPs*34445 whilst the CuO NPs ion release detected was higher than the other tested NPs.
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More broadly our study demonstrated that Cu can penetrate and permeate the skin in
significant amount and toxicological data available in literature suggested a lgolssial effect,
mainly when workers presented an impaired skin barrier. Our results suggested the need to
% E}S 3 AYEI E[ *l]v pe]VvP % Ee}v 0 % E}S 3S]A S}<uAPJu 2 ~ }p o
direct contact with CuO NPs. A special caution needs to be applied for workers witpaired

skin barrier, although gloves can be considered protective.
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3.3.3 SRICP-MS as powerful tool for the evaluation of baby
porcine mucosa exposure to silver nanoparticles

Source (under submission paper)

Introduction

Nowadays, silver nanoparticles (Ag NPs) are widely diffuse on the market in different
application of common use, like food packaging, containers, toothpaste andl tereishes,
alcohol free mouthwash, nasal sprays, nipples and nursing bottles, technical texitkécain
devices, water purification devices €t¢3 The large use of Ag NPs in many applications that
involve human occupational and consumer scenarios is justified by their knowractatital,
antiviral and antifungal properties to prewsS Jv( §]}veX *% ]85 S8} ]S v ] vVvS pue U "~}
nano-silver has been used for medical applications and manufactured commesaialy1897,
nano-+]oA E (}uv E v Ao AZ v 18 pe « ~"e]JoA ®Q}v @@ o0 +]VP_ v
supported by scientific evidencesBesides the lot of benefits that the use of nano-silver can
generate, in terms of resources conservation, disease prevention, many concerns itsbou
potential toxicity for human health and / or environments raisédThe Environmental
WE}S 3]}v PV C ~ W s suPP ¢35 Al dgjly as(ref¢redce@ode (Rfd).fér |P
JE 0 A%}*uE Vv o00}Ae 3}5 0 ]JoC (MEuvE $f TEMoneB&r( JoA E
silver intoxication drgyria) is reported in literature and has been described through oral route,
in people who drank it for deliberate uptak® or through skin route, when wound dressings
containing Ag NPs are used on burns for more than 30% of the skin $firfElce Agency for
Toxic Substances and Disease Registry (ATSDR) deaagipes « ~ }eu §] % &} o u_U e]v
it consists mostly in a not reversible bluish-gray discoloratioth@fskirtl. Nevertheless there
are isolated reports of more serious neurologic, renal and hepatic complicatiossctdy the

ingestion of colloidal silvét*2

Definitely, Ag NPs are able to come in contact during their lifetime with humasttarg
and in specific with oral muco¥d®, especially in applications in the food and personal care
sectors. Oral mucosa traditionally acts as first barrier to xenobiotitiseirdigestive tractt?’,
but due to its histological structure oral mucosa shows a permeability 20 times higheredvat
and 4 up to 4,000 times higher to different drugs if compared to'&kDespite the research

efforts, transoral absorption and penetration of NPs through mucosa are not coshplatown
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and not yet been fully definél Moreover, experimental data derive in most cases from animal
or human adult donor skin, thus findings are applicable only to predict thét @dpulation
transdermal permeation. Focusing on adult mucosa exposed to Ag NPs, Mauro(2014)
demonstrated that silver can permeate the oral mucosa barrier and that absorption is
substantially due to translocation &g iong. This study investigated the permeation of Ag
NPs through oral mucosa, using adult porcine mucosa-afro model. In fact, the porcine
lining mucosa is the most similar to the human one in termstafcture and enzyme activity
and is a deeply investigatedn-vitro model to estimate human buccal absorption and drug
penetrationt®, Although NPs penetration through oral mucosa is not fully known for adults, less

data are available for permeation / penetration in children as well.

Children are likely exposed to Ag NPs that are already embedded in comimerci
products used by children - such as pajamas, baby blankets, plush &mykalso in items used
around children - such as disinfecting sprays, surface wipes and kitchen scrégbbepesing
skin and buccal cavity of children to silver ionic dadW e (}EUX /v 18]}vU  Z]Jo & v][-
oral mucosa significantly differ from the one of adults and so the availabietoxicological
IviAo P vv}S % E ] 8§ Jv( v§[- Eu o vreppds lmave shawbudBdt} v X .
Jv( vS[e SCE& ve &u 0 A%} uE V 0 §} +Ce<S u] (( 8§«U
permeability and in the activity of metabolic pathways, that can transform a nontoxicandsst
for adults into a toxic substance for children, but data on nanotoxicology and btalgnin
childhood are lackirtg?*2?®. Children dermal and oral exposure to NPs are issues that need to be

addressed, in order to better define the risk of exposure also in comparison with adults.

For the above reasons, in this work, we performed experiments to investigate the
possible penetration / permeation of Ag NPs into / across the children bucaadsapusing a
standard dermatologicalin-vitro ex-vivo model(Franz cell) applied to oral baby porcine
mucosd®?’. In particular, we coupled for the first time in this application, the Franznoetlel
with the use of Single ParticleInductively Coupled PlasmaMass Spectrometry (SP-ICP-MS)
technique, to estimate, directly in biological fluid, tAg NPs transformation and translocation
(fate). SP-ICRIS is an evolving tool for NPs analysis in environmental and biologidds,flu
based onCRMS technique and able to detect single NPs in medium, providiaguth as size

]*3E] pus]lv ~vueU Jee}oA u § o 0 and/gartitle Hiumberconentration
(number mLY) at low concentration range (order of ng M=, without needing any pre-
treatment of biological matrix for solubilizing NPs. In this work we tracked NPs in

physiological receptor fluid over 240 min of exposure by followg penetration and the
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permeation of ions, analyzing both the ionic concentration, as well as the W= of

aggregation / agglomeration.
SRICP-MS Theory

One of the main challenges in nanotechnology is a more and more rapigfesieous
characterization of NPs elemental composition, number, size, and size distnipgiiing rapid
information about exposure scenario of both human and environi#ftéht For inorganic NPs
the technique best suited to provide the above-mentioned characteristics is ICP-MS aberate
so-called single particle mode. The SP-ICP-MS technigue is an evolving ta&sfanalysis in
environmental and biological fluids. It is based on the ICP-MS technique plaiamted with
data analysis software, able to detect single NPs in medium, providing amaalisly the NPs
size distribution, dissolved metal element content and particle number cdration at low

concentration rang¥.

Different authors deeply explained the theory of this technitfi@®=°. Basically, the
SRICP-MS involves a process of counting events corresponding to individual NiPs,egires
isolation of the contribution of the NPs from that of the backgroundgsdlved analyte, and
avoiding the occurrence of multiple-NPs evéhtdNPs suspensiois continuously introduced
through conventional nebulization systems used in ICP-MS methodn@aded in the argon
plasma torch, where the droplets are ionized, producing a burst of ions (oneléod per

particle) as described in Figure 3.3.1 (1-2 steps)

Sample  (q) plasma (2 Mass selection (3) Detection Time (4)
Introduction e%

s &
® X :
L ™Y g
o

< 5 a® s L e

500 ps 50 ps Dimension (nm)

Figure 3.31: Scheme of SP-ICP-MS nanosol sample introduction and analysis divided in

steps: (1) introduction, (2) ionization, (3) mass selection and detection, (4) instrumignitou

The ions ionized then pass into the quadrupole to be sorted by their tasisarge
ratios (m/z) as showed in Figure 3.3.1 stef8ly a single mass is being measured for single
particle analysis at timeln SRICP-MS, transient data acquisition speed consists of two
parameters: dwell time (reading time) and settling time (overhead andgssing time¥. The
challenge is that SP-ICP-MS is able to acquire signals at a dwell time shortéhahdPs

transient time, thus avoiding false signals generated from partial particle integratanticle
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coincidence and agglomerates / aggregates. The shorter the settling time, thehksse there
is to miss a nanopatrticle. If, for example, the ion cloud happens to fall withirdtel time

window, it will be detected and generate a signal (peak) on the Frequerymension graph
(Figure 3.3.1 step 4), producing a distribution graph. Otherwise, if it passethntpuadrupole
or reaches the detector during the settling time, it will not be detected, leadingntinaccurate
counting efficiency. Therefore, in SP-ICP-MS analysis the dwell time hasstoalier than or
equal to 100...te obtain a precise NPs counting and sizing. While when disseleatknts are

analyzed, the resulting signal is essentially a steady-state signal as background to tR&peaks

Actually, SP-ICP-MS is still not fully exploited in research and appled fields. This is
basically due to two motivations: the instrumental need to have well-dispersedy$Rsis and

the necessity to have simple medium, unable to dirty the inert parts of the instruth&rie4°

Recently the use 0BRICP-MS as analytical methods is growing and eddifferent
application fields dealing with complex biological and environmental matri8BsICP-MS was
used to analyze NPs content in fresh water and seawater, supporting the evaluatiom NPs
impact on environment, through information such as NPs concentration,nsaéfication and
dissolution procesg344243. The same approach was used in biological media, and the NPs
presence in relevant media, such as human blood and commercially available dietary
supplement$*!® was investigated. The scientific community expects to improve the use of this

technique also in other fields still unexplored.
Experimental section

Chemicals. All chemicals used were of analytical grade. Sodium chloride, sodium
hydrogen phosphate, potassium dihydrogen phosphate, glutaraldehyde (50% v/v),aaittic
(69% v/v), hydrochloric acid (36t38% v/v) and hydrogen peroxide (30%) were purchased from
Sigma Aldrich (Milan, ltaly), while ammonium hydroxide (25%) from J.T. Baitan, (Naly).
Water reagent grade was produced with a Millipore purification pack system (Mii€r). The
physiological solution used as receptor fluid was prepared by diss@id8g of NaHPQ, 0.19g
of KHPQ and 9g of NaCl into 1L of MilliQ water (final pH = 7.35).

Nanoparticles. Silver NPs suspensions for this study were supplied by NanoAmor
Materials Inc. (Houston, TX, USA) and were stabilized with PVP - polyvingipiedicontent of

silver: 25% w/w, polymer 75%).

Standards. lonic Au and Ag standard were used for ionic calibration of ICP-MS,

respectively ion mass of 197 and 107 u.m.a. Au 60 nm citrate coated NPs were used asistand
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for Single-Particle software calibration material (Appendix 3, Tablk).SAll standards used

were purchased from Sigma Aldrich (Milan, Italy).

Donor phases preparationin order to discriminate between Ag NPs and silver ions
permeation, released from the NPs, two different donor phases were prepared just bbfore
experiments. The first donor phase (donor fluid 1), consisting of the Ag NPs susp&reson,
prepared using 200 mg of PVP coafegiNPs dispersed in 100 mL of physiological solution and
sonicated, at the aim to obtain a concentration of 500 mig(és silver content). While, the
second donor phase (donor fluid 2) was prepared by ultrafiltration process,ngidrom first
one and collecting only the ultrafiltered phase, containing the water-delaiver species of the
donor 1 The first donor phase was ultrafiltered in centrifuge at 5000 rpm for 30byimeans
of Amicon Ultra-4 centrifugal filters (10 KDa MWCO). Five ultrafiltered aliquibts rid. each)
were mixed and used during the permeation experiments as second donor phase. The filtered
solution was analyzed by ICP-OES, and the concentration of ions quantifieth (5- 5% of
the donor fluid 1 silver content) and checked also after the end of the experimentsntirm

that remained stable.

