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Preface

The project “Dermal absorption of nanomaterials” was carried out during the period January to
May 2013.

This report and the accompanying database (see appendix 4) are intended to provide a
comprehensive evaluation of the knowledge base regarding the dermal absorption/penetration of
nanomaterials based on the currently available scientific literature.

These results regarding skin as an exposure route for nanomaterials are part of the “Better control
of nano” initiative conducted by the Danish EPA with the aim of further clarifying possible risks to
consumers and the environment.

The project was carried out by the Institute of Occupational Medicine (IOM) with COWI A/S as
subcontractor.

The project group consisted of the following members:

Craig A. Poland, B.Sc.(Hons.), M.Sc., Ph.D., IOM

Sheona A.K. Read, M.Chem.(Hons.), Pg.Cert., IOM

Julia Varet, M.Sc., Ph.D., IOM

Gillian Carse, B.Sc.(Hons.)., IOM

Steven M. Hankin, B.Sc., Ph.D., Dip.Med.Tox., Pg.D, IOM

Frans M. Christensen, M.Sc.(Eng.)., COWI A/S

Christina Ihlemann, Cand. Scient., Danish Environmental Protection Agency
Gregory Moore, Cand. Scient., Ph.D., Danish Environmental Protection Agency
Anne Mette Boisen, Cand. Scient., Ph.D., Danish Environmental Protection Agency

Main authors:

Poland, C.A., Read, S.A.K., Varet, J., Carse, G., Christensen, F.M., Hankin, S.M.

Reference group:

Dr. Maxine McCall, Commonwealth Scientific and Industrial Research Organisation (Australia)
Prof. Jesper Bo Nielsen, Southern University of Denmark.

The role of the reference group was to provide independent expert advice and input to the project
authors on evaluated literature, current research gaps and experimental models.

The project was financed by the National Budget Agreement 2012 on Better Control of
Nanomaterials and their Safety (“Bedre styr pa nano”).

Danish EPA, May 2013
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Abbreviations List

Abbreviation

AES
AOT
APS
BSI
Ceo
CcDC
CEN
CFA
CLSM
CNT
CSIRO

CTAB
Danish EPA
DCMS
dH20
ddH20
DHLA
DLS
DMEM
DMF
DMSO
EC
ECVAM
EDX
EELS
EFSA
ETAAS
FDC
FITC
FMA
FP

GN

H

HEK
HSE
ICCR
ICP
IHCP
IPPSF
1SO
JRC
LC

Definition

Auger Electron Spectroscopy

Sodium bis(2-ethylhexyl) sulfosuccinate
(3-amino-propyl)-trimethoxysilane
British Standards Institution

Fullerene

US Centre For Disease Control

European Committee For Standardization
Coal Fly Ash

Confocal Laser Scanning Microscopy
Carbon nanotube

Commonwealth Scientific And Industrial Research Organisation

Cetyltrimethyl ammonium bromide
Danish Environmental Protection Agency
Decylmethyl sulfoxide

Distilled water

Double-distilled water
Dihydrolipoic acid

Dynamic Light Scattering
Dulbecco’s Modified Eagle Medium
Dimethylformamide

Dimethyl sulfoxide

Epidermis cells

European Centre For Validation Of Alternative Methods

Energy Dispersive X-Ray Spectroscopy

Electron Energy Loss Spectroscopy

European Food Safety Authority

Electro Thermal Atomic Absorption Spectroscopy
Franz-type Diffusion Cell

Fluorescein 5-isothiocyanate

Fluorescein methacrylate

Framework Programme

Gold nanorods

Human

Human epidermal keratinocytes

Health and Safety Executive

International Cooperation On Cosmetics Regulation
Inductively Coupled Plasma

Institute For Health And Consumer Protection
Isolated perfused porcine skin flap

International Organization For Standardization
Joint Research Centre

Langerhans cells
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Abbreviation

MAIL
MC
MPM
MS
MTT
MWCNT
NIOSH
NIR

NP

NR
OECD
OES

P

PAA
PAH
PBS
PDADMAC
PEG
PIXE
PMMA
PS

PSS

QD
QSAR
R

RBS
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SC

SCCS
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SCID
SEM

SG

SGV
SIMS
SLS
SPM

SR

SS
STIM
SWCNT
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TEER
TEM
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TIMS
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Definition

Multi-Photon-Absorption-Induced Luminescence
Multi collector
Multi-photon microscopy
Mass Spectroscopy
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Multi-walled carbon nanotubes
National Institute Of Occupational Safety And Health
Near Infrared
Nanoparticle
Nile Red
Organisation For Economic Cooperation And Development
Optical Emission Spectrophotometry
Porcine
Poly(acrylic acid)
Polyaromatic hydrocarbons
Phosphate buffered saline
Poly(diallyldimethylammonium chloride)
Polyethylene glycol
Particle-induced X-Ray Emission
poly(methyl methacrylate)
Polystyrene
Poly(sodium-4-styrenesulfonate)
Quantum dots
Quantitative Structure Activity Relationship
Rodent
Rutherford Back Scattering
REACH Implementation Project on Nanomaterials
Rhodamine B isothiocyanate
National Institute For Public Health And The Environment

Reactive oxygen species
Stratum corneum
Scientific Committee on Consumer Safety
Scientific Committee on Emerging and Newly Identified Health Risks

Severe combine immune-deficient
Scanning Electron Microscope

Stratum granulosum

Stratum germinativum

Secondary-lon Mass Spectrometry
Sodium lauryl sulphate

Scanning Probe Microscopy

Stratum reticulare

Stratum spinosum

Scanning Transmission lon Microscopy
Single-walled carbon nanotubes
Time-Correlated Single Photon Counting
Transepidermal Electrical Resistance
Transmission Electron Microscopy
Test Guideline

Thermal lonisation Mass Spectrometry
Trimethylammonium hydroxide
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Abbreviation Definition

US EPA United Stated Environmental Protection Agency
uv Ultraviolet

WPMN Working Party On Manufactured Nanomaterials
XPS X-Ray Photoelectron Spectroscopy
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Sammenfatning og
konklusioner

Denne rapport med tilhgrende litteratur-database indgér i reekken af projekter under indsatsen
"Bedre styr pd nano”, som administreres af Miljgstyrelsen. Projektet indsamler og vurderer
eksisterende litteratur i relation til viden om systemisk optag/absorption af nanomaterialer via
hudkontakt med det mal at beskrive state-of-the-art, herunder at identificere manglende viden i

relation til forbrugereksponering.

Nanomaterialers specifikke egenskaber har gjort mange nye industrielle anvendelser mulige og et
stigende antal forbrugerprodukter indeholder nanomaterialer, som kan medfgre bevidst eller
utilsigtet hudeksponering. Dette skal ses i lyset af den begraensede viden om nanomaterialers optag
over huden og mulige sundhedsmassige effekter.

Metoden til indsamling og analyse af den eksisterende viden omfattede udvikling af en systematisk
sggestrategi baseret pd sggetermer og —satninger med relevans  for hudabsorption af
nanomaterialer. Sggningen og den efterfalgende trinvise gennemgang af de identificerede studier
var inspireret af vejledningerne i ” the Cochrane Handbook for Systematic Reviews of
Interventions”, svel som hvad der p.t. anses for god praksis i relation til gennemgang af litteratur
vedrgrende nanotoksikologi. Vurderingen af hvert af de identificerede studier er dokumenteret i en
MS Access database, som ledsager denne rapport. Denne viden blev efterfglgende anvendt til at
evaluere hvilken rolle forskellige fysisk-kemiske egenskaber spiller for
hudpenetration/hudabsorption af nanomaterialer. Dette er sammenfattet under fglgende generelle
fysisk-kemiske egenskaber:

e  Starrelse
e Sammenseatning
e  Overfladekemi

J Form

En af de veesentligste udfordringer ved at vurdere litteraturen om fysisk-kemiske egenskabers
indflydelse pa hudpenetration/hudabsorption er, at det er sveert at drage konklusioner fordi: i)
rapporteringen af de fysisk-kemiske egenskaber er mangelfuld, og/eller ii) de eksperimentelle
forsggsparametre varierer pa en ikke systematisk made. Manglen pa information om nanopartiklers
fysisk-kemiske egenskaber er udbredt, mens a&ndringen af de eksperimentelle parametre er mest
udfordrende, da flere karakteristika sdsom form, ladning, overfladebehandling og starrelse kan
variere samtidigt. Dette forarsager, at det er meget svaert at sammenligne resultater indenfor og

ikke mindst mellem studier.
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Trods disse udfordringer kan der drages nogle vasentlige konklusioner. Selvom der er mange
modsatrettede resultater, synes litteraturen at indikere, at absorption gennem huden af partikler i
nanostarrelse er mulig, omend i meget begraenset omfang og at graden af hudpenetration, afhaengig
af partiklernes kemiske sammensetning og de eksperimentalle forhold, kan veere stgrre end for
starre partikler. Sterrelsen af partiklerne er saledes en veaesentlig parameter for hudabsorption, men
ser ikke ud til i sig selv at veere bestemmende for absorptionen, da andre egenskaber ogsd markant
influerer p& muligheden for hudabsorption. Derudover er starrelse ikke en konstant parameter da
agglomerering af partikler kan forekomme over tid og er afhangig af de eksperimentelle forhold
(f.eks. afthaengig af forekomsten af overfladeaktive stoffer i den formulering, som nanomaterialet
testes i). Selvom agglomerering menes at vere en vasentlig parameter (og en veasentlig
eksperimentel variabel), er omfanget af agglomerering ofte ikke rapporteret i den videnskabelige
litteratur.

Selvom det er vist, at selve partikel-sammensztningen har lille effekt pa hudpenetration/absorption
skal sammensztningen (herunder urenheder) tages i betragtning i relation til dermal toksicitet. En
anden udfordring relateret til at vurdere hudabsorption af nanomaterialer er at bestemme, hvorvidt
en pavist absorption forekommer som en fast partikel eller som optag af oplgst materiale (f.eks.
som metal ioner). Dette kan have vesentlig indflydelse pa systemisk tilgeengelighed, distribution,
sével som metabolisme og udskillelse.

Nanomaterialers overfladekemi udger kontakten mellem nanopartikler og de biologiske omgivelser,
herunder kontakt med huden. En reekke studier indikerer séledes at fysisk-kemiske egenskaber
relateret til overfladekemi er vasentlige for nanopartiklers evne til at penetrere huden.
Overfladeladning, som pévirkes af overfladebehandling (coating og funktionalisering) er den mest
studerede egenskab. Det er dog sveert at uddrage klare konklusioner om overfladekemiens
indflydelse pa hudpenetration/absorption, da karakteriseringen af overfladekemien i litteraturen
generelt er mangelfuld og i mange tilfeelde kun bestar af kvalitative indikationer. Derudover varierer
flere overfladeegenskaber indenfor det samme eksperiment, séledes at det ikke er muligt at
forudsige, hvilken effekt individuelle egenskaber har p& hudabsorption. Trods disse komplekse
resultater kan der spores en svag tendens til starre hudabsorption for positivt ladedepartikler,

selvom der ogsa findes modstridende studier.

Formen af nanomaterialer anses for en vasentlig egenskab i relation til eksponering og toksicitet
via inhalation, men er endnu ikke velundersggt i relation til hudabsorption. Ikke-sfeeriske partikler
har veeret undersggt i en reekke studier, men der er ikke identificeret studier som kritisk og
systematisk evaluerer formens/lengdens rolle for hudabsorption. Ingen af de studerede ikke-
sfaeriske partikler har opfyldt kriterierne for hvad der typisk anses for fibre (dvs. l&engde over 5 um)
og der mangler ogsa studier af andre former, sdsom plader (f.eks. grafen).

Udover at vurdere indflydelsen af fysisk-kemiske nggleparametre pa hudabsorption har rapporten
ogsa evalueret de testmetoder (in vitro, in vivo og in silico), som anvendes til at studerede
hudabsorption. Mange forhold, sdsom klarggring af testmateriale, anvendte hjelpestoffer og
dyreart, sdvel som bestemmelse og kvantificering af partikler er feelles for savel in vitro som in vivo
testmetoder. Disse forhold er diskuteret i rapporten og bidrager til usikkerheden forbundet med

sammenligning af resultater fra forskellige studier pga. manglende harmonisering, som til en vis
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grad bunder i eksisterende test guidelines. Anvendelse af in silico metoder, sdsom "Quantitative
Structure Activity Relationships” (QSAR) til at forudsige hudabsorption for konventionelle
kemikalier er stadig i sin vorden for nanomaterialer. Udviklingen af in silico metoder forekommer

dog yderst vigtig givet diversiteten af nanomaterialer nu og i fremtiden.

Rapportens beskrivelser af manglende viden i relation til fysisk-kemiske egenskaber, testmetoder
og detektionsgranser for hudabsorption leder til en reekke anbefalinger af metoder og endpoints til
at vurdere hudabsorption af nanomaterialer. Anbefalingerne fokuserer pa behovet for mere robuste
og harmoniserede test metoder/guidelines til at bestemme hudabsorption og behovet for en
systematisk tilgang til variationen af fysisk-kemiske karakteristika for at forstd deres relative
indflydelse p& hudabsorption. Dette inkluderer anbefalinger relateret til klargering af testmateriale,
hudmodeller, hjelpestoffer, dosis, varighed, samt bestemmelse og kvantificering af partikler.
Rapporten afsluttes med anbefalinger relateret til prioriterede nanomaterialer til testning, herunder
hvordan dette maske neermere bgr relatere til prioriterede fysisk-kemiske egenskaber frem for

enkelte eller grupper af nanomaterialer.
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Executive Summary

This report and accompanying literature database forms part of a series of projects regarding
nanomaterials in Denmark (“Better control of nano”) commissioned by the Danish Environmental
Protection Agency (EPA). The report constitutes a literature study to gather and evaluate the
existing knowledge on the systemic absorption of nanomaterials via dermal exposure with the
intended aim of describing the current state of the art as well as gaps in knowledge on dermal
absorption of nanomaterials in relation to consumer exposure.

There exists concerns that whilst the properties of nano-scale materials have enabled numerous
industrial applications and the consumer market already offers increasing numbers of products
containing nanomaterials, these may result in skin exposure (intentionally or unintentionally) and
knowledge concerning passage of nanoparticles through the skin and subsequent effects is limited.
The approach to collating and analysing the current state of knowledge involved the development of
a systematic search strategy based on key search terms and phrases of relevance to dermal
absorption of nanomaterials. The search and subsequent stepwise review of identified studies took
into account guidance provided in the Cochrane Handbook for Systematic Reviews of Interventions
as well as currently considered best practice in reviewing nanotoxicological literature. The identified
studies and their appraisal culminated in the formation of an MS Access Database which
accompanies this report. This knowledge base has been used to evaluate the role of various
physicochemical properties on nanoparticle absorption into the skin as summarised under the
following broad physicochemical properties, concerning the role of:

e Size
e Composition
e Surface Chemistry

e Shape

One of the key challenges in assessing the literature on the physicochemical properties influencing
dermal penetration/absorption of nanomaterials is that it is difficult to draw conclusions due to
either: i) limitations in the reporting of physicochemical data, and/or, ii) the alteration of multiple
experimental parameters in a non-systematic way. The issue of a lack of information on
nanoparticle physicochemical properties is common, yet the most challenging aspect is the
alteration of multiple experimental parameters whereby multiple characteristics such as shape,
charge, coating, size can all be changed. This means that little meaningful comparison of results

can be made within a single experimental study, let alone between studies.

Despite such challenges, some key conclusions can be drawn. Whilst there are many conflicting
results, on balance the literature seems to suggest that absorption of particles in the nano-range
through the skin is possible although occurs to a very low degree and that the level of penetration,
depending on chemistry and experimental conditions, may be greater than for larger particles. The
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role of size is considered a critical component of dermal absorption but this in itself does not seem
to guarantee absorption or lack of as other properties can also influence dermal absorption
markedly. In addition, particle size is not necessarily a constant parameter as agglomeration of
particles can occur over time and also in relation to experimental conditions (e.g. presence of
surfactants within particle vehicle formulation). However, whilst this issue of agglomeration has
been suggested as being important (as well as an important experimental variable), agglomeration

state is often not reported within studies.

Although particle composition has been shown to have little effect on dermal
penetration/absorption of nanoparticles, composition (either in terms of the bulk or as a
contaminant such as iron) should be considered in relation to dermal toxicity. Another challenging
issue noted in relation to nanoparticles is determining whether absorption (when detected) occurs
as a solid particle or as soluble fraction (e.g. metal ions). This may have important connotations in

terms of systemic availability, distribution as well as metabolism and excretion.

Surface chemistry, due to its prominence in forming the interface between a nanoparticle and the
biological environment, is seen as a key group of physicochemical properties dictating dermal
interaction and has been indicated by several studies to be an important factor influencing the
ability of nanoparticles to penetrate into the skin, with surface charge (through the modification of
surface coating/functionalisation) being the most investigated aspect. However, elucidating a clear
relationship between the many aspects of surface chemistry and dermal absorption/penetration is
difficult as the level of characterisation of the surface chemistry of the nanoparticles studied is often
poor and in many cases only a qualitative indication is provided. In addition, such issues are further
confounded by the multiple alterations of surface properties within the same experiment, meaning
that it is not possible to predict the effect of one single property on dermal absorption. However
whilst the results are complex and inconclusive, there does appear to be a slight tendency towards
greater uptake of positively charged particles although there are conflicting studies in relation to
this.

Shape has been seen as a key physicochemical property influencing toxicity in relation to inhalation
exposure to nanomaterials, yet knowledge of its role in dermal absorption is limited. Whilst there
are examples of non-spherical nanoparticles being evaluated within the literature, there is no study
which critically evaluates in a systematic way the role of particle shape/length on absorption.
Indeed those non-spherical particles which have been evaluated do not meet the criteria of what is
conventionally considered to be a fibre (i.e. length greater than 5 um) and there is also an absence

of other shaped particles such as platelets (e.g. graphene) being evaluated.

In addition to appraising the role of key physicochemical properties on dermal absorption of
nanomaterials, this report also considered the test methods (in vitro, in vivo and in silico) used in
the evaluation of absorption. There exist many cross-cutting issues such as sample preparation,
vehicle and species employed, as well as particle detection and quantification that are common to
both in vitro and in vivo test methods. These issues are discussed in the report, and add to
difficulties in comparing results of differing studies due to non-harmonised approaches which, to a
certain extent, may be enhanced by current test guidelines. The use of in silico approaches such as

guantitative structure activity relationships (QSAR) to predict dermal absorption is apparent for
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conventional chemicals yet is still very much within its infancy for nanomaterials. However, due to
the challenges that the vast array and diversity of nanomaterials brings, this is considered to be an

important area for further development.

Other key gaps are described in relation to the physiochemical properties, test methods and
detection methods related to dermal absorption leading to report recommendations on methods
and endpoints to assess dermal absorption for nanoparticles. Such recommendations focus around
the need for more robust and harmonised testing approaches (guidelines) for determining dermal
absorption of nanomaterials and the need for a systematic approach to alteration of key
physicochemical characteristics to understand their relative role in dermal absorption. This also
involves recommendations surrounding sample preparation, dermal models, nanoparticle vehicles,
dose, duration and particle detection and quantification. The report concludes on recommendations
for relevant and priority candidate nanomaterials and how this may relate more to priority

candidate physicochemical properties rather than a single or group of nanomaterials.
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1. Introduction

1.1 Danish initiative for “Better control of nano”

The Danish government and the Red-Green Alliance (a.k.a. Enhedslisten) have signed an
agreement called “Bedre styr pa nano” (“Better control of nano”) for four years (2012-2015) that
focuses on the use of nanomaterials in products on the Danish market and their consequences on
consumers and the environment. The Danish Environmental Protection Agency (EPA) has
initiated a series of projects with the aim of further clarifying possible risks to consumers and the

environment. The current project and accompanying literature database is part of this series.

1.2 Project outline

As part of this series of projects on key issues regarding nanomaterials in Denmark, such as
occurrence, extent of consumer and environmental exposure and assessment of potential risk, the
Danish EPA commissioned the present literary study on the systemic absorption of nanomaterials
via dermal exposure. The overall aim of the project was to gather and evaluate the existing
knowledge in the area and assess the need to generate new knowledge, as well as to develop
recommendations for the most suitable skin models, measurement methods and relevant candidate
nanomaterials for experimental testing in the future.

This study provides a comprehensive evaluation of the knowledge base regarding the dermal
absorption of nanomaterials, based on a review of the currently available scientific literature. The
evaluation includes:
e assessment of the extent of dermal absorption of nanomaterials;
e identification of nano-specific characteristics that may influence dermal absorption of
nanomaterials;
e evaluation of which test method(s) would most closely simulate the transport of
nanomaterials through the skin; and

e assessment of the specific research areas that require more knowledge.

1.3 Dermal absorption of nanomaterials

Nanomaterials are defined in different ways by different organisations, typically focusing on
materials having at least one dimension in the range of 1 to 100 nanometres. Some definitions,
require that the nano-scale confers them specific properties,! whereas other consider the size
distribution of the particles in a material.2 This review does not address a specific definition as it is
typically not clear what definition is considered in a journal article and the focus is rather on more
broadly collecting evidence about materials with nano-scale dimensions. The identified literature
related to dermal absorption or penetration of nanomaterials mainly addresses nanoparticles (i.e.

Dermal Absorption of Nanomaterials
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objects with nanoscale in all three dimensions) and, to some extent, fibres (two dimensions).
Furthermore, some studies with larger sized particles, which may be used to draw conclusions in a
weight of evidence approach, have also been included. Nanomaterials can be natural (e.g. from
volcanic activities), unintentionally produced/generated (e.g. from combustion), or engineered (i.e.
nanomaterials intentionally made for industrial and/or research purposes). Due to the interesting
properties that nanomaterials display, their applications are increasing and their use is growing
fast. Nanomaterials are used in many industrial processes but also incorporated in many goods
destined to the consumers. As a consequence, consumers are increasingly exposed to nanomaterials
yet to date, the risks in terms of health and safety represented by their use are still not fully known.
Risk is defined as the product of exposure and hazard. Hazard assessment is the assessment of the
potential for a chemical/material to cause adverse effects to an individual entering in contact with
it. It involves hazard identification and dose-response studies. Exposure is generally used as a proxy

for the dose and exposure is defined as “the contact between an agent and a target”.3

Depending on the product the consumer is using, exposure to chemicals/particles can occur along
several routes: the respiratory tree, digestive tract and skin being the main routes of exposure. The
skin represents a total surface of around 1-2 m2 and#®, as a consequence, a large area with potential
exposure to chemicals, particles and other materials, in the form of cosmetics, clothing, handling
materials etc. It is worth noting that while most industrial and environmental skin exposures are
unintended, infrequent, and covering a limited area, the exposure to cosmetic products is very
much different as it is clearly intended, often repeated, in periods very frequent, (e.g. sun blockers),
and often covering a significant area of the body.

1.3.1 The skin

The structure of the skin presents some alterations according to the region of the body as
physiological adaptations. The skin is structurally divided into three layers: the outside layer or
epidermis, the dermis and the inside layer, the hypodermis, as schematically represented in Figure
1.

“OUTSIDE”
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FIGURE 1: SCHEMATIC REPRESENTATION OF SKIN STRUCTURE AND ASSOCIATED

FUNCTIONS. Reproduced from ¢. Note that the relative thickness of each layer is not to scale. Several adnexal
structures are shown (SP = Superficial Plexus, SG = Sebaceous Gland, SD = Sweat Duct, N = Pacinian corpuscle,
H = Hair). In humans the skin is covered with a thin layer of lipids known as the acid mantle (AM), which
comprises sebum, cell debris and sweat residua.

The main cell type found in the epidermis is the keratinocyte, which are known to produce a fibrous

structural protein called keratin. Keratinocytes cells are structurally and functionally organised into
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several layers, with gradually increasing keratin content and rich-lipid extracellular matrix along

the epidermis, termed (from the inside to the outside):

. stratum basale (SB), composed of dividing cells that proliferate and push the cells
toward the outside of the skin where they gradually morphologically and functionally

change and flatten and finally die in the outer layer (stratum corneum);

. stratum spinosum (SS);

. stratum granulosum (SG);

. stratum licidum (SL), a thin clear layer between stratum granulosum and stratum
corneum;

. stratum corneum (SC), constituted of flat, dead cells, called corneocytes, that
desquamate.

The epidermis is schematically depicted in Figure 2.

lipid bilayers,
Stratum 7 cross-linked cornified envelope,
Corneum ; keratin filament cables, filaggrin
- tight junctions,
Granular lamellar granules, keratohyalin granules,
Layer keratin filament bundles,
L profilaggrin, loricrin, lipids
. bundles of K1/K10-keratin filaments,
Spinous intercellular junctions
Layer rich in desmosomes
AP2, C/EBP, Hes1, Notch 1/3
sparse K5/K14-keratin filaments,
Basal intercellular junctions
rich in adherens junctions
Layer p63, EGFR, IGFR, TBRII, Delta1
hemidesmosomes (a6f34), focal adhesions (a3p1)

laminin V, fibronectin,
Basement Membrane/ECM Col IV, TGFa, IGFs

FIGURE 2: SCHEMATIC REPRESENTATION OF THE EPIDERMIS. Reproduced from 7. The program
of epidermal differentiation is shown in this schematic, illustrating the basement membrane at the base, the
proliferative basal layer, and the three differentiation stages: spinous layer, granular layer, and outermost
stratum corneum. To the right, key molecular markers are shown.

The epidermis is also composed of many other cells types, such as cells from the immune system
(e.g. Langerhans cells and melanocytes which produce the pigment melanin under exposure to
ultra-violet (UV) light). The epidermis also contains hair follicles, which are invaginations of the

sub-SC that penetrate deep into the epidermis and reach the dermis.

The dermis is a layer of the skin mainly composed of extra-cellular matrix such as collagen and

elastic fibres produced by dermal fibroblasts. The dermis also contains various structures such as
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sebaceous gland, blood vessels and nerves. The hypodermis is similar to the dermis but contains

larger blood vessels and nerves as well as fat structure.

1.3.2 Skin patho-physiology

The skin is an organ composed of many different cell types and structures with specialised
functions. The main role of the skin is to act as a protective barrier between the inside and outside
of the body. The skin also ensures physiological functions such as hydro-regulation, thermo-
regulation, sensory information, protection against UV radiation and immune defence. Therefore,
its integrity and functionality are very important for the health of an individual. Exposure of the
skin to chemicals or other materials may result in a variety of pathological effects ranging from
surface effects to deeper topical effects or even systemic effects if penetration through the skin
occurs.8 Interaction with the surface of the skin can induce damages such as irritation, which is
reversible, or corrosion, which is irreversible by definition although, whilst severe corrosive effects
may remain visible as scars, milder corrosive effects may fade and not be seen after some time.

Penetration of a material though the skin barrier can trigger also numerous toxic effects.
Compounds that reach the stratum granulosum (SG), for example, can interact with the viable
keratinocytes, and trigger an inflammatory reaction. Compounds that reach the stratum spinosum
(SS) can interact with Langerhans cells (from the immune system) and initiate an allergic reaction
responsible for phenomenon such as contact dermatitis. Carcinogenic processes may also be
induced in the skin following dermal exposure depending on the chemical and its ability to
penetrate the skin and reach the viable layers, where it can potentially induce skin cancer. All of
these effects can be grouped as dermal toxicity. However, when a compound manages to cross the
epidermis, it becomes accessible for the dermis and potentially accessible to the systemic circulatory
and lymphatic systems. As a result such compounds can cause effects in other distal organs within
the body, by translocation through the circulatory system or by triggering systemic reactions.! These
can potentially lead to a wide range of toxicological effects and disease such as systemic

inflammation, organ toxicity and cancer.

1.3.3 Engineered nanomaterials in products and potential for skin exposure

The properties of nano-scale materials have enabled countless industrial applications. In terms of
consumer exposure, the market already offers many products containing nanomaterials and for
most of them the skin is likely to be a potential route of exposure. Although powder-based materials
raise concerns in terms of respiratory exposure, for the skin as a route of entry nhanomaterials in
suspensions such as suncreams are likely to be of higher concern due to their direct application.!
Nonetheless, the risks associated with the use of both types of nanomaterials, dry materials and
suspensions, and the skin as a route of entry should be considered.