Intrinsic properties.Ag NPs dispersed in physiological solution were characterized to
evaluate NPs size and morphology with a transmission electron mi@geg&M208; Philips,
Eindhoven, The Netherlands operating at 200 kV) with a high definition acquisitgiam
based on a side-mounted TEM camera OSIS Morada and an iTEM soft-ware platjonpugOl

Soft Imaging Solutions GmbH, Miinster, Germany).

System-dependent propertiePynamic light scatterin{do g and Zeta potential (ZP 2
poterd measurements on Ag NPs were carried out using a ZetasizerNano ZS (Malvern
Instruments Ltd.)Ag NPs suspension was diluted 1:5 in physiological solution and loatted in
low size disposable cuvette. Summary statistics were obtained using quadtapB min
analysis (total analysis time = 12 min). Instrument performance was verified usingraepol
reference standard known to be 60 nm. While zeta potential was |cal S pel]vP , VEC][-

equation.

Preparation of oral mucosaDue to its morphological and enzymatic similarities with
the children mucosa, baby porcine oral mucosa was used fontligro experiment$®2627, The
Uuu Eve AE }3]v Juu ]380C (3 E %]P[* *0 uPZ3 B ~%}E ]v
months). During the transport to laboratory the tissue was stored at 4°C and then in fraezer
>01E (JE % E]} }( 8Ju u% 3}U u3 vis /AE( SWPUEKAENN KIYUSEZ

tissue was removed from the freezer and thawed in physiological solutionRTatfor
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approximately 30 min before the permeation experiment. It has been shownttigimethod
of storage does not affect the mucous barrier properties, since no chande ipagrmeability
has been previously mention&d Mucous membranes integrity was tested as suggested by

Lestarf>.

In-vitro diffusion systemPercutaneous absorption studies were performed using static
diffusion cells following the Franz motfel In mucosal permeation studies, the receptor
compartment has a mean volume of 4.5 mL and was maintained at 37°C by means of circulation
of thermostated water in the jacket surrounding the cells throughout the expemimThis
temperature value has been chosen in order to reproduce oral physiological @nditThe
concentration of the salt in the receiver fluids was approximately the same that can be iioun
the blood. The solution in each cell was continuously stirred using a Tedked magnetic
stirrer. Each excised sheet of mucosa was clamped between the donor and the receptor
compartment in such a way that the epithelium faced the donor, and the connective tissue
region faced the receiver compartment. The mean exposed area of the mucous membranes was

0.95cm?. The experiments were performed as follows.

Exp. 1: The first experiment has been performed with the donor flugbntaininga
suspension of Ag NPs and ions naturally leached from the suddcéme O, the exposure
chambers of 4 Franz diffusion cells were filled with 1 mL of physiologicdibs and 0.5 mL of
Ag NPs suspension (260 pg €mIn order to check the provided infinite dose, total
concentration in each cell has been confirmed at the end of the experiments by means of ICP-
MS analysis. At selected intervals (20, 40, 60, 90, 120, 150, 180, 21HiR4Q mL of the
receiving bathing solution was removed and collected for the analysis, antedimately
replaced with an equal volume of fresh physiological solution. The experiment was carried out
for 240 min, as suggested in other studf&& At the end of the experiment the mucosa pieces
were removed, washed abundantly with MilliQ water, and subsequently stored in the freezer
together with mucosal bathing solutions and the donor solutions forfdtlewing ICP-OES and

ICPMS/ SRICP-MS analysis. The experiment was repeated twice for a total of 8 cells.

Exp. 2: The second experiment has been performed with the donor fluid 2, containing
Ad ions extracted from the donor phase 1. The exposure chambers of 4 Ffarsiodi cells
were filled with 1 mL of physiological solution and 0.5 mL of theltAgriitered solution (13 pg
cm?). The other test conditions were the same of the experiment 1. The experiment was

repeated twice for a total of 8 cells.
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Four cells were used as blanks following the same procedure described inlexp 1

without the exposure to Ag NPs.

Mucosal digestion. All the mucosal exposed samples were collected and stored
individually in freezer at25°C for the following digestion and analysis. At the time of the
analysis, the skin membranes were dried for 2 HRat weight, and then acid-digested in a
closed microwave system (Multiwvave PRO, Anton Paar) using 2.5 mL e{&8%) and 0.5 mL
of HO, (30%) for digestion. The obtained solutions diluted to a fiméimme of 10 mL with
MilliQ water for the ICP-OES analysis.

Inductively coupled plasma mass spectroscopy (ICP-MS) and Singiel®application
(SRICP-MS)Total Ag concentration in the solutions resulting from the mineralization ef th
mucosa samples were performed by ICP-OES using an Optima 8000 SpectrBariaE(mer,
U.S.A), equipped with an S10 Autosampler. Analysis were conducted using a califuaten
obtained by dilution (range: 0 - 10 mg)lof Ag standard solution for ICP-OES analyses. The LOD
for Ag at the operative wavelength of 328.068 nm was 0.01 rhgThe precision of the

measurements expressed as RSD % for the analysis was always less than 5%.

An Inductive Coupled Plasma Mass Spectrometer, ICP-MS Nexion 350X with an ESI
autosampler (Perkin Elmer, USA instrument), was used to determinate the total silver
concentration in the donator and receiver phases. The analysis was carried out in KED mod
using ultra-high purity hoJpu ~(0}A & § }d @ XinBnize polyatomic interferences.

A five-points standard curve, obtained by dilution of Ag standard solution feMI€Rnalyses,
was used for ICP-MS and SP-ICP-MS silver ionic calibration measurements (0.8,11j, 5. &>

ion mass 107 u.m.a.).

For SP-ICP-MS analysis all samples were run using the Nano Application Module
ANCVP]*]8AE i *}(3A E ~A E-]}v 120imn for %bush, %wastand delay, and
nebulizer gas flow of 1.12 mL nfirwere used for measurements. The sample uptake was 0.34
mL mir* v A oo 3Jlu }( Al ..o A e pe A]3Z Olo ealeulatothpv P S]u X
transport efficiency (1, 5 and 10 pgYLionic Au standard was used f@RICP-MS ionic
calibration (ion mass 197 u.m.a.). While Au 60 nm NPs citrate coated susperes®nsed as
standard for NPs size dimension in Single-Particle software calibration maiér@b0 nm Au
particles were diluted in MilliQ water to 50,000 particles numipet* for SP-ICP-MS size
calibration NPs concentration and other parameters were provided by the supplier (See
Appendix 3, Table3d). We calculate a transport efficiency of 4%. The Ag calibration curve for

dissolved metal element content was performed using Ag ionic standaXcdi(U iU @ vi i1 ...P >
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ion mass 107 u.m.a.). Calibration curve obtained for Ag dissolution concentiatreported in

Figure 8.2, Appendix 3.

Statistical Analysis. P }v Vv3&E §]}v &) i thePrecaptor solution were
}JVA ES &} §Z P u}uvs §Z § % v SE § %O)@Datd Janakysi€Ewas HV]S -~
performed with Excel for Windows, release 2007 and Stata Software, version 11.0 ¢gtataC
LP, College Station, TX, USA). Skin absorption data were reported as mean +dg@rdinee
among independent data was assessed by means of the Mann-Whitney test. A p value <0.05

was considered significant.

Results and Discussion

Properties ofAg NPs colloidal dispersion
The patrticle size distribution of Ag NPs in water and in exposuretmondionor fluid 1) was
evaluated. TEM images (Figure 3.3.2) show spherical NPs with a quite natibution of size
guantified as 19 + 5 nm. TEM measurements were compared to DLS size distr{lbigiore

S3.1, Appendix 3).
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Figure 3.3.2TEM images of the Ag NPs dispersed in physiological soltimber of measured
NPs: 100 (A: bar = 200 nm; B: bar = 100 nm).

The analysis revealed a stable suspension with measedual to 57 nm, a polydispersity index
(Pdl) of 0.280 and zpoteis}( >iiXd F iX7T usX dZ %% E v3 uleu 8 Z SA v
sizes was the result of various facts, as elsewhere reptttéu principle the DLS technique
measure the hydrodynamic size as a result of aggregated unit$ particles embedded in a

polymeric matrix, as is the case of such PVP coated Ag NPs.
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Ag permeation through oral mucosain-vitro ex vivo Franz cell model

Passive silver flux permeation and penetration was demonstrated through babingo
oral mucosa after 240 min to both donor fluids: NPs and ions. In ordea¢& the translocation
of Ag NPs and ions in contact with oral mucosa we measured the concentratiorvesf sil
throughout three different compartments, as schematized in Figure 3.3.3 (donor fifwidpsa

and receptor fluid).

Donor fluid 1 Donor fluid 2

Ag NPS + Ag*ions Ag*ions
leached from the extracted from
surface Donor fluid 1

! 1 -

= Donor fluid

MEASURE Ag conc by ICP-OES after acid
solubilisation

Oral Mucosa

Ag* @
®

MEASURE Ag total by ICP-MS and Ag*
and Ag NPs fractions by SP-ICP-MS G Angs

Receptor fluid

Figure 3.3.3:Scheme of oral model exposed to Ag NPs: different compartments (donor fluid,
mucosa and receptor fluid) and translocation routes (penetration and permeatiddPsf and

ions).

Agpenetration in oral mucosa

The concentration of Ag in donor fluid 1 and 2 was respectively 2@fnigand 13 ug
cn?. We selected different exposure time (20, 40, 60, 90, 120, 150, 180, 24® min) and
evaluated the penetration of silver species (NPs and ions) through mucasa24® min we
measured the Ag concentration in the oral mucosa, finding aghiggconcentration for Ag NPs
fluid (0.32 pg cm) if compared with thabf Ag™ solution (0.08 g crf). This result suggests that
in the case of donor fluid 1 passed in the mucosa not only the ionic fractiore(santentasin

donor fluid 2) but also NPs fraction (Figure 3)3.4

Camparing our results with the penetration oAg NPs in adult porcine mucosa,
described by Mauro et al. (20%5)we found an higher content of penetrated silver (as NPs and
ions) in baby tissues, despite the same exposure conditions and concentrationgnoshe

valuable hypothe]s A ¢ pu 3} J(( E v « SA v C}luvP vfeatumess[e
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Skin and oral mucosa thickness is age-deperfeas consequence developing-skin / mucosa
permeability is higher compared to adult membranes, especially durinditsteyear of life,

justifying an higher accumulation of silver in the mucé%&+°.