Recently, a review published in 2010 provided an overview of the most common nanomaterials
found in consumer products.8 Sourcing from the Project on Emerging Nanotechnologies inventory
(http://www.nanotechproject.org), the authors counted more than 400 products containing metal
nanomaterials and destined to topical applications for consumers.8 Cosmetics in the form of
moisturisers, make-up etc. are one of the major applications of nanomaterials. The most commonly

used nanomaterials are TiOz and ZnO in sunscreens because these materials provide effective filters
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against UV radiation. Liposomes, dendrimers and carbon-based materials such as fullerenes are
also being used in the cosmetics industry to improve the delivery of cosmetic agents.® Silver is also
commonly used in anti-bacterial and burn dressings and as such, is in direct contact with the skin.
It is important to note that such products containing silver are generally applied to damaged skin,
which has risk implications, an issue discussed later in this report. Other common examples are
quantum dots which are mainly used for diagnostic in medicine. However, consumers can be
exposed to various other products not designed for skin application but which use may result in
exposure of skin to nanomaterials. For example, silver and other metals are being added into
textiles due to properties such as anti-bacterial, water repellent, UV absorption, tear and wear
resistance etc. as shown in Table 1. Nanomaterials are also introduced in many other products such
as motor oil, fuel catalyst, cleaning products etc. whose use introduce potential exposure to the skin

for consumers.8

TABLE 1: COMMON NANOMATERIALS AND PROPERTIES USED FOR TOPICAL CONSUMER
PRODUCTS AND OTHER APPLICATIONS RELEVANT IN TERMS OF POTENTIAL SKIN

EXPOSURE 8.0

Nanomaterials

Properties

Examples of consumer
applications with potential
dermal exposure

Carbon nanofibres, e Increased tensile strength e Sporting goods
nanotubes, fullerenes e High chemical resistance e Textiles
e Anti-oxidant e Cosmetics
e Delivery system e Therapeutics
o Diagnostics
Carbon black e Improved abrasion resistance e Sporting goods,
nanoparticles and roughness and high e Composites,
chemical resistance e Textiles
e Cosmetics
e Pigment
Clay nanoparticles e Electrical, heat and chemical e Composites
resistance e Sunscreens
e Block UV light e Textiles
e Flame retardant
e Anticorrosive
e Adsorbing properties
Metal nanoparticles (Ag, e Antimicrobial e Textiles,
Au, Cu) e Anti-odour e Surface coating (handles, pan
e Self-sterilisation surfaces etc.),
e Others e Burndressing
e Cosmetics
e Dietary supplement
e Therapeutics
Metal oxide nanoparticles e UV absorption e Sunscreen
(TiOz, Al20s, ZnO, MgO, e Photo-catalytic ability e Cosmetics
Ce0O2) e Photo-oxidising activity against | e Textiles,
chemicals and biological species | o Self-cleaning coating (paints
e Antimicrobial/self-sterilization etc.)
e Cleaning products
e Sporting goods
e Motor oil
e Diesel catalyst

In conclusion, there is growing number of products containing nanomaterials that are likely to
reach the general consumer and cause intended or unintended exposure of the skin. Importantly,
the range of products that the consumer face with likelihood of exposure to nanomaterials via the
skin is broader than cosmetics and also now includes a wide range of nanotextiles, medicines and

various other consumer merchandise.
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1.3.4 Skin as a route of exposure

As mentioned previously, the skin represents a total surface of around 2 m2 and as a consequence,
forms a large area over which there is a potential for exposure to chemicals, particles and other
materials, in the form of cosmetics, clothing, handling materials etc. Several parameters are known
to govern the penetration of chemicals through the skin, such as the physicochemical properties of
the skin and of the compound, but also the conditions of exposure. Following many years of stricter
regulations on occupational inhalation exposures, the dermal route has also in many occupational

settings become a very significant route of exposure.

Due to its structure and hydrophobic nature, the stratum corneum is one of the most important
barriers against external compounds reaching the skin. Skin appendages such as hair follicles,
sebaceous glands and sweat glands on the contrary have been highlighted as possible alternative
routes of entry of the skin and have even been targeted for this effect for purposes such as
vaccination and drug delivery.1216 Anatomical, age and species variations in the skin structure are
responsible for significant modifications in the efficiency of skin as a barrier against the

environment.®

For chemicals, several physicochemical characteristics have been highlighted as critical in terms of
absorption through the skin. It is usually suggested that molecules with a molecular weight higher
than 500 Da do not generally penetrate the skin, although this is a rough cut-off since exceptions
have been found.!” The solubility of a molecule measured in terms of partition between an aqueous
and a lipophilic solvent is also a parameter used to critically estimate the absorption of a chemical
via the skin, since the SC is very hydrophobic by nature. In addition, absorption of molecules that
are charged is also impaired by the presence of charges negative and positive on the main protein
found in the epidermis or keratin.

1.3.5 Dermal absorption

Dermal absorption is defined as the transport of a compound from the outer surface of the skin into
the skin and into the body and for those chemicals that are absorbed, the vast majority is by passive
diffusion following Ficks Law. Therefore skin absorption implies that the compound becomes
systemically available. Skin absorption should not be confused with skin permeation, which is the
diffusion of a compound into a certain skin layer, nor with skin penetration which is the diffusion
into deeper layers, as represented in Figure 3.

------------------------------

Site of action or
systemic absorption
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FIGURE 3: REPRESENTATION OF SKIN PERMEATION (A), SKIN PENETRATION (B) AND SKIN
ABSORPTION (C). Permeation is diffusion of a penetrant into a certain skin layer. Subsequent diffusion
through that layer represents penetration (in this example, the substance has “penetrated” layer 1). Penetration
through layers of skin to either the site of action or systemic circulation represents absorption.6

Skin absorption/ penetration is governed by many parameters relative to structure of the skin, the
physicochemical characteristics of the compound and finally the conditions of exposure.® The
anatomical region of the skin, in terms of structure and appendages, the age and species of origin,
the donor and its physio-pathological status will greatly influence the dermal absorption of a
compound. In terms of compounds, physicochemical characteristics such as charge,
hydrophobicity/hydrophilicity and size will be critical in determining its absorption via the skin.
Exposure conditions such as choice of vehicle, area of contact, volatility, occlusion, and skin
treatments such as clipping, shaving, epilation etc., will also influence the resulting dermal
absorption.® In addition, the conditions in which exposure occurs can also influence the level of
absorption of a chemical through the skin. The nature of the formulation is also critical in terms of
absorption of a compound through the skin, and sometimes even minor changes in the formulation
can critically change the level of absorption of a compound. Thus, the content of solvents or
detergents and the acidity of a formulation, for example, may alter the uptake. The volatility of a
compound in a formulation will also influence its level of absorption through the skin. Similarly, the
conditions in which the exposure to the skin occurs such as covered or un-occluded will alter the
absorption. Finally, another factor critical in terms of absorption through the skin is the integrity
and functionality of the skin on which contact with a compound happens. Indeed, the level of
hydration of the skin, the integrity of all its layers, the presence of cuts or any skin disease is likely

to influence the level of absorption of a compound through the skin.

As absorption through the skin considers full penetration of the skin layers so that the penetrant
can become systemically available, it is important to consider that many studies may only consider
penetration as they may not consider systemic availability (and thereby not be able to show dermal
absorption). An example of this would be the evaluation of penetration depth of particulate into the
skin using microscopy to detect particle interaction with cell layers. Such a study may show
penetration to lower layers of the skin such as the dermis yet not show absorption as systemic
availability is not demonstrated. This is not to say such results are of lesser importance as they may
still demonstrate particle penetration and interaction with sensitive cell layers thereby potentially
causing toxicological effects. In addition, whilst absorption may not have been demonstrated, this
does not necessarily mean that it will not occur, especially where penetration to deep cell layers is
evident as while penetration may not result in absorption, absorption must result from penetration
(i.e. there can be no dermal absorption without dermal penetration but there can be penetration
without absorption).

This may be further complicated where studies discuss or state absorption, yet actually show
penetration as the terms are often used interchangeably. For example, the 1996 study by Tan et al.
states that:

“The results from this pilot study showed that levels of titanium in the epidermis and
dermis of subjects who applied microfine titanium dioxide to their skin were higher
than the levels of titanium found in controls. Studies with larger cohorts are
necessary to establish if this absorption is statistically significant.”8
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The phrase “if this absorption” is interesting as the result itself states that levels in the epidermis
and dermis were higher which therefore suggests increased penetration, not absorption per se.
Therefore, where the degree of penetration or absorption is unclear or the results are equally

relevant to both terminologies, the phrase absorption/ penetration will be used.
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2. Methodology

2.1 Literature search strategy

The peer-reviewed literature provides the most substantial resource of information for this review.
In order to collate relevant references from the literature, a systematic literature search strategy was
developed based on the main concepts being examined in the review. The approach taken to
development of the search strategy and identification of relevant studies took into account guidance
provided in the Cochrane Handbook for Systematic Reviews of Interventions,® whilst recognising
and accounting for the inherent differences between the current nanotechnology knowledge base
and the medical literature.

As a first stage in the development of the literature search strategy, key search terms and phrases of
relevance to the project scope were derived from recognised standard terminology and
nomenclature (e.g. current documents from the British Standards Institution (BSI), the
International Organization for Standardization (1SO) and the European Committee for
Standardization (CEN)). Following consultation with and further input from members of the
Danish EPA and the project’s Reference Group, the final set of search terms/phrases was agreed as

follows:

e absorption

e assay

e bioavailability

e biodistribution

e characterisation

e characterization

e "consumer products”
e corrosion

e cosmetics

e derma-abrasion

e dermal

e disease

e distribution

e exposure

o fullerene

e "hazard assessment"

e "hazard
identification"

e "insilico"

e "invitro"

e "invivo"

irritation
modeling
modelling
models
nanocomposites
nanofiber
nanofibre
nanomaterial
nano-object
nanoparticle
nanoparticulate
nanoplate
nanorod
nanotube
nanowire
penetration
permeation
"personal care"
physicochemical
physico-chemical
QSAR

"quantum dot"
sensitisation
sensitization

skin

sun block

sun lotion

sunscreen
susceptibility
systemic

""systemic absorption”
"test guidelines"

"test methods"
"testing strategy"
"toxicity assessment"
"toxicology assessment"
translocation
ultrafine

uptake

A systematic matrix-based search strategy was then developed by using Boolean logic operators
(AND, OR and NOT) to combine the key search terms into defined search strings. The draft search
strategy was trialled in the United States National Library of Medicine’s PubMed database, and
further refined to provide a search strategy that was robust and fit-for-purpose for the project.
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The final search strategy, agreed with the Danish EPA, was as follows:

(Ultrafine OR nano-object OR nanoparticle OR nanoparticulate OR nanomaterial OR
nanotube OR nanofiber OR nanofibre OR nanowire OR nanocomposite OR nanoplate OR
nanorod OR fullerene OR "quantum dot") AND (dermal OR skin) AND (absorption OR
penetration OR uptake) AND (Search Term)

where the following words were applied sequentially as the (Search term):

assay
bioavailability
biodistribution
characterisation
characterization
"consumer products”
corrosion
cosmetics
derma-abrasion
disease
distribution
exposure

"hazard assessment"

"in silico"

"in vitro"

"in vivo"
irritation
modelling
modeling
models
permeation
"personal care"
physicochemical
physico-chemical
QSAR
sensitisation

susceptibility
sun block

sun lotion
sunscreen
systemic
""systemic
absorption”

"test guidelines"
"test methods"
"testing strategy"
"toxicity assessment"
"toxicology
assessment"

"hazard identification" sensitization translocation

2.2 Identification of studies

In order to gain a comprehensive summary of the available evidence, in Task 1.2 the final search

strategy was undertaken in the following databases:

e The United States National Library of Medicine
0 PubMed
o0 TOXLINE

e  Thomson Reuters (formerly I1SI) Web of Knowledge

The references obtained from each individual search were then collated in reference manager
software (RefWorks). An inherent consequence of performing multiple searches across several
databases is the inclusion of duplicate references in the collated dataset. RefWorks was therefore
used to remove duplicates in the collated set of references to form a final “computational dataset”.
The number of references obtained from each search in the three databases is presented in Table 2
overleaf. Overall, following the removal of duplicates, the computational dataset consisted of 714
unique references.
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TABLE 2: NUMBER OF REFERENCES OBTAINED FOR THE FINAL SEARCH STRATEGY IN PUB
MED, WEB OF KNOWLEDGE AND TOXLINE DATABASES

No. of references obtained for the final search strategy:

(Ultrafine  OR nano-object OR nanoparticle OR nanoparticulate OR
nanomaterial OR nanotube OR nanofiber OR nanofibre OR nanowire OR
nanocomposite OR nanoplate OR nanorod OR fullerene OR "quantum dot")
AND (dermal OR skin) AND (absorption OR penetration OR uptake) AND
(Search term)

Search term PubMed Web of Knowledge TOXLINE
assay 152 27 27
bioavailability 24 9 14
biodistribution 13

characterisation 8 41 4
characterization 53 41 35
"consumer products" 13 11 17
corrosion 2 0 1
cosmetics 101 33 49
derma-abrasion 0 0 0
disease 26 25 20
distribution 90 62 57
exposure 93 84 87
"hazard assessment" 1 1 1

"hazard identification"

"in silico" 0 (0] 0
"in vitro" 268 146 185
"in vivo" 137 94 97
irritation 27 10 16
modelling 1 2 1
modeling 1 3 2
models 53 21 113
permeation 148 59 95
"personal care" 6 6 5
physicochemical 43 30 24
physico-chemical 1 2 1
QSAR 0 0 1
sensitisation 1 1 1
sensitization 0 2 0
susceptibility 3 5 3
sun block 0 (0] -
sun lotion 0 1 0
sunscreen 71 32 42
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TABLE 2 (CONT.)

Number of references obtained for the final search strategy:

(Ultrafine OR nano-object OR nanoparticle OR nanoparticulate OR
nanomaterial OR nanotube OR nanofiber OR nanofibre OR nanowire OR
nanocomposite OR nanoplate OR nanorod OR fullerene OR "quantum dot")
AND (dermal OR skin) AND (absorption OR penetration OR uptake) AND
(Search term)

Search term PubMed Web of Knowledge TOXLINE
systemic 54 33 41
""systemic absorption™ 7 4 6
"test guidelines” 0 0 0
"test methods" 0 (0] 8
"testing strategy" 1 1 1
"toxicity assessment" 1 1 1
"toxicology assessment" 0 0 0
translocation 13 10 6
Total references

(including duplicates) 1413 807 969
Total references

(excluding duplicates) 536 308 376

Total references
collated in the

computational dataset 4
(excluding duplicates)

-509
Manual screening =205
Additional searches +28
Total number of
references for further =233

appraisal

Results of a systematic matrix-based search strategy will inherently contain references which are
not relevant to the scope of the project. The titles and, where required due to non-specific titles,
abstracts of the references in the computational dataset were therefore manually screened by an
expert reviewer to identify any which were considered not to be of relevance to the aims of the
project. Those determined to be of potential relevance for the project in terms of scope were
selected by the reviewer and included in a “screened dataset” for taking forward into the further
appraisal. The determination of whether a publication was considered not relevant was based upon
the topic of the article. For example, whilst the computational approach captured an article by
Zhang et al., the topic of the article was the detection of silver nanoparticles in fruit (pears)2° and
therefore not relevant to the dermal penetration of nanomaterials in humans. As the focus of the
project is on the dermal penetration of solid nanoparticles relevant to consumers, it was decided
that publications on the medicinal uses of certain forms of nanoparticles such as liposomes, nano-
emulsions and lipid nanocapsules and other lipid based nanostructures would not be taken forward.

An example of such a study is that of Mamot et al. addressing the “Tolerability, safety,
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pharmacokinetics, and efficacy of doxorubicin-loaded anti-EGFR immunoliposomes in advanced
solid tumours: a phase 1 dose-escalation study”.2! However, where studies appeared potentially
relevant to aims of understanding what characteristics of particles could influence their penetration
through the skin, these were included irrespectively. In total, 205 references from the peer-

reviewed literature were included in the screened dataset for further appraisal.

In addition to searching the peer-reviewed literature in the above databases, the project team also
searched for published information and reports from relevant organisations such as the Scientific
Committee on Consumer Safety (SCCS), Commonwealth Scientific and Industrial Research
Organisation (CSIRO), Organisation for Economic Co-operation and Development Working Party
on Manufactured Nanomaterial (OECD WPMN), Scientific Committee on Emerging and Newly
Identified Health Risks (SCENIHR), as well as standards organisations such as ISO and CEN, EU
Framework Programme (FP) 6/7 projects, and other international organisations such as the
National Institute for Occupational Safety and Health (NIOSH). In addition to searching specific
websites for publications, a general search was carried out using Google to ensure coverage of
additional relevant literature and in addition, the Reference Group was consulted for
recommendations. Based on the results of this searching, a further 28 references were included in
the screened dataset. Thus, a total of 233 information sources were taken forward for further
appraisal.

2.3 Assessment of the relevance & reliability of the identified studies

and appraisal of relevant studies

A standardised process was developed and used to appraise each information source in the screened
dataset in terms of its relevance and reliability for use in the project. This process was facilitated in
an MS Access Database, which was provided to the Danish EPA in addition to this report.

For each information source, an entry in the database was created providing a full reference and an
indication of the source type (i.e. abstract, journal publication or report). Based on a more
comprehensive assessment of the information available in the abstract, an assessment of the
relevance (high, low) and specificity (high, low) of the information source was made by the
reviewer. The criteria for relevance was based on whether or not the publication in whole or in part
dealt with the issue of dermal absorption and/or toxicity of solid nanoparticles applied to the
surface of the skin. Where publications were not deemed relevant, they were discounted from
further appraisal (although remain in the database) and therefore this represents the last screening
juncture before comprehensive review. In terms of specificity, this impacted to a much lesser degree
on the full appraisal of the publication because those studies of high relevance but low specificity
were still appraised. The criterion for specificity was based on the question of if the article
specifically dealt with dermal penetration/toxicity or if this was only part of the considerations of
the article. For example, the article by Campbell et al. was highly specific as it addressed only
nanoparticle deposition in mammalian skin after topical exposure,?? whilst a review by Borm et al.
was considered non-specific as dermal penetration was not the central theme of the article;23 the
article considered dermal effects at a cursory level and also dealt with other exposure routes (e.g.

inhalation) and effects in greater detail.
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Of the 233 publications included in the screened dataset, approximately 56 publications were
determined to be not relevant based on the abstract and a reason for this was recorded in the Access
database comments box of the citation. An example is the study by Aillon et al., entitled “Effects of
nanomaterial physicochemical properties on in vivo toxicity”.2* Whilst the title appeared
sufficiently of interest to warrant its inclusion in the MS Access Database, upon review of the
abstract it became clear that the study deals only with systemic distribution after injection. The
reference made to the term “dermal” in this paper related to a brief discussion of how routes of
exposure such as dermal, oral and inhalation are most commonly studied, yet the focus of this study
was on parenteral administration. Therefore, the study was discounted from further appraisal.
Thus, 177 publications were identified for full appraisal. The IOM has been able to gain access to
approximately 146 of them with 26 not accessible by the IOM within the resources of the project
and 5 not available in English (Japanese). A more comprehensive appraisal of these 146

publications was performed according to a standardised appraisal framework.

The standardised appraisal framework, detailed in Table 3 overleaf, is intended to help rank the
studies when considering their impact and contribution to the objectives of the project and provide
a basis for the consistent assessment of the evidence base identified. The framework draws
principally on two published methodologies for literature assessment:

e Klimisch et al., which describes a standard base set of criteria and corresponding codes
(Klimisch codes) for assessing the quality and potentially the validity of toxicological and
eco-toxicological scientific studies and data sets?>;

e Card and Magnuson?2é, which describes a two-step process where application of Klimisch
codes to assess study reliability comprises the first step. The second step focuses on
assessing the level of nanomaterial characterisation which was done by comparing the
information presented within a study against ten parameters of nanomaterial
characterisation. In this approach, the greater the number of nanomaterial characteristics
described within a study, the greater the score.

The developed framework consists of 7 criteria against which the information source is assessed.
Each criterion comprised of a set of scored categories. These individual scores are then summed to
provide an overall score for the study in terms of its relevance and reliability allowing the
identification of studies considered to be of highest quality and impact. Whilst those studies
obtaining a high score would be considered to be of the highest quality and impact, those obtaining
a low score will not be discounted but instead considered in light of any caveats which has impacted

on its score.
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TABLE 3: APPRAISAL FRAMEWORK USED TO ASSESS THE IDENTIFIED STUDIES

Criteria

Scored categories

1. Study’s level of output

Systematic review
Review

Journal publication
Final report
Interim report
Abstract

2a. Test material/analyte characterisation undertaken

Determined & reported, with in situ characterisation
Determined & reported - characterised as supplied
Reported - as per label

Inferred from data presented

None

2b. Experimental design

Internationally accepted standard method e.g. OECD TG
Non-standard, documented method

Undocumented method

No experimental detail provided

2c. Cumulative property score (as per Card & Magnuson,
2010)

6
5
4
3
2
1

4
3
2
1

0
3
2
1

0
A

score of 1 is accrued per key physicochemical property reported

3. Experimental method chosen for simulating dermal
absorption of nanomaterials in humans under realistic
conditions

N Wb~ O

[N

Human

In vivo - Direct application

Ex vivo — Skin absorption models

In vitro — Skin absorption models (multi-cellular e.g.
EPiSkin)

In vitro — Skin absorption models (single cell e.g.
keratinocytes)

4. Computational method chosen for simulating dermal
absorption of nanomaterials in humans under realistic
conditions

N W

PBPK model (multi-compartment)
PK/TK model (multi-compartment)
PK/TK model (single-compartment)

5. Methods used for labelling nanomaterials

N

Validated with post exposure confirmation

Validated without post exposure confirmation, or non-
validated with post exposure confirmation
Non-validated without post exposure confirmation
None

6. Methods used for measuring the retrieval of
nanomaterials post exposure

w h oo+

N

Validated method for in situ detection

Non-validated method for in situ detection

Validated method for ex situ detection e.g. mass balance
study

Semi-quantitative detection e.g. local accumulation only

Qualitative detection e.g. histopathology with microscopy
None

7. Reliability

=N WMOP-

Reliable, without restriction
Reliable, but with restriction
Not reliable

Not assignable
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Completed appraisals of the 146 accessible information sources are provided in the appendix to this

report. A summary diagram indicating the tasks and the sequential approach to refining the dataset

with results is shown below in Figure 4.

Literature
Search

Strategy

Identification
of Studies

: Relevance
Reliability

« Define key search terms

« Develop matrix-based search strategy using Boolean logic strategy
« Test strategy in PubMed and refine

e Output: Literature search strategy

« Undertake search strategy in PubMed, Web of Knowledge & TOXLINE

« Collate peer-reviewed literature references in Refworks & remove duplicates

* Output: Computational Dataset (714 references)

« Expert screening of titles (and abstracts where required)

« Inclusion of published information and reports from key organisations (e.g. SCCS)
* Qutput: Screened Dataset (233 references)

* Populate Access database with screened dataset

« Further screening of abstacts

« Assess relevance & reliability of accessible references according to Appraisal Framework
e Output: Appraised Dataset (146 references)

FIGURE 4: SUMMARY OF PROJECT TASKS AND APPROACH

2.4

Identification of key issues related to dermal penetration of

nanomaterials, identification of research gaps and

recommendations

Based on the detailed review and appraisals of the 146 references, physicochemical factors

influencing dermal penetration of nanomaterials and experimental setups for investigating dermal

penetration of nanomaterials were analysed, as summarised in Chapter 3. Research gaps identified

are discussed in Chapter 4, followed by recommendations for methodologies/experimental setup

for investigating dermal penetration of nanomaterials in Chapter 5 and recommendations related to

choice of candidate nanomaterials for further research in Chapter 6.
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3. Dermal Penetration and

Absorption of
Nanomaterials

3.1 Introduction

The potential for penetration of nanomaterials through the epidermis into the viable dermis and the
ability to become systemically available within the body has raised considerable concern. Indeed,
such concerns have been raised as early as 1996 with the publication of a pilot study by Tan et al. in
which they raised the hypothesis that 10-50 nm microfine (or nano-sized) titanium dioxide
“particles may have a greater potential to be percutaneously absorbed than commercial grade
titanium dioxide”.18 Such concerns have been reiterated within numerous reports and studies
since?’-32 and there is still a great deal of confusion. As described in several studies, it is still
debated whether nanoparticles will penetrate the skin and have any toxicological impact.3® This is
likely to be in part due to the complexity in nanotoxicology and wide variety of nanoparticles
available for testing. In addition, establishing dermal penetration/ absorption in terms of particle
detection, relevance of models is in itself highly challenging and should not be underestimated. This
is particularly the case for nanomaterials which present various challenges in terms in their
detection and penetration analysis.

It is well established that the properties, behaviour and biological effects of engineered
nanomaterials can be influenced by a range of physicochemical parameters, including size, shape
and surface area. For example, nanoparticles in the lower nanometre range may penetrate
biological membrane barriers that normally prevent the entry of (larger) particulate materials.3435
It is therefore possible that, if internalised in the form of nanoparticles, some insoluble or partially-
soluble materials may be able to reach certain parts of the body that could not be reached by larger
particles. It is now widely acknowledged that adequate characterisation of a nanomaterial is
necessary to accompany any toxicity study and forms an integral part of the risk assessment. Zuin
et al. amongst others, 36 highlighted that toxicity studies on carbon nanotubes (CNT), fullerenes,
metal oxides (e.g. titanium dioxide, zinc oxide), silica and quantum dots (QD), require adequately
characterised nanomaterials to interpret potential causes of biological effects. They suggested that,
ideally, each toxicological assay should be accompanied by a detailed characterisation of all the
physicochemical properties of the investigated material that could have biological relevance. In
support of this, Boverhof & David recommended that good characterisation data using a minimal
characterisation dataset should accompany and be required for all studies on nanomaterials.3” As
outlined in Chapter 2 characterisation, based on the Card and Magnussen methodology, has been

an integral part of the literature appraisal in this project.
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As highlighted by the EU’s Scientific Committee on Consumer Safety (SCCS)38, the selection of key
physicochemical parameters that can adequately describe a nanomaterial, and the selection of
characterisation methods that can be used to measure them, will depend on the composition,
properties, and intended use(s) of the nanomaterial. It remains challenging to identify a short list
of priority parameters for the characterisation of nanomaterials due to gaps in current knowledge
regarding the relationship between their physicochemical properties and adverse health effects.
The postulation and debate over which parameters to characterise for nanomaterials has been on-
going for some years, with numerous reports by international committees and working groups
making suggestion of the most important properties and endpoints to characterise, including: the
expert working group convened by the International Life Sciences Institute Research
Foundation/Risk Science Institute3?; the European Centre for Ecotoxicology and Toxicology of
Chemicals39; the EU’s Scientific Committee on Emerging and Newly Identified Health Risks#04L; the
German Chemical Industry Association*?; the OECD Working Party on Manufactured
Nanomaterials#344; the Dutch National Institute for Public Health and the Environment (RIVM)45;
the European Food Safety Authority (EFSA)*¢; the REACH Implementation Project on
Nanomaterials (RIP-oN 2)#7; and the SCCS38, the latter being specifically in relation to

nanomaterials intended for use in cosmetic products.

Within the peer-reviewed literature, exhaustive lists of physicochemical properties to characterise
are often suggested and it has been acknowledged by Warheit that recommendations of ideal
physicochemical properties to characterise often become “laundry lists” without adequate
prioritisation.*® In many instances the suggestions are generic (e.g. surface chemistry) and are
made in the absence of any detailed understanding of the characteristic, the relevance and
applicability of any interpretable data on the characteristic should it be available, or the availability

of a technique to gather such data.

Most recently, the International Committee on Standardisation (ISO) has published a guidance
document outlining a list of physicochemical properties for detailed description of manufactured
nano-objects subject to toxicological testing.#® These properties, as well as proposed methods for

their characterisation, are outlined in Table 4.
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TABLE 4: OVERVIEW OF PHYSICOCHEMICAL PROPERTIES REQUIRED FOR DETAILED
DESCRIPTION OF MANUFACTURED NANO-OBJECTS SUBJECTED TO TOXICOLOGICAL
TESTING, USING SELECTED STANDARD TERMINOLOGY FROM THE ISO CONCEPT

DATABASE.50

Property Description Example measurement methods
Equivalent Diameter of a sphere that Dynamic light scattering; nanoparticle tracking
diameter produces a response by a given analysis; small angle X-ray Scattering; size exclusion

particle-sizing instrument, that
is equivalent to the response
produced by the particle being
measured

chromatography; analysis of SEM, TEM or SPM
images; differential mobility analysis.