0,5 -

04 -

0,3 A

0,2 A

0,1 A

Silver penetration in oral mucosa (pg cm2)

0,0

m Blank m Donor fluid 2 Donor fluid 1

Figure 3.3.4:Silver detected in oral mucosa from two donor fluids after 240 min sxmo (*:

values significamy different from the blank, p < 0.05)

Agpermeation in receptor fluid

The silver permeation in the receptor fluid are reported in Figure 3Thb.permeation
of donor fluid 2 resulted almost negligible and comparable with blaniks. Juggest thafdg' ions
are more probably stopped and absorbed into oral mucosa, that acts as maierparthout
reaching the receptor fluid. While for donor fluid Ag NPs+ Ag), we observed a passage of
silver in the receptor fluid with a flux of 4.1 + 1.7erg? min! and a lag time of 159 + 17 min.
This result support the hypothesis that a translocation of NPs through tissue occurs, promoting
potentially toxic effects through a Trojan horse mechanism, that would justify tghehi

cytotoxicity of Ag NPs if compared with the same concentration of A§%ions

In addition these results confirmed an higher permeation values in baby poitine
comparison with adult porcine analyzed by Mauro et al. (281%he flux permeation in adult
mucosa after 240 minutes of application, in fact showed final values neanyotder lower
than with baby porcine (flux measured in hours of exposure: 6.8 + 4.5 rfgaach 5.2 + 4.3 ng
cm?, donor fluid 1 and 2, respectively), whilst the lag times of 114 + 42amdn102 + 42 min

(donor fluid 1 and 2, respectively) was faster that in baby individual.
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Figure 3.3.5Silver penetration (means and SD) through oral mucosa in recepiifdiublank,

donor fluid 1 an@ (*: values are significant different from the blank, p < (.05

The results ofSRICP-MS analysis of the receptor fluid, exposed to donor fluid 1
(speciation between Ag NPs and*Agns), are reported in Table 3.3.1, in Figure 3.3.6 and in
Figure S3.3, Appendix 3. As shown in Figure 3.3.5 the permeation of Ag hadagtwh ca. 150
min. So, as reported in Table 3.3.1, the first NPs reaching the receptor fluid (aftenihSof
exposure), have size comparable with TEM images, suggesting a passage through the oral

mucosa of NPs in their native dimension.

Increasing the time of exposure, Ag NPs size increased, passing from 193dnmio
indicating a slight agglomeration during the permanence of Ag NPs in thetoedkiid (Figure
3.3.7). The differences between most frequent size and mean size (higher faqpagdlex time)
shown in Figure 3.3.7 are associated to the presence of a higher amoumgerf MPs in the
Gaussian distribution. This would confirm a slight aggregation of NPs, induakkdases by the

saline medium and passage through the oral mucosa, more evident after 240 min of exposure.

Finally, the number of detectedg NPs, and, as expected, their fraction over the total
concentration of Ag (c.a. 75%)}v[S ¢ u S} (( s C S]u v E& Z -3

already after 150 min.
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Table 3.31: SRICP-MS measurement of receptor fluid exposed to donor fluid 1.

Time ll\:/lrzzt Mean Size Part. Conc. Diss. Conc. Fraction Ag  Fraction of
. . -1 -1 i 0, 0
(min) Size (nm) (nm) (numbermL?) (ug LY dissolved (%) AgNPs (%)
240 31+8 389 177445 + 87374 1.45+ 1.25 35+ 10 65+ 10
210 24+ 0 29+1 322290 + 78447  0.51 £ 0.07 16+1 84+1
180 217 269 155136 + 120250 0.39 + 0.22 23+6 776
150 19+7 23+8 215576 + 120408 0.35+ 0.29 25+9 75+9
500 4 4
18
16—.
400 o
\ After 150 min I After 240 min
> 3004 | | > 12..
g a0 N g
6
100 4
2]
T 0 | T I T 4 T ¥, T ¥ T

35 20 40 60 80 100
Diameter (nm) Diameter (nm)

Figure 3.3.6Size distribution of Ag NPs in receptor fluid after 150 and 240 min of exposition

——Most Freq. Size  —®—Mean Size
50
45 -
40 -

Size (nm

15 -

10 T T T T T T T T T T 1
150 180 210 240

Exposure time (min)

Figure 3.3.7Size distribution of Ag NPs permeated in the receptor fluid as a function of #me (
most frequent size an® mean size).
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Therefore, we found that Ag NPs are able to penetrate the baby porcine oral mucosa,
reaching the receptor fluid and being potentially available for translocation processie® i
body in-vivo compartments. The increase in ions amount, from 5% in donor timida.5%in
the receptor fluid can be most likely attributeéd Ag NPs surface transformation (adsorption of
bio-surfactants when crossing mucosa) that could justify the higher amourtnef released
that stay in equilibrium with solid surfate Due to similarity between human and pig
membranes, as reported in literattdfeU ]S[e E <}v o §} eepuoralmugosa SE Ve
passage could occur also in children mucosa once in contact, voluntary or accidenitally

silver NPs.

Conclusion

At our knowledge, this work presents one of the first attempts to evalusgeNPs
permeation and penetration through baby porcine oral mucosa to predict the effgabtential
oral absorption of Ag NPs in children. Frams/ivoin-vitro model was used to investigate the
total amount of silver penetrating the oral mucosa and achieving the receptol; fiuring the
first 240 min of exposure. The comparison between the two donor fltidsfirst containing Ag
NPs dispersion and the second only the ionic fraction, collected framfirst donor fluid,
suggested that only Ag NPs crossed the mucosa, reaching the donor fluiGPIG®-MS
analysis of the receptor fluid allowed the speciation betweanNks and Agions, revealing
that the Ag NPs reaching the receptor fluid are quite well dispersed, ableldase a higher
amount of ions if compared to the donor fluid. Due to the &miy between human and pig
oral mucosa, these findings would support a Trojan horse mechanism, driving pbtexic

effects induced by human oral mucosa exposure to Ag NPs, especially in baby individuals.
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4. Fate in environmental model

For what concern environmental scenario, my research was focused on two main
exposure media: the fresh water and the marine ecosystems, representing, respedéiety/
rivers and sea / oceans. NMs behavior within different environmental compartments
associated to release, transportation and transformation procesgegeally challenging, due to

the wide range of exposure conditions and routes.

One of the main goal in the risk assessment is to define exactly how (form), when
(changes in function of time) and where (spreading in the water compartments)awsTo
reach this goal a complete physiochemical characterization in requested, proviftinghiout
the intrinsic properties of NMs and their system-dependent properties afispersed in the

water medium.

For environmental exposureye selected three case studies and analyzed the intrinsic
characteristic of NMs - such as shape, size dimension and superficial charge - and thei
behaviour in water compartment in absence of microorganism, evaluating dissuoluti

aggregation and sedimentation process

Two metal oxide NPs were selected, titanium dioxide nanoparticles; (Ni€s) ad
cerium dioxide nanoparticles (Ce®Ps), belonging to reactive group (Figure 2.1) and being
almost insoluble in environmental conditiands comparison a partially soluble NMszinc

oxide nanoparticles (ZnO NRgere also investigated.

In agreement with OECD guidelines, Elendt M7 was applied for fresh water
compartments, mimicking the life condition fBaphnia magnapecient®t Egg Water medium
was used for the sea water ecosystem, usually applied-uivo test onZebrafish (Danio rerio)

species

Both Daphnia magnaand Zebrafishspecies arén-vivo model$:’*, used to predict the
final adverse outcome of NMs in water compartments and provide risk assesamf@mhation

as median effective concentrations gg@nd calculate PNEC valtfes
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The experimental testing strategy reported in Figure 4.1.

NMs Selection

Size, shape, superficial

Intrinsic properties functionalization

—naR .

Dispersion in medium —
(OECD N°308)

Size distribution, static
System-dependent properties  djissolution, zeta potential,
sedimentation kinetic

9 mmm =
"2 Fresh water (Elendt Sea water
M7 medium) (Egg Water medium)

Figure4.1: Experimental design strategy for the environmental related case studiem of (

NPs, @ ) TiEENPs and§ ) Ce®Ps.
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4.1 Zinc oxide nanoparticles in fresh water compartment

Introduction

Zinc oxide nanoparticles (ZnO NPs) are produced on a large scale anceaoé the
more produced NPs in the world. They have been applied in differentrseatal extensively
used in food packaging, cosmetics, agriculture, biomedical and UV-absorbécatqps ©. As
for others NPs, also ZnO NPs present evidence of some toxicity againstcspegoiditic
organisms, such as juvenile ca@yprinus carpjoand daphnia@aphnia magn}’, and human
compartments (lung and liver cell culturg4). ZnO NPs behg to partially soluble group in
DF4nanoGrouping, with possible adverse effects associated to the dissolved ions released from
NPs. The evaluation of contribution that bdti’s and ions can give to toxicity is a crucial step in

the assessment and management of the possible NPs adverse effects.

Specifically, in this case studye select, as exposure medium, fresh water
compartment, evaluating, in absence of microorganism, the behavior of two differentdind
ZnO NPsThe selection of fresh water compartment, is justified by potential effects thatiiee
of ZnO NPs in agriculture and in food packaging applications can ¥dh#e the two ZnO NPs
selectal. The two ZnO NP&M-110 and NM-111, are reference materials provided by, JRC
applied within the EU H2020 PATROLS PATROLS (N° 760813) and present different surface
functionalization, being, respectively, uncoated and coated with triethoxycarprghesil

(GaHs20:S)™.

Thus, the aim of this work was that to provide physiochemical descripto@norNPs,
able to support the exposure assessment in ecotoxicological relevant media &undher
implementation ofin-silicomodels for risk characterizatiow/e analysed the size distribution by
DLS(do 9 and surface charge (Zeta Potentiak-potz g by ELS analysis. The static dissolution
within media was also measured using ultrafiltration (UF) process and ICP-OES analysis to
calculate the fraction of ZhissonvedZNwia @and so the contributes that NPs and ions can have in

the pathway of possible adverse effect.
Experimental part

Materials. ZnO NPs, naked JRCNM621048-110) and coated JRCNMO110MNVE
111), were provide as nano-powders by JRC in Ispra fitaly) analyzed within the framework

of European Project PATROLS (N°. 760813). Nitric acid (65%) was purchased lichimiCao
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S.p.A. (Italy). Zn standard for ICP-OES measurements was purchased by Sigma-Aldrich, Milan
(Italy). All the Elendt M7 medium salts were purchased from Sigma-Aldrich, Milan (Italy); their
approximate composition in mg'lis 0.715 EBQ, 0.090 MnGF4H;0, 0.078 LiCl, 0.018 RbCI,
0.040 SrCI2*640, 0.004 NaBr, 0.017 BMoOs*2H,O, 0.005 Cug€RH.O, 0.015 Zngl 0.012
CoCF2H:0, 0.004 KI, 0.003 bEeqQ, 0.001 NEVG;, 1.250 NsEDTA*2ED, 0.498 FeSErH20,

293.800 Ca@i2H.O, 123.300 MgSfrH:0, 5.800 KCI, 64.800 NaHC®0.000 NgSiGQ*9H;0,

0.274 NaN@ 0.18 KHPQ, 0.184 KHPQ.

Preparation of suspensionsFollowing PATROLS Guidance Document 2 (source:
NanoReg dispersion protoédt**4), we prepared and measured suspensions reported in
Scheme 4.1. We prepared a concentrated two stocks in MilliQ water plus EDTA (samples 1 and
5, respectively at 2560 and 100 mg).LWe used EDTA instead of NOM, for improving NPs
dispersability, because is more available and it is a component of the metardiluted the
stock in pure MilliQ at 10éng Lt (samples 2) or in Elendt M7 medium, exposing them at 22°C
for 1h and 72h, mimicking long-term exposure conditions. We evaiudtgdrodynamic
diameter by DLSZP and dissolved fraction (only in medium), calculated as weight rate of

ZrttgissovedZNotar. We repeated the same analysis in the medium after 72h of incubation at 22°C.

5 |  Diluted MilliQ
4 Stock 100 mg t2- 1h
1 | MilliQ+EDTA <
Rt 3 Diluted M7 | | 4 Diluted M7
100 mg E- 1h 100 mg - 72h
" Stock _ .
5 uneeom 1 8 | O gt an 17 Jso-025mo e 72
C 100mgt . g _ g

Scheme 4.1.1Exposure conditions used for investigating system-dependent properties.

Intrinsic properties.Morphological characterization of ZnO NRaked and coated, was
performed by FE-SEM instrument (Carl Zeiss Sigma NTS Gmbh, Oberkochen, DE), coupled with
STEM detector. One drop of tl&0 stock suspensions diluted in MilliQ wate®@@mg L) was
deposited on a film-coated copper grid and then dried in air. Difference betvdedh naked
and coated NPs was evaluated using infrared spectrophotometry with attenuated total
reflectance Fourier-transform infrared - Attenuated total reflection spectroscopy (FTIR-ATR
analysis (Nicolet iS5 spectrometer - Thermo Fisher Scientific Inc., Waltham, MAWISA
resolution of 2 cnt by accumulation of 64 scans, covering the 4000 to 408 ange and using

a diamond ATR accessory model iD7, and thermo-gravimetric technii@e ($TA 449C,
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Netzsch-Geratebau GmbH, Selb/Bavaria, Germany), using a ramp of 16°@I@00° C in air

flux.

System-dependent propertieslydrodynamic size distribution and ZP measurements of
the nano-suspensionsvere carried out with a DLS / ELS (dynamic light scattering and
electrophoretic light scattering Zetasizer Nano instrument ZSP, ZEN5&b&riMInstruments,

UK) both in MilliQ water and in Elendt M7 mediuhitrations ofZPvs pH were also performed
with automatic titration, using 1M KOH and 1M HCI to change the pH, so providiogtiodion

the isoelectric point (IEP) that corresponds to the pH value wh®&ie neutralized.

Static dissolution measurements were made to assess the rele&g‘dfom ZnO NPs
Samples prepared at different exposure conditions were filtered through 10kDa menlecul
weight cut-off membranes (5000 rpm for 40 min) and the filtrated solution aealyy ICP-OES
(ICP-OES 51®0rertical dual view apparatus - Agilent Technologies, Santa Clara, CA, USA). The
analysis was performed in axial viewing mode, and calibration curves were obtaitied. Wi
1.0, 10.0, 100.0 and 200.0 mg ktandards for Zn element. Nitric acid was added both to
standards and to diluted samples (1:10 v/v). The concentration fi@nwvashing water was
directly evaluated by ICP-OES Zn determination. Calibration curve was evaluatsioareda
good correlation, coefficient @R above 0.99. Results from ICP-OES were reported as the

average of three independent measurements with RSD %.
Results and discussion
Intrinsic properties

As reported in literature, the main difference between these two NPs is the different
coating®. ZnO NM-110 are naked and preserve their native chemistry at the surface, while ZnO
NM-111 are coated by a triethoxycarpryl silane coatingH§0:S), that functionalizes the
surface of ZnO NPs. In the framework of risk characterization, the first issue to addfe&Ziss
NPs E*1€ in terms of composition, surface chemistry and morphology

The morphology of ZnO NM-11(héh ZnO NM-111 is reported in Figure 4.1.1. As
expected, the FE-SEM images did not show appreciable differences, between coated and
uncoated samplesBoth the NPs result highly agglomerated and aggregated, presenting a
prisma shape of different dimension - from 10 nm to 500 nm - with aelasgyiation in
morphology (size and geometry) of nanostructures. The irregular morphadbgybserved

samples is a typical of NPs obtained for mechano-chemical pfécabat can more easily
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produce surface defects able to induce an higher reactivity (as dissolutiorprandxidative

potential), if compared with wet-chemical processes.

Figure 4.11: FESEM images of ZnO NM-110 (A, 2Lt 3) and ZnO NM-111 (B,tP t 3).

FTIR-ATR analysis spectra reported in Figure 4.1.2 did not show significant diffémences
the finger print area below 2000 ch The low amount of coating present in NM-111 (ca. 1%
referred to dry powdet) } < v [s&em to modify significantly also the surface chemistry.

The presence of the low amount of coating was confirmed by TG analysis, that saowed
weight los of ca. 0,65% for ZnOM-111 (Figure 4.1)3
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Figure 4.12: FTIR-ATR analysis of 24K2-110 and NM-111 nano-powders
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Figure 4.1.3TG analysis of necked NM-110 and coated NM-111 nano-powders.

System-dependent properties

To define physicochemical identity in support to risk assessment further two questions
should be address: "AZ E EWv PYAZ § E VWY Fdr this reason, we investigated

the colloidal stability (hydrodynamic size distribution aBB and dissolution (ionic fraction
released), once ZnO NPs enter in relevant media.

Colloidal stability:

In the following tables the DLS si@, 9 andZP ~potg g of samples schematized in
Scheme 4.1.1, are reported.
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Table 4.1.1DLS and ELS measurements for NIa-

e w G g ey
1 7.1 1(22)6 0(-2757)6 1(2.)9
21 87 _
’ "2 (33)3 O(fs)9 ?7?
3 8.2 3;23;‘ 0(-f41)2 (73)1
e m
2 : 23.
5 7.6 (2)9 0(ng (?é)s
6 (5mgt) 8.5 Z(i;f 309;9? -%g).o
7 (5mg ) 78 2(22)1 0-(2?6 -%:1%).3

The stock (1), prepared following NanoReg prottédland samples, diluted from it (2,
3, 4), are very unstable. Their size is bigger than 1500 nm, with high pehgiispand can be
observed big aggregates, falling down in few minutes within the experimeasael. ThezP
changes from positive to negative, passing through the Stock dispersion to théesadiipted
in Elendt M7, probably due to specific adsorption on NPs surfaces of arsalts (sulphate,
phosphate, § YeX dZ a810dmg L! (5) present data closer to those reported in
literature!''’. So, we suggest to prepare the stock at this concentration in order to obtain a
more stable system, suitable for further observation. Nevertheless, at the éowentration of
samples diluted in Elendt M7 (6 and 7), DLS data are not reliable tadtlee very high
attenuation coefficient observed (9).

Table 4.12: DLS and ELS measurements for NIML-

Sample pH d([’rﬁérlﬁl}) (rls:)dD(l/o) ngt;;s(%V)
4825 0.578 12.2
1 7.1 (32) (19) (6)
: oS ey @
A - 780 o @)
4013 0.759 -17.1
4 7.7 (58) (34) (6)
582 0.626 11.6
5 7.5 (6) (20) 3)
6 (5 mg 1Y) 75 1(28)6 O(fg)4 (%9)1
B e 5046 1.000 -12.5

(46) (0) 4)
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Also in the case of coated ZnO NPs, the concentrated stock (1) and samiptes, di
from it (2, 3, 4) show a high instability with high degree of agglomeradioth size in the
micrometric range. Th&P changes from positive to negative, passing in diluted El&midt
suspensions for the expected adsorption on the surface of anionic salts (sulphate, phosphate)
As observed for naked NPs, DLS ZRdin line with literature dat&d'’, are obtained only for
diluted stock in water (5), that show the minimal stability suitable for further observation.

In the Tables below we report DLS diameter &iftbf samples 6 and 7 in a range of
concentration from 100 to 0,25 mg'Lafter 1 and 72h of exposure in EleMd?, mimicking long

term exposure conditions.

Table 4.1.2DLS and ELS measurements for NM-110 in ElMndt

Concentration | Incubation time doLs(nm) PDI ZpoteLs(mV)
(mg LY (h) (rsd %) (rsd %) (rsd %)
1 3224 0.610 -7.1
(1284) (0.090) (0.2)
100
72 4105 0.580 -7.9
(1493) (0.190) (0.6)
1 3333 0,400 -7.9
(394) (0,080) (0.5)
50
72 3392 0.400 -7.4
(703 (0.070) (0.6)
1 813 0.570 -18.2
(64) (0.070) (0.6)
10
72 2052 0.850 -17.9
(324) (0.150) (0.1)
1 1012 0.690 -18.0
(130) (0.100) (0.3)
5
79 2477 0.900 -18.2
(391 (0.090) (0.4)
1 1466 0.770 -19.8
(150) (0.120) (0.8)
2.5
72 2073 0.800 -19.4
(885) (0.140) (0.9)
1 2614 0.360 -19.2
(319) (0.180) (0.4)
0.25
72 2676 0.690 -17.5
(509) (0.210) (0.3)
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Table 4.1.3DLS and ELS measurements for NM-111 in ElMndt

Concentration | Incubation time doLs(nm) PDI ZpoteLs(mV)
(mg LY (h) (rsd %) (rsd %) (rsd %)
1 3780 0.820 -10.7
(1364) (0.240) 1.1)
100
72 3784 0.760 -17.1
(2275 (0.260) (1.0)
1 2088 0.840 -9.5
(336) (0.180) (0.7)
50
72 3624 0.980 -12.9
(1643 (0.040) (0.6)
1 1576 0.580 -17.7
(173) (0.160) (0.6)
10
72 2306 0.730 -17.1
(332) (0.170) (0.3)
1 1732 0.760 -19.4
(571) (0.210) (0.4)
5
72 816 0.510 -17.7
(78) (0.090) (0.5)
1 825 0.610 -18.9
(103) (0.150) (1.1)
25
72 591 0.520 -17.7
(50) (0.040) (0.5)
1 2486 0.520 -19.2
(685) (0.340) (0.3)
0.25
72 2448 0.300 -20.2
(330) (0.200) (0.5)

At all investigated concentration and time of exposure we observe a higforagration
degree with the formation of micro-aggregates, even at low concentrations, despite ZP values (>
-15mV) should provide an electrostatic stabilisation. For NM-110 NRs7&fteof incubation for
all concentrations, an increase in size distribution ocasran increase of PDI index. TR&/-

110 NPsn ElendtM7 tend to aggregate and precipitate along the water-column in function of
time. Although, this colloidal behavior is not confirmed by NM-11% KiP all concentration,

but only above 10 mg™L Below 5 mg L, this trend is inversed and NM-111 NPs seem to be
more dispersed after 72h of exposure, we observed a reduction in size digrnkand PDI. For
what concernZP, below 10 mg £t we have a nearly constant value for both NPs types (ca. -18
mV). TheZPvalues change from positive to negative, passing through the stock dispersion value