Aggregation/
agglomeration
state

Aggregate: particle comprising
strongly bonded or fused
particles where the resulting
external surface area may
besignificantly smaller than the
sum of calculated surface areas
of the individual components;
Agglomerate: collection of
weakly or loosely bound
particles or aggregates or
mixtures of the two in which the
resulting external specific
surface area is similar to the sum
of the specific surface areas of
the individual components.

Analysis of SEM or TEM images; small angle X-ray
scattering; X-ray diffraction; small angle neutron
scattering; rheology methods; centrifugal liquid
sedimentation; nanoparticle tracking analysis.

Shape

External geometric form of a
powder particle.

Analysis of SEM, TEM or SPM images.

Surface area

Extent of available surface area
as determined by given method
under stated conditions

Methods based on gas or liquid adsorption
isotherms; liquid porosimetry; analysis of SEM, TEM
or SPM images.

Surface
chemical
composition

Material composition within a
few atomic layers of the surface

Auger electron spectroscopy (AES); X-Ray
photoelectron spectroscopy (XPS); Secondary ion
mass spectrometry (SIMS); Energy Dispersive X-Ray
Analysis; Electron Energy Loss Spectroscopy
(EELS); Raman and other molecular spectroscopies.

Surface
charge and
surface
charge density

Type of charge (positive or
negative) and the amount that
can be bound to the surface of a
material.

Isoelectric point; electrophoretic light scattering;
electrophoresis; electrosmosis; electric sonic
amplitude; colloidal vibration current

Solubility Maximum mass [of a substance] | There are no specific methods for the assessment of
that is soluble in a given volume | the solubility of nano-objects, however, consider
of a particular solvent under reporting equilibrium dialysis, inductively coupled
specified conditions. plasma mass spectrometry (ICP-MS) or inductively
coupled plasma optical emission spectroscopy (ICP-
OES) as possible measurement methods.
Dispersibility Degree to which particles can be | Methods to assess the dispersibility are based on

broken down to some minimum
size.

equivalent diameter measurements stated above.

A range of techniques have been adapted or developed for the characterisation of nanomaterials,
including microscopic, spectroscopic, spectrometric and chromatographic techniques. It is
important to note that different techniques will suit different sample forms (e.g. aerosol,
suspensions etc.) and, in many cases, no individual technique can satisfy a meaningful
characterisation of nanomaterials.51-53 Multiple techniques might therefore be used where possible
in order to formulate an appropriate understanding of the nanomaterial’'s properties, and the
optimum set of required techniques should be selected based on the specific nanomaterial type and

form under investigation. The need for multi-method characterisation and material-specific
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selection of techniques applies across a range of nanomaterial properties and would facilitate the

gathering of data on multiple metrics.4’

In addition to determining which properties are relevant to characterise, another challenge is when
and where the properties of nanomaterials should be characterised. Whilst characterisation of
nanomaterials as-produced or as-supplied is the most direct and currently realistic approach to
obtaining physicochemical information about the material being studied, the data may not
appropriately represent the properties of the material when in contact with the environment in
which it is being observed, for example in air or physiological environments of in vivo or in vitro
assays. Exclusive reliance on pre-determined (often estimated) characterisation parameters will
limit the comparability of studies and confidence in the interpretation of results.

In its guidance on the safety assessment on nanomaterials in cosmetics,38 SCCS highlighted that
characterisation of a nanomaterial in a cosmetic formulation is more difficult compared to
characterisation in a raw material. Depending on the concentration of nanomaterial contained in a
cosmetic formulation/matrix, and the nature of the formulation/matrix, SCCS suggested that a
suitable characterisation scheme may be needed that includes isolation, purification and
concentration steps (if necessary) before analysis of the nanomaterial. Characterisation in a
cosmetic product should also provide information on any changes in the nanomaterial
characteristics during formulation, e.g. in terms of primary/secondary particle sizes, chemical
composition, surface characteristics, etc. Similar care is needed during toxicological evaluations.

Sayes and Warheit suggest that adequate particle characterisation should be performed in three
distinct phases, primary, secondary, and tertiary,>* where: primary characterisation is performed on
particles as-synthesised or as-received in its dry native state; secondary characterisation is
performed on particles in the wet phase as a solution or suspension in agueous media (which could
be ultrapure water, vehicle solution or cell culture media); and tertiary characterisation are
performed on particles following interactions with cells under in vivo or in vitro condition. This
could include particle characterisation in blood, lung fluids, urine, as well as interactions with
proteins, fats, and specific cell types. The authors state that, although characterisation in the
tertiary phase is complex and nontrivial, it is the most relevant toxicological characterisation,
depending upon the questions that are being addressed.

Characterisation after administration is particularly advantageous where the possibility of
physicochemical changes in the material before and after administration exists. Examples of
potential changes include aggregation, physisorption or chemisorption of biomolecules and changes
in surface chemistry. While characterisation after administration is considered a goal to work
towards, it is recognised that in many cases, improved characterisation at the point of
administration will be the more realistic and feasible option in the shorter term especially as
characterisation at the point of administration is the most relevant in terms of inherent properties
of causing penetration/ absorption or harm. It is recognised that in many cases characterisation at
the point of administration will remain to be essential for the comparison of studies. Understanding
particle characteristics after administration is likely to be interesting in relation to understanding
why harm is caused. For example if we compare to chemical toxicity and understanding the route to
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such toxicity, it is important to understand the metabolism of the chemical and how this may

change it.

Sample preparation is widely recognised as one of the most critical steps towards successful
characterisation and subsequent toxicological testing of nanomaterials, in which there are many
variables to consider when designing a method for preparation. Common issues regarding sample
preparation include storage and stability of the test material; the chemical composition of the test
media; characterisation of stock dispersions, and; characterisation of samples (prepared from stock
dispersions) prior to administration/testing. Guidance on sample preparation for the
physicochemical characterisation of nanomaterials, covering properties including particle size
distribution, shape, specific surface area, octanol-water partition coefficients, degree of
agglomeration and dispersion behaviour, has been published by the OECD.5

An important component of sample preparation is the need to have “reliable” sampling, such that
the test aliquot used for measurement represents the physical and chemical characteristics of the
entire sample. The characterisation of particle properties like size, form and specific surface area
requires very careful sampling and sample splitting practices to be followed. Also in relation to
sample preparation, it is known that the observations and interpretation of toxicity as a result of
exposure to agglomerates may or may not be associated with the primary particle’s characteristics.
As such, it is necessary to be aware that aggregates and agglomerates of nanomaterials can form in
solution, powder and aerosol forms, and their presence is influenced by a number of factors
including the method of synthesis, storage, handling and environmental conditions. The state of
agglomeration or aggregation is recognised as an important parameter influencing the
interpretation of characterisation and testing of nanomaterials (“as received”, “as used”, “as

dosed/as exposed”) and should therefore be considered during sample preparation.

In addition to aggregation and agglomeration, the behaviour of particles in solution presents some
additional important aspects and challenges to recognise. In particular, it can be difficult to
distinguish between when a nanomaterial is dispersed and when it is dissolved due to its small
particle size. Dispersion stability is an important parameter to assess in the context of sample
preparation. The dispersion of particles is determined by intermolecular forces involving particle-
particle interactions as well as those between the particles and their environment. Due to attractive
forces (e.g. Van der Waals interactions) particles tend to agglomerate unless stabilised by surface
charge or steric effects. As a result, the state of dispersion is dynamic and determined primarily by
the environment of the nanoparticles. In solution, slight modifications in pH, ionic strength, and
concentrations of molecular constituents can significantly alter the dispersion of particles.

If a nanomaterial is soluble in biological or environmental media, then it is likely to be presented to
the test system in its molecular or ionic form and can therefore be expected to elicit the same
response as bulk (non-nanoscale) solubilised substances. If, however, the nanomaterial under
investigation is insoluble or sparingly soluble in biological or environmental media, then it will
likely be presented to the test system in a particle form. In addition, nanoparticles may interact
with the liquid phase components, partially or totally yielding soluble or dispersed transformation
products (as well as some solubilised nanomaterial itself).5® All of these factors may influence the

overall toxicity and fate processes of nanomaterials in toxicological assessments, which complicates
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the ability to compare one study to the next and draw overall conclusions regarding the influence of

physicochemical properties on observed effects.

When it comes to an eventual risk assessment, one should carefully consider whether the
nanomaterial as prepared for testing is (dis)similar to the nanomaterial to which humans are
exposed. For example, exposure often takes place to agglomerated/aggregated nanomaterials,
where during toxicity testing, it is often attempted to keep the nanomaterial dispersed as primary
particles. It should therefore be considered if such attempts at improved dispersal represent a true
reflection of real use or if this is a “worst-case scenario”.

Physicochemical properties are known to have a decisive influence on the absorption of bulk
compounds through the skin.% Information regarding the influence of nanoparticle
physicochemical characteristics on dermal penetration/ absorption is emerging within the scientific
literature. This chapter outlines the current state of knowledge in this area, with a view to

identifying gaps and future research needs.

3.2 Nanoparticle physicochemical characteristics influencing dermal
penetration/ absorption

This section discusses physicochemical properties of (nano)particulates that may or may not affect
the ability of the particles to penetrate the skin and potentially become systemically available. In
order to attempt to understand the role each property may play in dermal penetration/ absorption
of nanomaterials, each property is considered in isolation starting with size as the defining criteria

of a nanoparticle and followed by composition, shape and surface chemistry.

3.2.1 Role of size

Particle size (distribution) is the defining criteria for nanoparticlest but the relevance of this to
concerns over health has its genesis in the observation of generally greater toxicity with
nanomaterials at the same mass basis when compared with larger particles of the same composition
and this has long been known5’. The concern that nanoparticles due to their small size may show
enhanced penetration over larger, micron-sized particles was raised by Tan et al. in 1996'8 and has
received particular attention in the intervening years with a range of studies investigating dermal
penetration of nanomaterial of diverse compositions, surface properties and sizes. This focus
towards the nanoscale has led to increased interest in the importance of understanding the physical
dimensions of a particle and, for collections of particles, the size distribution used within studies

with in-depth analysis of size distribution becoming an increasing prerequisite for publication.

Looking to other areas of nanotoxicology than dermal exposure/toxicity, we often see comparative
studies looking at the effect of size and surface area by making very broad comparisons between
materials differing markedly in size (e.g. 260.2 nm versus 14.3 nm carbon black®8). However, whilst
taking a more polarised analysis of size does show significant differences between nano-sized and
larger materials, there are also spectrums of toxicity within the nano-size range and this has been
observed for numerous materials5%-6° as well as modes of toxicity (e.g. oxidative stress®l). An

interesting example of this was shown in the 2007 study by Pan et al. where the size dependent
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cytotoxicity of 0.8 to 15 nm gold nanoparticles was investigated using a range of cell lines including
connective tissue fibroblasts and melanoma cells.52 Whilst all cell types internalised the gold
nanoparticles and showed signs of stress, the smaller particles (< 1.4 nm) were more toxic than
their larger equivalents, so that the 15 nm nanoparticles were relatively non-toxic even at doses 60
fold higher than those resulting in toxicity with 1.4 nm particles. This is interesting as despite all the
particles investigated possessing nano-dimensions, they were not equally toxic to cells. This article
is also important as it demonstrates that even very small differences in size can influence particle
behaviour and activity. By comparing 1.2 and 1.4 nm gold particles, Pan and colleagues showed that
the size of particles was able to influence the mode of cell death with the 1.2 nm particles causing
apoptosis whilst the 1.4 nm particle caused necrotic cell death.62 Whilst the results of Pan have not
yet (to the best of our knowledge) been confirmed in other studies and therefore should be
considered with caution, they do suggest the potential for even small changes in size to alter particle
behaviour and that this should be considered.

In relation to investigating the role of particle size on dermal penetration, there are actually
relatively few studies which take a broad size comparison as noted above in other branches of
nanotoxicology and similarly there are few which look at very small differences in size, such as
Kimura et al. who analysed 2.8. 6.6, 9, 12, and 41.6 nm fluorescein isothiocyantae-dextrans.63 In
addition, the issue of particle size, as with most physicochemical properties, is not straight forward.
This is because a large proportion of the studies identified focus on a single particle size meaning
that robust comparisons of the role of particle size in determining dermal penetration depth is
challenging. This is due to numerous confounding factors such as differing experimental models,
species, doses, duration, but perhaps most challenging, particles of differing physicochemical
characteristics outside that of simply size. For example, if we consider the same material such as
guantum dots but look for differing sizes used within studies, we also see differences in coating such
polyethylene glycol (PEG)%4 versus dihydrolipoic acid (DHLA),%® as well as differences in application
vehicle (phosphate buffered saline (PBS) with 10% isopropyl myrisate versus glycerol). Even taking
two studies looking at PEG-coated quantum dots with the same size,6466 we see differences in
species, vehicle and charge. This means that in a side-by-side comparison, no definitive conclusions
can be drawn as penetration depth may have been affected by any number of differing experimental

parameters or a combination of them and not just differences in size.