(positivdy charged) to the samples diluted in EleMd? (negativdy charged), probably due to
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specific adsorption on NPs surfaces of anionic salts that are present in Bignhdtuch as
phosphaté?*®

To better understand the pH effect on colloidal stability, we considered Esmp
dispersed in water and Elendt M7 for 1h (samples 2 and 3 of Scheani¢ dnd performedzP
titration as a function of pH. We measured and compared the isoelectric point (fiEPa)here
ZPis neutralized, of naked (Figure 4.1.5) and coated NPs (Figure 4.1.7), in MilliQ water and
Elendt M7, getting information on NPs surface chemistry, that, after exposure, cambeco
more acid (shift of IEP towards lower pH) or more basic (shift of I&igher pH). Looking tdP
vs pH curves in water it can be observed the presence of two IEPs marked with red arrows in the
Figures 4.1.5 and 4.1.7. This behavior is typical of surfaces that undergone a strongatiaalifi
induced by pH change, like for instance dissolution phenomena. In the case diZ@e
make the hypothesis that, immediately after immersion, ZnO NPs surface is hgdralith the
formation of Zn(OH) layer. A9pH decreases (pH<6}?? surface partially solubilises, releasing
Zr* and Zn(OHR)ions, which coulde-precipitate giving a new solid phase ZpQthat shows a

new IEP at low p#-22 together with a reduced hydrodynamic size (Figure 4.1.6).
20 ~
15 4

10 4

{-potELS (mV)
o

-10 A

-15 4

——-NM110in MilliQ  ~B-NM110in M7

-20 -

Figure 4.1.5Zeta Potential (mV) vs pH plot of ZnO NM-110 Mi#iQ ( ) and Elend#)Miiedia
(nanosolP natural pH, IEPs red arrow for Milly &nd blue arrow for Elendt MZA()).
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Figure 4.1.6Size distribution of ZnO NM-110 MilliQ medium at different p6ig,- 6.0,- 4.3,-

1.8).

The same behaviour was observed also with ZnO NM-111 NPs, wher® fiusitive

values lies between pH 6.3 and 7.5 in distilled water and shifesléndt M7 medium topH

lower than 27 for the presence of co-exposed anions £5QPQ%*). The coating presence

change the electrophoretic mobility change, shifting and reducingZipositive values range

and both IEPs.

20 A
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Figure 4.1.7Zeta Potential (mV) vs pH plot of ZnO NM-111 Mi#Q ( ) and EMnd# ) media;

O natural pH, IEPs red arrow for Milli@y and blue arrow for Elendt MTf).
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The ELS results show a high instability of water suspensions for both ZnO NPs type. Both

NPs present a fluctuation &P values between 20 mV and -20 mV once dispersed in water
(1<pH<9), presenting a high colloidal instabffityThus, the size dimension observed in DLS
analysis (Table 4.1.1 and 4.1.2) confirmed this high instability and aggitom trend,
providing the micro-aggregates formation. Since instability was confirmesater medium,
different behaviour was observed in Elendt M7, where both ZnO NPs present a slightly@egati
superficial charge. At the pH of 7 in Elendt MPyvalues are close to -10 mV, so from water to
ecotox medium theZP values change from positive (15 mV) to negative, probably due to

medium salts amount.

Static dissolution (quantificatioof ions released):

A first set of tests were performed to evaluate the dependence of ZnO NPs solubility
from pH. The percentage of ZfZnww in MilliQ water was measured as a functiorpsf (Figure
4.1.4). At pH below 4.5, no difference occurs between naked and coated NP<gptidibt
dissolve in acid water. While appreciable differeicebservable increasing pH. The presence
of triethoxycapryl silane mitigates the release of ions in the pH range 5-7 whéoevex
concentration of Zff was detectd, whilst seems having no effect at pH values beyond pH 7,
where Zr?* ions releases are negligible. This result is significant because the ZnO NPantaked
coated show a little difference in terms of dissolution only in the central pH retiiah
corresponds to the neutrality of aqueous media used for mimicking environmenpasare

scenarios and making ecotox tests.

100 L *®
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Figure 4.1.4:Dissolution percentage vs pH plot of ZnO NM-110 and1MM-expressed as

percentage of Z&/Znow released in function of pH (nanosol concentratid@® ing LY).
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The contribution of dissolution as a function of starting concentrati@as lbeen
evaluated, measuring the ionic contents of sample 6 and 7 (Scheirig with a concentration
range mimicking long exposure conditions in Eleévidt from 100 to 0,25 mgi(Table 4.1.5 and
4.1.6).

What we found is, again, a similar dissolution behavior for both ZnO MREdCZNO
NPs, incubated 1-72h in Elendt M7 medium showed a percentage of free ions of &@nidr
10 mg ! sample, after 1h of exposure, increasing at around 15% after 72h. The ti@salfi
uncoated samples seems slightly higher, especially for low sample concenteatamif in both

e e« §Z Jeelous]}v % E vS3 P Ae }v VSE 3]}v UEA - E Z

percentage of ZnO is dissolved, above concentration of 20 h{§igure 4.1.8 and 4.1.9). It is
interesting to observe that, if referring to grouping criteria of DF4r@maping framework,
NPs fall into Group MG1 (soluble materials) if the concentration of ®rs1i00 mg1, or in

case of samples having a lower initial concentration, if the dissolved percentage mass is > 10%.

So, in the present case, ZnO samples should be assigned to MG1 only at starting

concentration below 20 mgiifor both coated and uncoated samples.

Table 4.1.4NM-110 dissolution in function of concentration and exposure time, expressed as

percentage oZr’/Znota.

Sample conc.  Dissolution 1h Dissolution 72h

(mg LY (ZrP*Znvora%) (ZrP*Znvora%)
0.25 77.4+5.0 83.6+5.0
2.50 30.7+ 4.3 57.0+ 3.0
5.00 169+ 3.0 31.0+5.2
10.00 9.6+ 8.0 178+ 1.0
50.00 38x1.0 5.6+3.9

100.00 0.5+0.8 0.7x1.7
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Figure 4.1.8Dissolution of NM-110 in Elendt M7 expressed as percentage?0bAZNOotal
(left) and as concentration dfr?* released (right) vs ZnO concentration. (respectively referred

to e 1h andm 72h of exposure)

Table 4.1.5NM-111 dissolution in function of concentration and exposure time, expressed as

percentage oZr*/Znotal.

Sample conc.  Dissolution 1h Dissolution 72h

(mg LY (Zr1ZNntotai%) (Zr*¥1ZNtotal%)
0.25 59.5+5.0 92.0+4.1
2.50 42.3+ 8.0 61.5+ 5.0
5.00 25.1+23 30.9+ 3.0
10.00 19.0+ 2.3 23.4+53
50.00 4.6+43 45+35

100.00 1.7+0.7 3.0£11
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Figure 4.1.9Dissolution of NME11 in Elendt M7 expressed as percentage of Zn ZnOotal
(left) and as concentration drf* released (right) vs ZnO concentration. (respectively referred

to ¢ 1h andm 72h of exposure)

Conclusion

The characterization of intrinsic and system-dependent properties of two tgp&nO
NPs (naked and coated), selected as target materials in the project PATROLS, allowed us to
investigate how the presence of coating or of exposure medium, affected handréxposure
relevant properties such as the hydrodynamic size distribution, zeta potentidl saatic
dissolution. What we found is that the coating does not affect colloidabilittg and only
slightly prevents dissolution around neutral pH range. In the presence of me(indifferent
ions and specifically adsorbed anions) #lereverses its sign and in general decrease with a
shift of IEPs at more acid pH. TE® vs pH curves in water confirm the strong dissolution
observed at pH lower than 6, with the likely formation of a new surfacéfore-precipitation.
The results are of extreme importance when environmeimalivo or in-vitro experiments are
carried on, because they provide a real estimation of the amount of materidijymes and

speciation, allowing a better estimation of real dose, associated with observed effects.
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4.2 Titanium dioxide and Cerium dioxide in aquatic media

Introduction

Environmental safety is one of the serious issues for the scientific community with
particular interest in the rapid increase of organic pollutants use / productiaygriculture and
industries, that can affect both the air than the water compartment. In different case thels
NPs in the treatment of organic pollutants can provide efficient methods for the impremeof
new or more efficient water depollution industrial process®. In this context two of the most
popular NMs investigated for their (photo) catalytic properties are titanium deXTiQ NPs)

and cerium dioxide (Ce@IPs) nanopatrticlés

Specially, CeNPs were proposed as a redox mediator and used in electro-analytical
techniques and photo-catalyst applications for the degradation of organic contjsoGeQ NPs
present a good electrochemical activity and are thus applied in various feich as catalysis,
fuel cells and sensor&® As well, TI@NPs is one of the most used materials for photo-electro-
catalytic degradation of pollutants, due to its high oxidation efficiency, highgstability and
chemical inertnes<’. The photocatalytic activity of micro- and nano- It@s been utilized to
improve the degradation efficiencies of various contaminants in both water treatment and air
pollution controt®!% Therefore, Ce£NPs and Ti{NPs play a vital role in emerging technologies
for environmental applications, such as remediation. The choice was due to theroigability
of these two NPs to came in contact with the two compartments, fresh water and sea water. TiO
is mainly applied in materials productidras paints, printing ink, plastics, paper, synthetic fibers,
rubber, condensers, ceramics and electronic componenits catalysis and photo-catalysis, as
antibacterial agents and in food and cosmetics, as sunséPéeir'® Thus, Ti©@ NPs could
probably get in touch with both fresh and sea water compartments. While, @e@ainly
exploited for its interesting redox activity in catalytic applications, sucim @atalytic converter

or in chemi-sensdr-®141° thus is more probably to have effects on fresh water compartments.