The results of dermal penetration based on particle size are highly conflicting and together with the
issues of multiple variables within the same experiment described above, these issues hinder the
drawing of solid conclusions. To aid in the evaluation of the role of size in terms of an overview of
the weight of evidence rather than comparing single studies, Table 5 shows the differing particle
size ranges and the minimal/maximal penetration depth observed with supporting references to
show the weight of evidence. It should be noted that this table is an amalgamation of all studies
identified and does not differentiate between composition, models (although it does exclude single
cell culture models), species or other physicochemical properties. For further information and detail
about the study parameters, see Appendix 2 for a summary table of particle and study
characteristics or the accompanying MS Access Database.
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TABLE 5: PARTICLE SIZE RANGES IN RELATION TO MINIMAL AND MAXIMAL DERMAL
PENETRATION DEPTH

Size Range Minimal Penetration Reference Maximal Penetration Reference
(nm)* Depth Depth
0-5 SC 63,67,68 SB 69
5-10 SC 63,70-74
10-20 SC 22,63,65,66,72,75- Dermis 80,81
79
20-40 SC 63,66,73,82-87 Dermis* 64,84,88,89
40-60 SC 63,73,76 SB M
60-80 SC 6 Dermis** 64
80-100 SC 22,82
100-250 SC 22,79,82,90,91
250-500 SCs 15,82,84,85,90,92
500-1000+ SCs 64,89,92

N.B. The table does not record penetration into single cell culture nor the presence of a positive result in the receptor fluid in the
case of diffusion cell models unless penetration depth in cell layers is provided. No penetration is recorded as SC for
maximal/minimal penetration to show no penetration into viable cell layers. Given the concerns raised by Jonaitis et al.®® and

limited data presented, the findings of Wu et al.®* have not been recorded in the table.
# Size recorded as primary particle size where a range is given; *Perifollicular dermis in the case of reference 8°; **The study by

Nabeshi®# states only that 70 nm silica and 35 nm quantum dots penetrated the SC and were systemically available although no
further detail was given. As such, dermis was selected on a precautionary basis; 8A very small fraction of the applied dose was
noted in lower levels of the skin layers including the dermis but penetration was considered as minimal.8492

Taking a broad comparison of particles less than 100 nm compared those over 100 nm, it appears
from the studies identified that those > 100 nm do not penetrate thorough the SC with any great
efficiency. Taking for example the study of Sadrieh et al., the authors noted that after 22 days of
administration of submicron (300-500 nm) or nano-sized (30-50 nm) TiO2 to mini-pigs there was
no detectable levels of TiO2 within the sentinel organs (liver, spleen) for either size range. Whilst
they did see very low levels of TiOz in cell layers below the SC, including the dermis by TEM, these
were very small. A representative section overlain with the TiO2 particle distribution frequency is
shown in Figure 5. This led the authors to conclude that minimal penetration occurs through the
viable epidermis, with TiOz particles primarily found in the SC and upper follicular lumens, and
highly aggregated between the layers of keratin in the SC.84 Interestingly, in this comparative study
the authors noted that there was no observable trend with particle size and both sub-micron and
nano-sized particles were observed in similarly low levels representing a small fraction of the

applied dose.
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FIGURE 5: REPRESENTATION OF SUBMICRON TIO2 PARTICLE DISTRIBUTION FREQUENCY
IN DIFFERENT LAYERS OF MINIPIG ABDOMINAL SKIN AFTER 22 DAYS APPLICATION OF
SUB-MICRON TIO:2. Reproduced from Sadrieh et al.84 Numbers in parentheses are estimates of the numbers
of TiO2 particles observed in each layer. Figure SC: stratum corneum; SS: stratum spinosum; SG: stratum
granulosum; SB: stratum basale.

Such results of low penetration at the sub-micron and micron size range was also demonstrated by
Tinkle et al. using fluorosphere beads of 500 nm, 1 um, 2 um or 4 um. Using a flexion model to
mimic the movement of the human wrist, the authors applied the beads and assessed penetration at
different time points. They found that the 500 nm and 1-pum beads penetrated into the epidermis in
2 of 11 skin samples (18%) flexed for 15 min, in 5 of 12 samples (41%) flexed for 30 min, and in 9 of
16 samples (56%) flexed for 60 min showing increased penetration with time.®2 They also noted
penetration into the dermis in two samples after flexing for 60 min. In agreement with the findings
of Sadrieh et al., the fluorospheres that penetrated through the SC represented only a very small
percentage of the applied beads, and the pattern of penetration was random suggesting a lack of
definitive penetration. Another point of importance when considering the variability in results and
difficulty in comparing studies is that no penetration was observed in non-flexed tissues at any time
point.92

Whilst these results provide us with a general impression of very low penetration of sub-micron and
micron sized particles, it is those studies which perform a comparison between nano-sized and
larger particles in the same study that are of most interest due lower potential for inter-study
variability. In addition to the study by Sadrieh et al. already described which showed no
relationship between size and penetration into the skin, there are nine further studies identified,
which compared dermal penetration of different sizes. Senzui et al. looked at the penetration of
rutile TiO2 at 35 nm and 250 nm through Yucatan micropig skin that had been left intact, the SC

Dermal Absorption of Nanomaterials

39



stripped using tape (as a model of skin injury), or had the hair removed using tweezers. The skin
was fitted to a Franz diffusion cell and 2 pL of a 10% suspension of TiOz2 in silicone applied to the
upper portion and left for 24 h.85 After the incubation time, the surface of the skin was removed by
cyanoacrylate stripping and the remaining epidermis and dermis separated using heat and assessed
for titanium content using ICP-MS. The results showed no permeation of titanium into the receptor
fluid of the Franz diffusion cell nor did the results show a significant increase in the separated
epidermis or dermis as well as no difference between the 35 nm and 250 nm particles. In addition,
irrespective of skin condition (intact, stripped or plucked) there were no increases in uptake. It
could perhaps be argued that the mode of analysis was insensitive and relatively non-specific as the
surface ‘residue’ of particles was removed after application by cyanoacrylate stripping and the
epidermis and dermis separated with TEM undertaken. However even if insensitive, it does show
that if penetration did occur, it did so in very small quantities that were below the detection limit of
the ICP-MS analysis (detection limit not recorded) with no appreciable difference between nano-

sized and non-nano-sized particles.

This lack of difference between 35 nm and 250 nm particles is in contrast to the study of Sonoavane
et al. who noted size dependent skin permeation though a Franz diffusion cell mounted with rat
skin. The authors noted greater permeation for 15 nm gold nanoparticles as compared to 102 nm
and 198 nm gold particles with a decreasing permeability coefficient through rat skin with
increasing size.8! A similar result was observed by Vogt et al. who applied 40 nm as well as 750 nm
and 1500 nm fluorescent beads to excised human skin (in vitro without use of a diffusion cell) for a
period of 15-16 h. They found that by using fluorescence and laser scanning microscopies, only 40
nm particles deeply penetrated into vellus hair openings and through the follicular epithelium
suggesting size dependent penetration via hair follicles which they suggested as a route to
cutaneous antigen presenting cells as a potential method of transdermal vaccine delivery.8® Using
similar fluorescent polystyrene nanoparticles (diameters 20 and 200 nm), another study also noted
that such polystyrene nanoparticles accumulated preferentially in the follicular openings in porcine
skin, and that the follicular localisation was favoured by the smaller particle size as detected using
surface confocal laser scanning microscopy (CLSM). However in cross section, they also observed
that non-follicular structures/areas do not offer an alternative penetration pathway for the particles

to penetrate “whose transport was clearly impeded by the stratum corneum”.”®

This result was supported in a later study, again using 20 nm and 200 nm fluorescent polystyrene
nanoparticles to assess dermal penetration in porcine skin suspended in a Franz diffusion cell. This
study by Campbell et al. found that applied particles were only able to penetrate into the skin layers
in the final stages of desquamation (stratum disjunctum) and that this uptake was in itself minimal
and independent of contact time (up to 16 h) and of nanoparticle size tested. Using a compromised
skin model (removal of 4 tape-strips immediately prior to mounting in the Franz cell) they noted
that the particles still could not penetrate beyond the most superficial layers, corresponding to a
depth of 2—3 um, of the SC (the outermost, 15—20 pm skin layer).22 These results, in part, conflict
with the results of Rancan et al.?© who did note penetration of 42 nm silica particles into explant
human skin but, in correlation with the previous study, the authors did state that particles mainly
accumulated in skin furrows, hair follicles and hair shafts and that even skin with a mild barrier
disruption could efficiently block penetration of particles of 75 nm or greater. This is interesting as
it raises the issue of follicular versus non-follicular penetration and if follicular penetration should
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be seen as more or less of concern than non-follicular penetration. Indeed, numerous publications
have suggested hair follicles as route of dermal delivery of nanoparticles 12-14.16.959 and the express
intention of the Vogt et al. study was to investigate hair follicles as a route of dermal vaccination
due to the locality of dendritic cells near the hair follicle. However, there are concerns about the role
of hair shafts in potentially overestimating permeation of nanoparticles as penetration of the hair
shaft may not necessarily represent penetration and distribution of the lower dermal layers. In
addition concerns were raised by Senzui et al. who stated that the use of split skin as recommended
by OECD Test Guideline (TG) 428 may over estimate permeation of nanoparticles as the hair follicle
is cut and therefore may provide for a route into the receptor phase.8®

This suggestion that the skin can effectively block penetration of particles 75 nm or greater is
contradicted or becomes ambiguous by the 2004 study by Kohli et al. who, using porcine skin in a
modified diffusion cell as a model looked at the penetration of 50, 100, 200 and 500 nm latex
particles.82 They found that 50 nm nanoparticles could penetrate the skin and that 100 nm and 200
nm particles could not (in line with the results of Rancan et al.) but they also noted that 500 nm
particles could also penetrate the skin in contradiction to the 75 nm cut-off. The penetration of the
50 nm and 500 nm was said by the authors to be due to the negative surface charge, who speculate
that the permeation seen may be a result of repulsive forces between negatively charged lipids
within the skin and particles at the surface and that “these forces may result in the temporary
initiation of channels within the skin allowing for particle permeation”.82 Whilst an interesting
conclusion, it should be noted that particles used in the study by Rancan et al. were also negatively
charged at neutral pH.%0 Both of these studies suffer from a lack of a physiological in vivo model
and it is possible that the differences noted result from the different species used (human versus
porcine). However, it may also be the case that the Rancan et al. simply drew too strong a
conclusion on the presence of a size cut-off without further extending the particle range as Kohli
did.

Within the peer reviewed literature, one of the most relevant studies in terms of comparing nano-
and larger (non-nano) sized particles is that of Gulson et al. This study consisted of two parts. An
indoor trial involving 3 human subjects!%6 established the conditions for a larger trial of 20 human
volunteers performed at an Australian beach.?° The larger trial is of high relevance due to the use of
a realistic in vivo approach whereby sunscreens were applied to humans undergoing normal
activities at a beach, and the comparison of two different sizes of ZnO particles enriched for tracing
with the stable isotope 68Zn. The two sizes of particles, with average diameters of ~20 nm and > 100
nm, provide a large degree of difference in opacity of the sunscreens applied to skin, as shown in
Figure 6. Within the study, two groups of 10 volunteers ranging in age, skin classifications and
ethnicity had sunscreen containing nano or bulk particles of ZnO enriched with 88Zn applied to
their backs twice a day for 5 consecutive days by a single person (not a subject of the study)
handling the sunscreen tubes and applying sunscreens to the backs of subjects to reduce application
variability and potential cross contamination.®” Blood and urine were collected a week before the
trial started, twice daily during the sunscreen application phase, and 6 days after the final sunscreen

application.
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FIGURE 6: APPEARANCE ON THE SKIN OF TEST FORMULATIONS CONTAINING
NANOPARTICLES (LEFT) OR BULK PARTICLES (RIGHT). Reproduced from 9.

In addition and in order to reduce contamination, the sun-protecting clothing (shown in Figure 6)
was put on before the sunscreen application in the morning, and taken off after sunscreen removal
at the end of each day by a person assigned to washing the clothing each day (this was a different
person from the sunscreen applicator, and who also was not a subject of the study).9” Towels were
also collected and washed daily by this person. Prior to eating, subjects washed hands well, and ate
with utensils. Subjects were monitored by observers at all times, and by each other, to check their
hands were not put in their mouths to reduce risk of hand-to-mouth contamination.®” However, it
was acknowledged that external contamination of urine was a potential problem, especially for
females, possibly due to sweat running down the back (taking a little sunscreen with it) and
collecting in swimming costumes and on the skin which may then have externally contaminated the
urine when collected.®” The smaller trial alerted the study directors to this possibility, and so it was
rigorously implemented that hands etc. were well washed before and after giving urine samples, but
they acknowledged that this couldn’t eliminate the problem entirely.®” For this reason, results

focused on data from blood samples, which did not suffer from this contamination.

The study showed that “the overwhelming majority of applied 8Zn was not absorbed, although
blood and urine samples from all subjects exhibited small increases in levels of tracer 68Zn”.9% A
strength of this study was that the actual penetration dose was placed in context; the amount of
tracer detected in blood after the 5-day application period was ~1/1000t™ that of total Zn in the
blood compartment. Of interest, this study noted that levels of 68Zn in blood from females receiving
the nano sunscreen were significantly higher than males receiving the same treatment and higher
than all subjects receiving the bulk sunscreen.?® This gender difference was hypothesised to be due,
in part, to underlying skin thickness as females on average have thinner skin than males.% Similarly
to the smaller study, Gulson et al. stated clearly that it was not known whether the tracer was

absorbed as ZnO particles or soluble Zn or both.

Overall, on balance the results seem to suggest that penetration of particles in the nano-range into

the skin is possible although occurs to a low degree and that this is, depending on chemistry and
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experimental conditions, may be greater than for larger particles. In terms of dermal absorption,
information is severely limited with very few studies showing systemic availability. One of the only
studies showing a more robust demonstration of absorption (rather than simply penetration) was
that of Nabeshi et al. who demonstrated that a 28-day application of fluorescent 70nm silica
nanoparticles to the ears of mice (250 pg/ear/day) resulted in particles being detected in the skin,
the regional lymph nodes, parenchymal hepatocytes present in liver, cerebral cortex and the
hippocampus. 84 Such results were also noted for 35nm quantum dots. Whilst the results do suggest
absorption, only the 70nm and 35nm particles were examined and the full spectrum of 70, 300 and
1000 nm silica nanoparticles used within the study 64 were not investigated. It should also be noted
that detection of the particles was be TEM alone, with elemental profiling to prove that the electron
dense region identified as being a silica or quantum dot nanoparticle was in fact that. The detection
of such particles was all the more surprising given the sampling methodology of the tissue. Indeed,
TEM analysis allows the evaluation of only minute areas of tissue and therefore to understand the
frequency of such “nanoparticles” in the tissue, the sampling methodology (numbers of pieces of

tissue analysed, area of analysis etc.) needs to be detailed which it is not.