In face of these promising properties and increase use in everyday applicatisea;ale
community has to take care about any potential risk for human and emviemt, along all the
life-cycle of these NMs, not only in-the use stage but also during produ@main release into
air) and end of life (many release in waste watéie present attempts to classify (grouping)
NMs, put both Ce@and TiQ NPs in the group of highest concern, classifying them as persistent
and reactive materials (groudG4 of the DF4nanoGrouping classification framewbtkt Figure

2.1). Addressing environmental safety, we focused on properties that affect the colloidaltgtabili
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and so the potential translocation of NPs in liquid environmental compamts In particular, we
optimized a set-up for measuring the concentration at half height of a waikmn mode] to
support the estimation of particles that can reach biological target and determinadaerse

effect (dose). The ionic component was not considered, becausgad®edi@NPs are practically

insoluble!®1® so we evaluated morphology, the hydrodynamic size in fresh and marine water

Zeta potential variation vs pH.
Experimental part

Materials. Titanium dioxide, JRCNMO1005aI¥1-105', and Cerium dioxidé\M-212%5,
were provide as nano-powders by JRC in Ispra @tayd analyzed within the framework of
European Project PATROLS (N°. 760813). Nitric acid (65%), sulfuric acidH{88pbjrir acid

(85%) and ICPESstandards were purchased from Sigma-Aldrich (Italy). All the Elendt M7

medium salts were purchased from Sigma-Aldrich (Italy) as well; their approxioratosition
in mg ttis 0.715 EBQ, 0.090 MnGF4H;0, 0.078 LiCl, 0.018 RbClI, 0.040 SrCIZ601004 NaBr,
0.017 NaMoOs*2H,0O, 0.005 Cu@RH.O, 0.015 Zngl 0.012 Co@i2H.O, 0.004 KI, 0.003
Na:SeQ, 0.001 NEVG;, 1.250 NeEDTA*21D, 0.498 FeSA7H20, 293.800 Cag2H,0, 123.300
MgSQ*7H:0, 5.800 KClI, 64.800 NaH{TD.000 Ng5iQ*9H,0, 0.274 NaN§ 0.1 KHPQ, 0.184
KHPQ PP A 3 G u Juu A «} 3 ]v A]3Z Jous]}iv }( "Qweter80}
mg Y2, that was purchased from Fisher Scientific (Thermo Fisher Scientifanada). The
composition of Egg Water presents the follow approximate compositiang L% 18.208Na',

0.630 K, 2.167Mg*, 0.646C&*, 0.029 St, 31.665 C|1.264SQ%, 0.039 totalCQ, 0.008 total B.

Preparation of suspensiongollowing NanoReg dispersion protgést?*, we prepared

v e 05 ]

2560 mg 1 stock in MilliQ water. We diluted the stock in Elendt M7 and Egg Water media at the

concentration of 00 mg L. Then, starting from Q0 mg L* dispersion in medium, we further

diluted TiQ in Elendt M7 and Egg Water media and €@lendt M7 medium. Wexploiteda

range of concentrations @.02 - 10 mgt.at the aim to mimic real long-term exposure conditions.

All the samples are incubated and analyzed in the exposure time range oR4hin static
incubation at 22°C, for Elendt M7 medium, and of #8h in static incubation at 28°C, for Egg

Water medium. All the measurements were triplicate.

Intrinsic properties Morphological characterization of Ce®Ps was performed by TEM

instrument (FEI TECNAI F20 microscope operating at 20@#elped with an EDX probe and

the STEM accessory). TiIPs were observed by FE-SEM instrument (Carl Zeiss Sigma NTS Gmbh,

Oberkochen, DE), coupled with STEM detector. One drop of the stock suspensions diluted i
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MilliQ water @560 mg L*) was deposited on a film-coated copper grid and then dried in air. The

stock is then diluted to 100 mg*dispersion used to obtain the samples in media.

System-dependent propertied he colloidal behavior was evaluated in MilliQ water, in
Elentd M7 medium (Ce@nd TiQ) and in Egg water (Ti{) analyzing the hydrodynamic size
distribution by DL&b 9 and monitoring Zeta Potential (ZRpote d by ELS measurements, using
a Zetasizer Nanoseries (Malvern Instruments, Malvern, UK). Each sample was prepared in
triplicate. ZP titrations as a function of pH were performed in order to check the pHysbare
ZP is neutralized (isoelectric point, IEP). The concentration at half heipletwater-column was
estimated, following the set-up described in Figure 4.2.1. We incubatedriNRater medial(5

mL falcon), collecting 3 mL of samplenfrthe center of the water-colum(® mL).

Elemental analysis by

: ICP-OES

— Acid mineralization
X CeandTi

concentration

Centre of the O l

watercolumn (3mL) 4= Estimated
-—RBE=r - concentration of CeO,
A== and TiO, NPs as
i Conc'center/conc'total %

Figure 4.21: Experimental set-up for the measurement of the NPs concentration at half height of

water column.

The collected 3 mL of sample were then acid digested and analyzed by ICP-OES (ICP-OES
5100 t vertical dual view apparatus, Agilent Technologies, Santa Clara, CA, USA).e&tianDig
procedure was performed adding 0.3 mL of sulfuric aci®Q196%), 0.3 mL of phosphoric acid
(HsPQ 85%) and 0.3 mL of nitric acid (HN8B%) into 3 mL sample. The resulting samples were
ultra-sonicated for 1h in an ultrasonic bath (Bath Temperature = 50°C). Thesianags
performed in radial viewing mode, and calibration curves were obtained biyrdjla standard of
titanium and ceriumin Elendt M7 or Egg water (concentrations range 0.1 - 10.0 ‘Hhaud

reproducing the same matrix of samples by adding acids as in the digestive pr@ogdlibration

103



Environment case studies

curve was evaluated and showed correlation coefficiedj éRove 0.99. Results from ICP-OES

were reported as the average of three independent measurements wit®RSD

Results and Discussion

Intrinsic properties
As reported in Figure 4.2.2, Bi8Ps show a high tendency to aggregate in the powered
state producing micro-aggregates, vghiprimary particles show a spherical morphology quite

monodispersed, with a size around 20 nm.

Figure 4.22: FESEM images of Ti@ano-powder.

Different structure is observed for CgQvhere NPs tend to aggregate, as well, but
present a wider size distribution (from ca. 5 nm to 100 nm) with multifacetepesffaigure 4.2.3).

The observed morphologies are coherent with those reported in liter&tiré
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Figure 4.2.3TEM images of Ce@ano-powder.

Hydrodynamic sizédo g and ZP of NPs dispersed in water are reported in Table.4.2.1
Both particles show a certain degree of agglomeration, despite to the positive ZBhtald
guarantee a good electrostatic stabilization, most likely reflecting the presenas dfspersabd

aggregates in the powder phase.

Table 4.21: DLS and ELS measurements for;la@d Ce@dispersed in MilliQ water at 256 ngL

doLs(nm Zpotg s(mV

Sample name pLs(nm) poteLs(mV)
(rds %) * (rds %y*

TG 45 339+6 343+1.8
CeQ 5.0 211 +7 16.8+3.4

* all sample present good reproducibility data, with PDI lower than 0.300.

System-dependent properties

Starting from intrinsic propertiesve proceeed with the characterization of system-
dependent properties evaluation, considering fresh and sea water exposure conditions. In
particular, we focused on the possible scenario ob,Th0th in Elendt M7 and Egg water medium
and of Ce@in Elendt M7 medium.

TiQ in Elendt M7
ZP curve as a function of pH is reported in Figure 4.2.4. N3 present the typical

amphiphilic behavior of oxide NPs dispersed in water, positive at &tang negative for basic
environment, showing, in agreement with literature, the IEP at pH?&5” Once dispersed in
Elendt M7 medium, Ti¥ONPs show a slight shift of IEFH(5.4¥%%° most likely due to the

adsorption ofco-exposed anionsSQ?, PQ*) at the NPs surface. In addition, tA®values are
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flattened and lowered with values between 20 mV and -10 mV, due to the pces# indifferent

ions (C| Br, I, NQ), that reduce the double layer thickness at the NPs surface.

(]

Figure 4.2.4.Zeta Potential (mV) vs pH plot of Ti@ MilliQ ) and in Elendt MY media

(nanosol concentration 100 mg £ O natural pH.

The colloidal stability of TKONPs was further evaluated by measuring the hydrodynamic
size(do9 and the half water column height concentration of samples dispenseeléndtM7
medium at low concentration, mimicking exposure conditions of Daphragna®=°3! (0.02
0.20, 2.00 and 5.00 mg*L As reported in Table 4.2.2, all samples present a strong degree of
agglomeration, more evident at low concentrations, the size distributionipg$som ca. 800 nm
for 5 mg ! sample to ca. 3000 nm for 0.02 mg &ample.No appreciable differences are
observable in time and size distribution values remain almost constam ftb to 24h of
exposure. So, the main change occurs in the first hour of exposurg.NR® lost the good
dispersibility observed in MilliQ stock (Table 4.2.1) and once dispersexhitt B17 agglomerated
in almost micro-aggregates with high polydispersity (PDI > 0.600).

Table 4.22: DLS measurements of ti@ ElendtM7 medium.

Sample doisdistribution (nm) after an exposure time
concentration
(mg LY 1h 2h 24h
0.02 2457 + 832 3268 + 1230 2495 + 52
’ (PDI:0.600+ 0300) (PDI: 0.80 % 0300) (PDI: 0.20 + 0300)
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0.2 1701+515 2350+ 758 2004 + 633

' (PDI: 0.740 + 0.210) (PDI: 0.77@ 0.250) (PDI: 0.80 + 0200)
20 906 + 401 960 + 597 1267 + 681

' (PDI:0.700+ 0.150) (PDI:0.700 + 0150) (PDI:0.760 + 0.150)
50 882 + 480 628+ 172 899+ 237

' (PDI:0.650 + 0190) (PDI:0.590 + 0.140) (PDI:0.660 + 0.80)

The presence of salts, even if Elendt M7 is a fresh water medium, can alter the colloidal
behavior of the system and decreases the stability of the suspefisioin Table 4.2.3 and in
Figure 4.2.5, we summarized the profile concentration of, EXposed to Elend¥17 along the
water-column, referring to the central part of the water-column (experimentaligeteported

in Figure 4.2.1)

Table 4.2.3Half water column height concentration expressed as TANC center/ CONC.total %0,

after 1, 24 and 48 hours of exposure in Elendt M7.

NPs percentage (%)
Concentration (mg1) % 1h % 24h % 48h
0.02 75 72 68
0.2 85 75 73
2 89 73 60
5 94 19 8

Figure 4.2.5(left) NPs concentration (mghLand (right) NPs concentration (%) in the central part
of water column for €) 0.02, @) 0.2, &) 2 and ¢) 5 mg ! samples as a function of time (1, 24

and 48 h).

The results show that in samples more concentrated the progress of agglomeration an

precipitation vs time of exposure, occur with higher intensity, most evidentgionpde at 5mgt,
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where only 10% of initial concentration is found after 48h. Otherwise at lawemration the
samples are stable, with only a slightly decrease in concentration after 48h (NPstpgecen
the center of ca. 60% /0B9.

TiQ in Egg Water

As for Elendt M7, we evaluated the colloidal stability in Egg water mediuFigure 4.2.6
is reported the ZP vs pH curve measured in Egg water, in comparison with thdli 6§ Water.
Also in this case, we noticed a slight shift of IEP towards acidic pH, eveattinal ZP is higher

than that measured in Elendt M7.

Figure 4.2.6.Zeta Potential (mV) vs pH plot of Ti@ MilliQ @) and in Egg Watem ( ) media

(nanosol concentration 100 mg £ O natural pH.

As for Elendt M7, the colloidal stability of TiPs was further evaluated by measuring
the hydrodynamic size §&§ and the half water column height concentration of samples
dispersed in Egg water medium at low concentration, mimicking exposure aralitf
Zebrafisi*43%(2.0, 5.0 and 10.0 mg'L In this case, we selectedchigher concentration range
to identify the concentration limit, above which the system is strongly affectethb time d
exposure. What we found is that at all concentrations, samples present arfsgtbility with a
time dependent increase of hydrodynamic diameter from about 800 nm (aftetold®)out 3000

nm (after 24h) for all concentrations tested (Table 4)2.
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Table 4.24: DLS measurements of i@ Egg Water medium.