However beyond such targeted evalautions, and even when only comparing bulk and nano-forms
there is considerable variability in results and experimental setups in the relatively few studies
published, limiting the ability to draw any firm conclusions. One potential source of variability
outside that of differing composition, coatings, models, shapes etc. that is of significance in relation
to particle size is the effect of changes in particle agglomeration/aggregation state. Indeed, as noted
by Labouta et al. “aggregation of applied particles over time limits the availability of the
individual particles that would have a higher probability of penetrating the resilient barrier”.100
Therefore, understanding the particle characteristics such as aggregation/agglomeration state at the
start of, during and at the end of experimental applications could be useful in understanding the
reasons behind conflicting results. This degree of agglomeration may also be affected by the nature

of the vehicle as well as the nature of application (e.g. spreading versus massage).

3.2.2 Role of composition

In relation to nanoparticle composition, this can be considered in two ways, the primary bulk
composition of the particle (e.g. for a carbon nanotube this would be carbon) or, if the nanoparticle
contains a minor constituent or contaminant that exerts a biological effect. This first point is
considered by splitting the bulk composition of particles into relevant groups so that penetration of,
for example metal oxides such as TiO2 can be considered in isolation with other such studies
investigating this material. As can be seen in Table 6, there are a wide variety of nanoparticles
compositions that have been considered in relation to dermal penetration. However it must be
borne in mind that within each compositional group, there can and is considerable variability in
terms of particle characteristics such as size, crystallinity, charge, coating etc. Therefore, whilst a
single bulk composition may have been studied to a greater extent than another, the variability in
physicochemical properties within this group may be so significant that there is in fact little truly

comparative literature.

TABLE 6: VARIETY OF NANOPARTICLE COMPOSITIONS STUDIED FOR DERMAL
PENETRATION. For each type, example references are shown and are reflective of the numbers of studies
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Composition

Reference

Cobalt

101

Copper Oxide

87

Dextran Beads

63,92

Fullerenes

102,103

Gold

72,73,80,81,104

Iron*

70,105

Polymer/Polystyrene

15,22,63,79,82,89,106

Quantum dots

64-66,68,71,75,88,107-110

Silica

64,90,111

Silver

76,83,90,112

Titanium Dioxide

63,78,84-86,91,94,113,114

Zinc Oxide

63,77,91,99,115-118

*including Cobalt-Ferric magnetic nanoparticles.

In looking across the peer reviewed literature for dermal penetration of nanomaterials, the studied
particle compositions may reflect the industrial relevance of these materials in terms of their use
(current or future) in consumer products or in the case of quantum dots and fluorescent
polymer/polystyrene nanoparticles, their ease of use in terms of tracking and manipulation for
studying penetration. Overall, the frequency of study for the particles outlined above could be

considered as follows:

Titanium Dioxide > Zinc Oxide > Polymer/Polystyrene > Silica > Silver > Iron >

Fullerenes > Dextran Beads > Copper > Cobalt

When looking at bulk composition and the level of dermal penetration noted in studies using a
specific material type, there appears to be very little pattern between bulk composition and
penetration depth. Taking for example TiO2 as one of the most widely studied nanoparticles, we see
reports of penetration no further than the SC78869! but also several studies suggesting deeper
penetration (basal cell layer) and even penetration into the dermis®384 although this is often
reported as being a very small fraction/infrequent. Another compositional issue in relation to
nanoparticles and in particular TiO2z is the crystalline structure. TiOz is often used in either its
anatase or rutile form or as mixture of both. Within the literature, there are studies using both the
anatase form86.94, the rutile form9.14 or a mixture84!4 although we were unable to find any studies

which appear to systematically evaluate the role of crystal form in TiO2 absorption into the skin.

Such conflicting results within compositional types can also be seen within the literature for gold
nanoparticles, quantum dots, polymers and ZnO (the other compositions have far less of a body of
evidence to note such variability). In relation to ZnO, the main evidence for transdermal
penetration is systemic availability as shown by detection of the stable isotope 68Zn in blood/urine
and as the authors of these studies point out, it is not clear if this is a result of particulate
penetration or solubilisation.?89 As the variability in terms of physicochemical characteristics
within a composition group is apparent (although it must be said, the majority of studies do not
show penetration past the SC into viable cell layers), looking between groups could be more useful
although this similarly is likely to be heavily confounded by variability in multiple particle
characteristics. Taking this approach, it appears on balance that there is a slightly higher frequency
of studies reporting dermal penetration through the SC for quantum dots although this is followed
closely by TiO2 and ZnO. Interestingly, taking a similar broad view, polystyrene/polymer particles
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are reported as penetrating through the SC with a lower frequency whilst in relation to the number
of studies available, silica particles are reported as penetrating into viable cell layers more often
than other particle compositions. However a major caveat in this approach is that numbers of
studies for each particle composition are often very small and both within and between
compositions, the particle properties vary widely, confounding analysis and negating any definitive
conclusions being reached. Therefore, based on the current knowledge it is impossible to state
conclusively if particle composition has a significant impact on penetration properties. Given,
however, the physical interaction between a particle and the skin, it is more likely that
physicochemical properties such as size, hydrophobicity (and thus surface modifications/chemistry,
which will be discussed later) and surface charge are able to influence penetration due to the nature
of interactions between particles, cell layers (gaps), cell membranes and lipids.

A challenge when considering composition and how this may affect penetration/ absorption is
considering the solubility of a nanoparticle. This is because whilst an insoluble particle or sub-
portion thereof may be prevented from absorbing through skin and may only penetrate upper
layers, the soluble fraction may penetrate further and become systemically available. An often
mentioned example of a soluble nanoparticle of relevance to consumer exposure is that of silver. As
stated by Christensen et al. “It is generally not known whether the silver uptake occurs solely as
ions or whether also uptake of the silver nanoparticles themselves can occur’® and this is
certainly the case in relation to dermal exposure. Within the literature Vlachou et al. conducted a
small study of burn victims using Acticoat™ dressings containing nanocrystalline silver and
measured serum silver levels using inductively coupled plasma mass spectroscopy before, during
and at discontinuation of the use of the dressings, as well as at 3 and 6 months following completion
of treatment.’2 They detected serum levels of silver and noted that the median time to the
maximum serum silver level was 9 days. However, the intention of this study was to look at
systemic availability of silver (and markers of systemic toxicity) rather than silver particle
absorption and therefore the methods used could not differentiate between soluble silver ions
released systemically and particles penetrating the skin and becoming systemically available. This
same issue has been described above in relation to the study by Gulson et al. using ZnO which is

another nanoparticle which is known to be soluble.??

The absence of actual particle absorption does not mean that the soluble fraction should be
discounted or is harmless but instead, this should be considered in relation to the nature of the dose
(soluble ions) and the kinetics of the dose in terms of distribution and metabolism which is likely to
differ markedly from systemically available nanoparticulates. Therefore, in order to understand if
absorption occurs as particle or due to a release of a soluble fraction more than one methods of
particle detection is needed and one of which must be able to detect particulates rather than an

ionic species or tracer.

In addition to the bulk composition as considered above, other compositional components could
also play a role in the biological activity of a nanoparticle on the skin. In toxicity terms, this is well
established especially in relation to transition metals and reactivity leading to toxicity and is
suggested to play a substantial role in the pathogenesis of several particle mediated diseases. There
are numerous examples of this for larger, non-nanoparticles in the literature and of these metals,
iron is often cited as having a leading role in reactive oxygen species (ROS) generation and
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subsequent oxidative stress and damage.!20-126 Aust summarised the hypothesis behind the toxic
effect of transition metal contamination of particulates as “bioavailable transition metals from
inhaled airborne particulates catalyze redox reactions in human lung epithelial cells, leading to
oxidative stress and increased production of mediators of pulmonary inflammation”.120 This was
further demonstrated by the reduction in coal fly ash (CFA) activity of over 90% after the addition
of the metal chelator desferrioxamine, which they concluded strongly suggests that transition

metal(s), probably iron, were responsible.120

Whilst the role of metals, contaminating or otherwise, in the biological activity of particles'26127 and
also nanoparticles such as metal oxides'?® and carbon nanotubes!?® has been well studied in
relation to the lung, there is a deficit of information on the role metals may play in the biological
activity of nanoparticles to the skin. One of the few studies addressing this issue was that of Murray
et al. who compared the in vitro toxicity of unpurified and partially purified single walled carbon
nanotubes which as a result, differed in the quantity of contaminating iron (residual catalyst).!29
They found that the unpurified single walled carbon nanotubes (SWCNT) induced greater
cytotoxicity, depletion of anti-oxidants, and inflammation in vitro (mouse dermal cell line JB6 P+)
to a greater extent than partially purified sample. They also noted significant induction of
inflammatory cytokines in the reconstructed dermal model EPiSkin as well as thickening of skin
when applied to SKH-1 mice at a dose of 40 pg/mouse, 80 pg/mouse, or 160 pg/mouse.!2® Such
results are similar to those noted by McNeilly and colleagues who examined the role of soluble
transition metals in respiratory toxicity using in vitro and later, in vivo models. The application of
standard welding fume samples with high levels of several transition metals such as iron, nickel,
and chromium led to toxicity and chelation of these metals or reduction via washing reduced the
toxicity in vitro and in vivo markedly.!30.131 This similarity of response due to iron suggests a
common oxidative stress mechanisms and also suggests that other transition metals may cause
similar problems. This was also shown by Cohen et al. who noted after application of CuO to an
explant human skin organ culture, toxicity (inflammatory cytokine secretion and necrosis) was
observed and that nanoparticles were more toxic than micro-sized particles.8” Whilst the study of
Murray et al. did not address penetration and therefore only informs us in relation to dermal
toxicity, Cohen et al. did evaluate penetration using light microscopy and TEM. They noted that
whilst dense objects which they suggested were possibly CuO nanoparticles were seen only rarely
and within or next to the SC. This suggested that physical penetration of CuO nanoparticles into the
tissue was limited, even when most of the cornea was removed. This led the authors to hypothesise
that the toxicity observed may have resulted from adherence of the particles to the skin which then
react with the local acidic environment, and generate soluble ions that can penetrate the skin and

cause localised toxicity.8”

Active metal components of nanoparticles, such as that described by Murray above, have received a
great deal of attention for their role in particle-mediated toxicity. However, there are other
biologically active contaminants that can also play a role in particle mediated toxicity as has been
demonstrated numerous times. The presence of other biologically active contaminants such as
poly-aromatic hydrocarbons (PAHs) have long been associated with toxicity of diesel engine
exhaust particles as well as other combustion derived particles'32 in relation to inhalation
toxicology!33134 and in particular carcinogenicity’34136 meaning that the presence of such
contaminants in manufactured nanomaterials could be consider a potential hazard.’3” However in

relation to dermal effects of particulates, the presence of biologically active components such as
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PAHSs has received little attention. This is somewhat striking as concerns about such substances
have been raised in relation to the petrochemical industry'3® as well as other exposed
populations!39140 suggesting that if such contamination occurs, this could be delivered onto or into
the skin. This issue of chemical substances adsorbed to the surface of particles and as such, gaining
entry into the skin (should the particle penetrate the skin) is interesting and somewhat
understudied. Chemical substances could adsorb as a result of product processes (e.g. PAHS) or
may result from environmental contamination of the particles or be adsorbed from the vehicle
formulation used to apply the particle. This could result in a ‘Trojan Horse’ scenario whereby the
nanoparticle facilitates entry or concentration of substance within the skin which may not normally
occur. This has been suggested in relation to causing toxicity via the release of metal species

intracellularly after nanoparticle uptake,#! but mainly in relation to the lung.

Overall, the results appear to show that composition has little effect on dermal penetration although
composition, either in terms of bulk or as a contaminant, should be considered in relation to dermal
toxicity. Soluble metal (oxide) nanoparticles such as silver and ZnO show penetration of silver and
zinc, but it is yet unknown whether this penetration mainly or exclusively occurs as metal ions or as

nanoparticles.

3.2.1 Role of surface chemistry

Several published studies indicate that particle size is not the only influencing factor on the level of
dermal penetration of engineered nanomaterials. There is some evidence to suggest that the surface
chemistry of a nanoparticle may also play a role in determining its ability to penetrate the layers of
the skin. The term surface chemistry is often used in the context of surface chemical composition,
and is somewhat a broad and non-specific term which does not predispose itself to ‘quantitative’
characterisation according to a single comparable metric or measurand. Surface chemistry is
closely linked with surface properties, including solubility equilibrium, catalytic properties, surface
charge, and surface adsorption and desorption of molecules from solution, amongst others. Most of
these properties are functions of the atomic or molecular composition of the surface and the
physical surface structure. The surface chemistry is influenced by chemical purity, functionalisation
(typically via covalent bonding) and surface coating (often via weaker Van der Waal forces) and
extent of coverage of applied and/or acquired surface coatings.

The role of surface chemistry in determining the level of dermal penetration of nanoparticles has
not been widely or comprehensively studied in research published to date. A number of studies in
the available literature have assessed the level of dermal penetration of nanoparticles with different
surface coatings, functionalisations and charges, but in many cases these properties have not been
fully characterised. It is important to highlight that these properties are inherently linked. In all of
the studies that suggest the surface charge may influence the dermal penetration of a particular
nanoparticle type, the charge of the nanoparticle has been altered through the addition of a coating
with charged functional groups. Quantitative characterisation of the surface charge through, for
example, zeta potential measurements has not always been undertaken or reported. In addition,
several studies have assessed uncoated and coated forms of the same nanoparticle, without making
reference to the potential surface charge of each form. In our discussion of this literature, we have
focussed on studies where a comparison has been made between nanoparticles of the same type
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with different surface coatings and at least a qualitative indication of the surface charge of the

various forms has been provided.

The skin is amphoteric in nature, capable of ionising both as an acid and base, and therefore has an
isoelectric point. The isoelectric point is defined as the pH at which a particular molecule or surface
carries no net electrical charge. Below its isoelectric point, a particular molecule/surface will carry a
net positive charge; above its isoelectric point the molecule/surface will carry a net negative charge.
The skin has an isoelectric point which is typically between 3 and 4. At physiological pH (7.4), the
skin is therefore considered to be negatively charged.*2 This makes the skin selectively permeable
to cations, as has been demonstrated for human and porcine skin in a number of studies using bulk
compounds, such as that by Marro et al.143

A number of studies have been published which provide some support for the hypothesis that
nanoparticles with cationic coatings may enhance electrostatic interactions with negative charges
on the cell membrane and favour uptake, however results are not conclusive and have been

contradicted by other studies.