Sample dp.sdistribution (nm) after an exposure time
concentration
(mg LY 1h 2h 24h
20 746 + 299 1171 + 283 3392 + 1037
(PDI:0.5% + 0.50) (PDI: 0.410 +.0.210) (PDI: 0.960 + 02D)
- 846 + 230 1401 + 221 3275 + 2378
(PDI: 0.80+ 0.770) (PDI: 0.60 + 0.50) (PDI: 0.840 + 09D)
10.0 750 + 103 1376 + 248 3079 + 1211
(PDI: 0.20+ 0.11.0) (PDI: 0.30 + 0.10) (PDI: 0.810 + 0.230)
In this case, the increase in size distributipn S]u % v vS v } ev[S§ ((

variation in concentration (fron2 to 10 mg t!) and the main size dimension changes for all
samples from ca. 800 nm after 1h to ca. 3000 nm after 24h of exposure EAenidtM7, TiQ NPs

lost their good dispersibility observed in MilliQ stock (€&h2.1) and once dispersed NPs tended

to agglomerate in almost micro-aggregates with high polydispersity HBH00). These results
are confirmed by the profiles of concentration measured at half water column height, where the

concentrations drop after 24h (Table 4.2.5 and Figure 4.2.7)

Table 4.2.5Half water column height concentration expressed as TANC center/ CONC total %0,

after 1, 24 and 48 hours of exposure in Egg water.

NPs in the central column (md)Lafter: NPs percentage (%

Concentration (mg b 2h | (sd) | 4h | (rsd) | 24h | (rsd) | % 2h| % 4h| % 24h

2.0 1.79 | 003 | 1.72 | 0.04 | 0.88 | 0.08 | 96 92 47
5.0 429 | 009 | 423 | 0.07 | 1.57 | 0.17 95 94 35
10.0 885 | 009 | 838 | 013 | 2.66 | 049 | 99 94 30

Samples in Egg water result stable dispersed in the first 2h, but start to precipitate just
after the first four hours of exposure, most likely due to the presence of ahigimcentration
of salts if compared to the fresh water Elendt M7 medium. After 2h of exposure, the
agglomeration and precipitation processes occur and the NPs percentage is drastically iaduced
the water-column center, reaching values of ca. 37%. The agglomeration and tatemipi
phenomena are more evident in tH® mg L* sample (30%) and more attenuated in the 2 mg L

sample (47%), as function of concentration.
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Figure 4.2.7(left) trend of NPs concentration (mg)Land (right) trend of NPs concentration (%)
in the central part of watercolumn for] 2, @) 5 and &) 10mg L*samples as a function of time
(2, 4 and 24 h).

CeQin Elendt M7

As for TiQ we evaluated the change in colloidal stabitifyCe@ NPsn MilliQ water and
in Elendt M7, to predict their behaviors in environmental medidine curves of ZP as a function

of pH are reported in Figure 4.2.8.

Figure 4.2.8Zeta Potential (mV) vs pH plot of Ga® MilliQ @) and in Elendt Ma ( ) media

(nanosol concentration 100 mg £ O natural pH.
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In MilliQ water Ce@NPs act as TIPS, presenting the typical amphiphilic behavior of
oxide NPs dispersed in water, positive at acid pH and negative for basic envirosimeming, in
agreement with literature, the IEP at pH 6% Otherwise, CeONPs seem strongly affected by
the medium, the IEP shifts to pH 2, as the NPs surface was totally covetedgkyosed anions
(SQ?%, PQ*). Furthermore, the improved ionic strength of medium, overall decrease the ZP,
flattening the curve around values close to 0 mV, promoting the agglomaratiofirmed by data
of Table 4.2.6.

Also in the case of Ce(NPs, to check the colloidal stability, we measured the
hydrodynamic g.sand concentration at half water column height, at the concentration of 0.02
0.20, 2.00 and 5.00 mg'land 1 - 24 h of exposure. Since the first hour we notice the presence of

micrometric aggregates that dramatically increase after 24h (Table 4.2.6).

Table 4.2.6DLS measurements of Ca&®ElendtM7 medium.

Sample dpisdistribution (nm) after an exposure time
concentration
(mg LY 1h 2h 24h
0.2 2778 + 848 3957 + 1371 3135 + 805
(PDI: 0.570 + 04D) (PDI: 0.630 + 06D) (PDI: 0.700 + 0.260)
20 2264 + 536 2842 + 902 7401 £ 1099
(PDI: 0.640 + 0.260) (PDI: 0.80 + 0.250) (PDI: 0.790 + 06D)
5.0 1866 + 412 2343 £ 564 10220 £ 1831
(PDI: 0.720 + 09D) (PDI: 0.400 £.200 (PDI: 0.90+ 0.160)

The profile of concentration at half water column height show a trend similar tg Bi®
as expected more evident, at highest concentration there is an abrupt decrease of NPedetect
at half water column height, with time of exposure, as indicating the occurring ahsatttion

phenomena (Table 4.2.7 and Figure 4.2.9).

Table 4.2.7Half water column height concentration expressed as Cang/ Conc i %, after
1, 24 and 48 hours of exposure in Elendt M7.

NPs percentage (%)

Concentration (mg1) % 1h % 24h % 48h
0.02 100 100 95
0.2 89 79 59
2 100 50 16
5 93 29 4
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Figure 4.2.9eft) trend of NPs concentration (md)Land (right) trend of NPs concentration (%)
in the central part of watercolumn fq®) 0.02,% ) 0.2.4( ) 2 and)(5 mg ! samples as a function
of time (2, 24 and 48 h).

Thus, respect to T¥D CeQ presents lower limit concentration and therefore tend to
precipitate easier. Except for the 0.02 misample, that preserves its stability and homogeneous
NPs spreading (NPs percentabe &oiin the 1ht 48h exposure range), all the other samples start
to precipitate already after the first hour. In 24h the samples present a progredsorease in
NPs concentration, reaching in the case of 5 thgdmple some unit percentage (4%) after 48h
due to strong precipitation process. Thus, gg@esents a high but progressive tendency to

precipitate mostly like driven by concentration and exposure time.

Conclusion

In this study we investigated the colloidal stability of.Ta@d Ce®in fresh and sea water
media, mimicking the exposure conditionsieivivotests performed, respectively, with Daphnia
magna and Zebrafish, as part of project PATROLS. Zeta potential titrations as a funptibn of
allowed us to estimate if transformation on surface acidity occurred (shift gfifaBBn NPs are
dispersed in environmental media. The hydrodynamiguheasured at different concentrations
and time of exposure confirmed the high degree of agglomeration of NPsiribedases as
increases the time of exposure, with exception of;liiOresh water that seems not affected by
the exposure time. A new set-up was optimized and validated with repeated measurements to
estimate the concentration of NPs at half water-column height, in order tcemx@ntally
evaluate the sedimentation rate as a function of starting concentration and of exposoe. It
was found that the sedimentation improves as starting concentratiod #me of exposure
increase. The results are of extreme importance when environmeim&ivo or in-vitro

experiments are carried on, because they provide a real estimation of the amount of matsrial
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time and zone of exposure, allowing a better estimation of real dose, assoeuttedbserved

effects.
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The risk management decision process needs information on health impact, such as the
benchmark (limit) doses that do not cause adverse effects, nevertheless is necessary to refer
such information to specific exposed population such as workers / user or biwaogl of this
Ph.D. thesiswas that to support NMs risk assessment, focusing on the characterization and
control of physicochemical properties and behaviors, causing potentatigrdous mechanisms
against human and environment. Five case studies dealing with both hunda@naironmental
exposure scenario were investigated and materials selected to support grouping strategy
respectively soluble MG1 (as ZnO, CuO and Ag NPs), passive MG3 Ki3sp#dd active MG4
(as TiQand Ce®@NPs).

The outputs coming from the characterization of intrinsic, system-dependentirand
vitro properties aimed to promote the advancement of exposure-dose-response madells
provide datasets for the development / validation wEsilico models, which representsna

appealing alternative to animal testing.

As far as fate in human models are concerned, we believe that data collected will
contribute to dosimetry adjustment of dermal and oral mucosa exposure-dose-response
3p] U ]JvIE E 38} E]JA ul&E EoAvs E ( E vV }Je o ~ E >U
knowledge of NMs fate across dermal barriers will provide information ondmuexposure

potential and mechanism.

Moreover, fate in environmental model, even less investigated through the ghesi
provided physicochemical data that can be used to improve eco-tox doserrespnodels and

derive more accurate reference values (PNEC) for scientific and regulatory purposes.
The main results achieved are summarized in the followings:

Cap. 3.3.1

In this study, we produced two new types of Ir@SiKIPs based textile coatings,
displaying very promising self-marking and antibacterial properties. Tlmngstmteraction
between Ir complexes and silica nanoparticles gives these systems the ability éasily
detected under UV light, both when used as coating for textiles and after release in the

environment.
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Cap. 3.3.2

At our knowledge, this study provided one of the first-time results on hursidan
penetration of CuO NPs. Intact epidermisesitais good barrier against both €ions and CuO
NPs dispersion, presenting negligible copper passage through the skin. On the othkrahan
higher value of transdermal penetration was observed in damaged skin, where the amount of

copper increased in time in the receptor fluid for exposure to both @ms and CuO NPs.

Cap. 3.3.3

At our knowledge, this work presents one of the first attempts to evalusteNPs
permeation and penetration through baby porcine oral mucosa to predict the effepbtential
oral absorption of Ag NPs in children. The analysis of the receptor fluid allbwespeciation
between Ag NPs and Agpns, revealing that only Ag NPs crossed the mucosa, reaching the
donor fluid. The Ag NPs reaching the receptor fluid resulted well dispersediaiptlease a
higher amount of ions if compared to the donor fluid, supportingrajan horse mechanism,

that can drive potential toxic effects.

Cap. 4.1

The characterization of intrinsic and system-dependent properties of two tgp&nO
NPs (naked and coated), selected as target materials in the European research project PATROLS,
allowed us to investigate how the presence of coating or of exposure mediffetted hazard
and exposure relevant properties such as the hydrodynamic size distributiorpatetatial and

static dissolution.

Cap. 4.2

In this study we investigated the colloidal stability of ;T&dd Ce®in fresh and sea
water medium, mimicking the exposure conditionsrewivotests performed, respectively, with
Daphnia magna and Zebrafish, as part of European research project PATROLS. Zetd potenti
titrations as a function of pH allowed us to estimate the surface acidity tramsfoon occurred
(shift of IEP) when NPs are dispersed in environmental media. The hydrodynamitedia
measured at different concentrations and time of exposure confirmed the high degree of
agglomeration of NPs that increases as increases the time of exposure. A ney seis
optimized and validated with repeated measurements to estimate the concentration of NPs at
half water column height, in order to experimentally evaluate the sedimentation nate

typicalin vivomodel and provide useful information for dosimetry adjustments.
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Appendix 1.
Silica nanophases for photo-induced self-marker and

antibacterial function

From:

"D §ZCo $]}v -tefrazamte/ tomplexes: an effective route to modulate the emission
Ju8% use v 3} «Al3 Z 3} vs§]u] \@Hoiing |.%a@Oh%S.@Easthini, A. L. Costa, A.
Hochkoeppler, V. Zanotti, A. M. Ranieri, M. Massi, A. Stefan and S. Stagni, Daltonotibrgnsa
2017, 46, 12328.

Nvo o %epo S]Ev }( §1}v] 1®E] Juu~///+ & SE I}o uGwas ZE<pe JvsS}
Z E 3§ E]lI 8]}v Vv }%3] | casenE V%FidESi] M. Rosado, B. Ballesteros, M.

Androulidaki, M. Blosi, S. Ortelli, S. Stagni, M. Dondi and A. L. CestalaNrnal of Chemistry,

2018, 42, 9635-9644.

Figure 3.1: *H NMR of RIrPTZ-Me], CRCN, 400 MHz.

E | N + | PFs
F. ’\N SN
% N_N\CH:.,
F N\ |

[FIrPTZ-Me] *H-NMR(CRCN, 400 MHz)(ppm): 8.46-8.44 (d, 1H,.J= 8.00 Hz); 8.36-8.33 (d,
2H, 4+ = 8.80 Hz); 8.26-8.23 (m, 1H); 8.02-7.95 (m, 3H); 7.87-7.861(dh+ = 5.20 Hz); 7.66-
7.63 (M, 2H); 7.17-7.12 (m, 2H); 6.79-6.69 (M, 2H); 5.75-5.73 (4.2RA)s, 3H).

Figure 3.2: 'H NMR ofIrQTZ-Me], CRCN, 400 MHz.
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|
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[IrQTZ-Mef *H-NMR(Acetoned®, 400 MHz)wW(ppm): 8.98 (d, 1Hl4-+= 8.39 Hz), 8.67 (d, 18,

n = 8.39 Hz), 8.27 (d, 1Bk.n= 7.99 Hz), 8.198.07 (m, 4H), 8.01 7.83 (m, 5H), 7.73 ( m, 1H),
7.37 (m, 1H), 7.1G 6.98 (m, 5H), 6.86 (m, 1H), 6.44 (d, IH.= 7.59 Hz), 6.18 (d, 1Bly.n=
7.59 Hz), 4.59 (s, 3H).

Figure 3.3: °C NMR ofRIrPTZ-Me], CRCN, 400 MHz.

PFg

F A

[FIrPTZ-Me] B3C-NMR(CRCN, 100 MHz)w(ppm): 166.54, 164.69, 164.57, 164.13, 164.00,
163.60, 163.53, 163.27, 163.20, 162.59, 162.08, 162.02, 1616957, 159.88, 159.50, 151.76,
151.71, 151.47, 151.30, 151.23, 150.43, 150.37, 150.05, 14919%1, 148.40, 148.32, 144.02,
140.94, 140.80, 140.77, 139.80, 139.62, 139.36, 139.32, 1229R3, 128.20, 124.84, 124.77,
124.74, 42.08.
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Figure 3.4: °C NMR ofIrQTZ-Me}, CRCN, 400 MHz.

N +—| PF¢
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[IrQTZ-Me] *C-NMR (Acetoned®, 100 MHz)w(ppm) = 167.93 (Ct), 167.69, 167.15, 151.08,
149.91, 149.61, 147.95, 146.63, 144.35, 143.83, 142.34, 14(B3B4, 138.80, 132.22, 131.63,
131.04, 130.66, 130.40, 129.78, 129.46, 129.37, 128.12, 128456, 123.76, 123.28, 122.73,
122.63, 120.04, 119.87, 119.72, 41.62.

Figure 8.5: ESI-MS spectrum @ifrQTZ-Me]positive ions region) [M}l=712m/z, CHCN.

PFG'
Q/O\\\\\N g /F

\

[IrQTZ-MeT ESIMS (m/2): [M*] = 712 m/z [M = 145 m/z (Pd). Anal. Calcd. ForsdEbsFsIrNP
(856.77) C 46.26, H 2.94, N 11.44. Found: C 40.95, H 2.85, N 9.55.
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Figure 3.6: ESI-MS spectrum @RIrPTZ-Me] (positive ions region) [ME734m/z, CHCN.

—| PFg
/G/Q\\\\\

[FRIrPTZ-Mel ESIMS (M/z): [M] * = 734 m/z [M]" = 145 m/z (P¥. Anal. Calcd. For
Ga1H23ChFolrN7P (1048.53) C 35.51, H 2.21, N 9.35. Found: C 35.73, H 2.46, N 9.93.

Figure 3.7: Comparison between normalisezmission profile ofed Ir@Si@ nanosol system
(black) and once used as coating on cotton textile (red)
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Table 3.1: SiQ weight loss% data relative to release test in dynamic cond{tiest for three
layers coated textiles).

Dynamic release test

Coating tvpe N° _ _ SiQ weight total Ir complex weight
g byp ) SiG weight loss%
(3 layers) washing loss% loss%
1 0.83+0.12 /
SiG 2 0.64 = 0.08 1.90 £ 0.45 /
3 0.43 +0.03 /
1 0.76 £ 0.09 *
Blue
2 0.66 = 0.07 1.97 £ 0.52 *
Ir@SiQ
3 0.55+0.04 *
1 0.74+0.14 *
Red Ir@Si® 2 0.57 £ 0.47 1.65 + 0.66 *
3 0.46 £ 0.20 *

* values not detectable with ICP-OES analysis (< 0.01 ppm).

Table 3.2: Cumulative SiOweight loss% data relative to release test in static conditiorlor
Ir@SiQ coating (test for three layers coated textiles).

Contact SiQ weight Ir weight

Time loss% loss%*
1h 0.14 £ 0.03 -
4h 0.27 £ 0.07 -
1d 0.77 £ 0.06 -
3d 1.19 £ 0.06 -
4d 1.48 £ 0.02 -
7d 1.50 £ 0.06 -
10d 1.52 £ 0.07 -

* values not detectable with ICP-OES analysis (< 0.01 ppm).
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Figure 3.8: Image of AATCC 147 tests on red Ir@8d@ted textiles once exposed in dark (1),
natural light (1) and natural light + UV (lll) conditions.

Photophysical characterizatioithe wavelengths for the emission and excitation spectra were
determined using the absorption maxima of the MLCT transition bands (emission setira)

§ SZ u A£Ju }(SZ u]ee]}v v e~ A ]S 8]}V *% SE X Yu vSpuu C]
using the optically dilute method by Crosby and Dehaa®xcitation wavelength obtained from

absorption spectra on a wavelength scale [nm] and compared to the reference emittee by

following equation:

Az & ]e §2 }JE v § §Z /£ 18 §]the idterdsity of & Excitatidn / ]
o]Pz3 § 8z £ 1338]})v AAovP3Z ~,eU Vv ]se3Z E (& BRS3|v £}
JvS ve]SC }( $Z opu]ve v U v L ]Je §Z <«pvSpu C] o XAHZ +p » @
reference and the sample, respectively. A stock solution with an absorbance > 0.1 was
prepared, then two dilutions were obtained with dilution factors of 20 and 10, regylitn

absorbance of about 0.02 and 0.08 respectively. The Lambert-Beer law was assumed to remain
linear at the concentrations of the solutions. The degassed measurements were obtained after

the solutions and bubbled for 10 minutes under Ar atmosphere, using a septa-sealed quartz cel
Air-equilibrated [Ru(bpy)Cb/H2 K <}opus]}v ~L)* was Xiséd as reference. The quantum

yield determinations were performed at identical excitation wavelengths for the saamulehe

E(EvVv U3z E (E 0 §]JvP 8Z [/~,Eel/~,ee § Euv Fr3A Ecp 3]
identified by using the single photon counting technique (TCSPC) with the Bdmburgh

FLSP920 spectrometer using pulsed picosecond LED (EPLED 360, FWHM) as3@be

excitation source, with repetition rates between 1 kHz and 1 MHz, and the abew&emed

Z610W WDd + & E}EX dZ P}} v ee }( (]J§ A oo e C u]v]u]i]vP
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and by visual inspection of the weighted residuals. To record the 77 K lsreimee spectra, the
samples were put in quartz tubes (2 mm diameter) and inserted in a special quaréz Bléed
with liquid nitrogen. The solvent used in the preparation of the solutions for thetqehysical

investigations was of spectrometric grade.
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Appendix 2.
CuO nanoparticles penetration through intact and damaged

human skin

Table 2.1: Hydrodynamic diameters ¢ and zpotentials (zpotELS) of Cu®@P dispersed in
synthetic sweat (100 mgi.

After 1h After 24h
N° batch

pH dows(nm)  2zpotELS (mV) pH  dois(nm)  2ZpotELS (mV)
1 5.8 7385+1619 -7.2+0.6 5.8 8889+1360 -44+04
2 5.8 3561+1054 -55+05 56 2233%246 -6.3 £0.2
3 5.7 4567+1209 -7.2+£0.2 55 3109+752 -6.9+£0.3

Table 2.2: Measurements of static dissolution (fstsvedCuoar Weight ratio %) of CuP
dispersed in synthetic sweat (100 mé).L

N° batch After 1h _ After 24h _
Cuiissoved Cliotal Welight ratio % Cuissoved Ciotal Weight ratio %
1 10.9 13.6
2 17.3 21.6
3 204 25.6
AVERAGE 16.2+4.9 20.3+6.1

Table 2.3: Copper skin penetration at 24 h obtained by ICP-OES measurements.

Epidermis Dermis Total
penetration  penetration  penetration
(kg cn®) (kg cn®) (kg cn®)

Intact skin 1.05+045 040+0.03 145%042

Damaged skin  2.73+190 7.09+5.78 9.82%7.67
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Appendix 3.
SRICP-MS used as new tool for evaluation of baby porcine

mucosa exposure to silver nanoparticles

Figure 8.1: DLS analysis. The curve represents Ag NPs size distribution by int&hsity.
summary statistics is based upon the intensity of light scattered of 6 diffemples derived

from nano-silver dispersion.

Figure 8.2: Calibration curve for Ag dissolved (u.m.a. 106.905).
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Table 8.1: Product specification of Gold nanoparticles 60 nm citrate coated (Producb&um

742015).

Appearance (Form) Suspension
Polydispersity Index (PDI) G iX1
Core Size 57-63 nm

Mean Hydrodynamic Diameterdd 68- 76 nm

Concentration (particles numbenL?) | 1.76 - 2.16 * 1®

Absorption Max 538 - 544 nm

Stabilized suspension citrate buffer

Figure S3: Size distribution of Ag in receptor fluid after 240 min of expositiodgliions.

Measure within the LOD on instrument. No NPs were detected.
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