Rancan et al. investigated the skin penetration and cellular uptake of amorphous silica particles of
different sizes and surface charges both in vitro and ex vivo.?© Uncoated (neutral) and (3-amino-
propyl)-trimethoxysilane (APS)-coated (cationic) fluoresceine isothiocyanate (FITC)-labelled silica
particles of four different sizes (42, 75, 190 and 291 nm) were synthesised and their zeta potential in
water (pH 7.0) and phosphate buffered saline (pH 7.4) determined, as summarised in the table
provided in Appendix 2. In vitro, primary epidermis cells (ECs) and Langerhans cells (LCs) were
incubated with non-functionalised and APS-functionalised silica particles and compared with
untreated control cells. Uptake of silica particles by both cell types, as indicated by flow cytometry,
was found to be size dependent and enhanced when the particle surface was functionalised with
positively charged APS ligands. However, particle colloidal stability, which is associated with
surface charge, was found to strongly affect particle aggregation and cellular uptake. For example,
in LC, the extent of particle association was positively influenced by APS-functionalization, with the
exception of 190 nm particles, where the high tendency of APS-functionalised particles to form
aggregates resulted in a reduction of cellular uptake for this larger particle. In an ex vivo study,
where the various silica nanoparticles were topically applied to human skin explants with a partially
disrupted SC, only the 42 nm particles were found to be associated with epidermal cells and
dendritic cells. APS-functionalisation, despite enhancing uptake in vitro, was found to have no
significant influence on the level of cellular uptake.

Ryman-Rasmussen et al. studied the penetration of intact skin by quantum dots with varying shape
and surface charge.!%° Spherical 4.6 nm core/shell diameter QD 565 and ellipsoid 12 nm (major
axis) by 6 nm (minor axis) core/shell diameter QD 655 with neutral (polyethylene glycol [PEG]),
anionic (COOH) or cationic (PEG-NH2) coatings were topically applied to porcine skin in flow-
through diffusion cells at the pHs of the solutions provided by the QD manufacturer: 8.3 (PEG,
PEG-NH2) and 9.0 (COOH). Whilst this buffer is slightly more alkaline than physiological pH, it
should still maintain an overall negative charge on the skin according to the aforementioned theory.
The precise surface charge of the various QD was not quantified in this study. Confocal microscopy
revealed the level of penetration to be both shape and surface charge dependent. Spherical QD 565
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of each surface coating penetrated the SC, with PEG- and COOH-coated QD localised in the
epidermal layers and PEG-amine coated QD localised in the deeper dermal layers. For ellipsoid QD
655, PEG- and PEG-amine coated QD were localised within the epidermal layers by 8 h. No
penetration of COOH-coated ellipsoid QD 655 was evident until 24 h, at which time localisation in
the epidermal layers was observed. Thus, although QD with cationic coating penetrated to a greater

extent in both cases, some penetration of QD with neutral- and anionic-coating was also reported.

Prow et al. investigated quantum dot penetration in viable human skin, assessing the level of
penetration at neutral pH as well as at the pHs investigated by Ryman-Rasmussen et al.68 In this
study, spherical 4.6 nm core/shell diameter quantum dot fluorescent nanoparticles with three
surface modifications, PEG-, PEG-NH2 and COOH coatings, were evaluated for human skin
penetration from aqueous solutions at pH 7.0 and at pHs of solutions provided by the QD
manufacturer: 8.3 (PEG, PEG-NH2) and 9.0 (PEG-COOH). In this case, the zeta potential of the
particles was measured at the various pHs, as summarised in the table provided in Appendix 2.
Some penetration into intact viable epidermis of the skin was observed for PEG-QD at pH 8.3, but
not at pH 7.0. Neither PEG-NH2- nor COOH-modified QD penetrated appreciably into the viable
epidermis of intact skin at all pH groups tested. Upon tape stripping 30 strips of SC, all QD at all
pH tested entered the upper layers of the viable epidermis within 24 h.

Labouta et al. undertook a study to investigate the influence of particle size and polarity of gold
nanoparticles in terms their penetration through human skin.1#4 The permeation level of four types
of gold nanoparticles (AuNP) was assessed in a Franz diffusion cell using excised human skin,
specifically: AuNP1 (6 nm, uncharged, thiol coated and dispersed in toluene); AuNP2 (6 nm,
negatively charged, lecithin coated and dispersed in water); AUNP3 (14.9 nm, negatively charged,
citrate ion coated and dispersed in water); and AuNP4 (14.9 nm, uncharged, cetrimide coated and
dispersed in toluene). The nanoparticles with more hydrophobic character, uncharged AuNP1 and
AuNP4, showed skin penetration into deeper layers. Further skin penetration experiments were
undertaken to assess whether the increased permeation of these particles was due to an effect of
toluene on the barrier function of the skin, and results indicated that the level of penetration did not
depend mainly on the vehicle. However, the authors acknowledge that it is a complex mechanism

depending on several factors.

In contrast, several studies have been identified which provide results reporting negatively-charged
nanoparticles to penetrate the skin to a greater extent than neutral or positively-charged particles,
which is in direct contradiction to the expected cation preselectivity of the skin. An example of this
is provided in the study by Kohli et al., who investigated the effect of size and charge on the
permeation of nanoparticles through the skin in an ex vivo study as a first step in designing a
transdermal vaccine delivery system.82 Fluorescent latex copolymer nanoparticles ranging in size
(50, 100, 200 and 500 nm) and charge (neutral, positive, and negative) were applied to the surface
of full thickness pig skin in a diffusion chamber. The receptor fluid was assayed to determine
penetration and the skin was visualised after the experiments using fluorescence microscopy. The
authors reported that only the 50 nm and 500 nm negatively charged particles permeated the skin
and were detectable in the lower chamber, with no appreciable difference in the magnitude of
permeation between the two sizes except on first application. Micrographs of both particles showed
an accumulation in the SC and the viable epidermis. The remaining particles that were tested (i.e.
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positively charged and neutral nanoparticles of all sizes, as well as negatively charged 100 nm and
200 nm nanoparticles) were not observed to permeate the skin. The authors conclude that the
charge of the particles plays an important role in overcoming the skin’s barrier, with negatively

charged particles of sufficient charge showing greater permeation.

To explain the observed differences in permeation between negatively charged particles of different
sizes, Kohli et al. suggested that it may be the overall charge density of contact with the skin that is
important.82 The authors suggested that 50 and 500 nm negatively charged nanoparticles allow a
high charge density of contact with the skin; 50 nm through their large surface area resulting from
their small size, and 500 nm through a high number of charged groups within the latex copolymer
required to charge a large particle. The net effect of these characteristics, the authors suggested,
may result in a greater concentration of charge per unit area of skin from the 50 and 500 nm
particles as compared to the other particle sizes. Kohli et al. speculated that the observed
permeation of negatively charged nanoparticles may be due to repulsive forces acting between
negatively charged lipids in the skin and the nanoparticles at the surface, which could result in the
temporary initiation of channels within the skin allowing for particle permeation. The authors
suggest that a threshold charge may exist which must be reached to stimulate the adequate

repulsion lipids to allow permeation of species through the skin.

This favourable permeation of negative nanoparticles is supported by Lee et al. in their
investigation of the effect of surface charge of gold nanorods (GNs) on skin permeation.°4 Rod-
shaped GNs (length:diameter 40:18 nm) varying in surface charge (cetyltrimethyl ammonium
bromide [CTAB]-coated positive GNs and CTAB-PSS- and CTAB-PDADMAC-coated negative GNs)
were synthesised, and their zeta potential determined in distilled water as summarised in Appendix
Table 2. Following 8 h dermal exposure using an EpiDerm model as a human skin equivalent, TEM
analysis revealed that the area density of the electron-dense dots of GNs which penetrated into the
SC significantly increased for the negatively charged GNs compared to those which a positive charge
(P < 0.01). In order to further investigate the effect on surface charge on percutaneous absorption,
in vitro skin permeation studies were carried out using hair-less mouse skin in Franz-type diffusion
cells (FDCs). Receptor chambers were filled with PBS and GNs applied to the donor chambers. No
significant differences were observed at 8 h and 24 h after exposure. At 48 h after exposure
however, negative GNs were more frequently detected in samples of receptor fluid consistent with
the TEM observations.

In conclusion, surface chemistry has been indicated by several studies to be an important factor
influencing the ability of nanoparticles to penetrate into the skin, with surface charge (through the
modification of surface coating/functionalisation) being the most investigated aspect. Altogether, it
is however difficult to elucidate a clear relationship between the many aspects of surface chemistry
and dermal penetration at this stage. As highlighted previously, the level of characterisation of the
surface chemistry of the nanoparticles investigated is often poor and in many cases only a
qualitative indication is provided. Results at this stage are complex and inconclusive, with studies
showing varying levels of penetration for a range of different types of nanoparticles with neutral,
cationic or anionic coatings, although evidence seem to indicate that positive surface charge may
enhance penetration. The interaction of charged nanoparticles with the skin has also been shown to
be influenced by a range of factors, including the nature of the vehicle and its pH, particle colloidal
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stability and aggregation potential. It remains to be elucidated whether the results of such
investigations are due to a charge effect, or another aspect of altering the surface chemistry of the

nanoparticle.

3.2.2 Role of shape

Shape has long been considered an important component in determining the toxicity of particulates
and this has stemmed primarily from early work on the toxicity of ashestos fibres and in particular,
the seminal studies of Stanton and colleagues in determining the role of length (and diameter) in
fibre pathogenicity.*> These studies and importance of shape has mainly been considered for
inhalation toxicity, whereby shape can influence clearance rates of particulates4é and activation of
cells'4” within the lung. The relevance of shape of particulates in dermal toxicity has not been overly
considered. This in itself is not overly surprising since an important factor in lung toxicity is
biopersistence (i.e. the residence time of particulates in the lung) which can lead to particle
accumulation to a toxic dose#® and, as mentioned, this can be markedly effected by shape due a
negative impact on clearance mechanisms. Because the skin has no such clearance mechanisms and
due to the high quality barrier function of the epidermis, repeated exposure does not necessarily
mean accumulation of dose in sensitive regions as it can with the lung. Therefore shape may have

little impact on the normal barrier function of the skin.

Taking further the example of asbestos, possibly the most studied fibrous particle, we can see there
is remarkably little information on the toxicity of asbestos towards the skin (the combined terms of
“asbestos” AND “dermal toxicity” lead to 3 articles in PubMed (as of 12/05/2013)). Indeed, the most
common documented dermal effect is the formation of asbestos corns which are defined by the
Health and Safety Executive (HSE) as “discrete nodules in the skin caused by implantation of
asbestos fibres. Although sometimes painful, they are usually self-limiting and do not have any
serious consequences”.}°® However, whilst relatively little research has been conducted in terms of
the effects of asbestos on the skin, there are approximately 9 publications available for review that

had considered the role of shape in dermal penetration of nanomaterials.

One of the first was that of Ryman-Rasmussen!©® who used ellipsoid quantum dots (6 nm x 12 nm)
which were commercially available and spherical (4.6 nm diameter) quantum dots of differing
coatings. These were topically applied to porcine skin in flow-through diffusion cells at an
occupationally relevant dose for 8 h and 24 h. The dose used was 62.5 pmoles per cm? and the
stated “occupational relevance” of this dose related to an exposure scenario in which one 40 pL
drop of quantum dots at 1 pM concentration is applied to 0.64 cm?2 of skin and remains during the
course of a work day or overnight.12° The results showed that PEG—coated spherical and ellipsoid
guantum dots penetrated through the intact SC barrier and were localized primarily in the
epidermal layers by 8 h. The main point of difference was when comparing the spherical and
elliptical carboxylic acid-coated quantum dots as they found that the spherical form penetrated
through the SC and localised within the epidermis by 8 h, whilst this was only apparent for the
elliptical quantum dots at 24 h. These appeared to be concentration dependent and were consistent
with a passive diffusion mechanism of penetration which was suggested to be via an intercellular
route of passage between adjacent corneocytes. When discussing the results, the authors noted that
the most apparent physicochemical difference between the samples analysed was shape. From this
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they recommended caution from speculating that spherical carboxylic acid—coated quantum dots
penetrate skin more rapidly than ellipsoid-shaped quantum dots as previous studies had showed
conflicting results (lower spherical carboxylic acid—coated nanoparticle penetration). Indeed the
results did seem to show a far greater role of surface coating than shape in determining differences

in penetration of quantum dots.

In a later study the authors also analysed their interactions with keratinocytes in vitro.1%0 As this
study uses a single cell model in culture, it does not provide information as to the effect of shape on
penetration of the skin but it does provide some insight into the potential for a differential response.
For example, in comparison to a 4.6 nm spherical quantum dot (both of which have a PEG coating),
the elliptical quantum dot did show small yet significant increased cytotoxicity (measured using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay) whilst the spherical
sample did not. The importance of these results given the limited magnitude of a differential
response, the fact that the surface coating had a much greater effect (as dealt with in Section 3.1.4)
and the rather limited difference between a 4.6 nm particle and a 12 nm (at longest axis), should

not be overstated.

In a similar study as that of Ryman-Rasmussen, Zhang et al. applied shorter ‘nail-shaped’ coated
quantum dots (see Figure 7) with a length of 8.4 nm and a diameter of 5.78 nm to porcine skinin a
diffusion cell as well as human epidermal keratinocytes in vitro!®l. Similarly to the results of
Ryman-Rasmussen!®, the authors noted penetration of the uppermost layers of the SC as well as
around hair follicles but did not detect cadmium in the perfusate suggesting no permeation through
the porcine skin. This occurred more quickly and to a greater extent in the Ryman-Rasmussen study
for which several reasons were suggested such as differences in vehicle (discussed in Section 3.2.5)

but also the larger and more irregular nature of the “nail-shaped” quantum dots.

A) i B)
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FIGURE 7: EXAMPLES OF ELONGATED NANOPARTICLES COMMONLY
PENETRATION STUDIES. The relatively short nature of elongated nanoparticles is exemplified by the TEM
images from Gontier et al. (A)14 and Zhang et al. (B).15!

Within the peer reviewed literature, there are several studies considering the penetration of non-

spherical TiO2. One of the earliest was that of Gontier and colleagues comparing the commonly
used, 21 nm spherical TiO2 sample P25 produced by Degussa (now Evonik), and a 20 nm x 100 nm
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rod-shaped sample with the trade name Eusolex T-2000 (produced by Merck KGaA). These
samples were applied to ex-vivo porcine skin or human skin biopsies or human skin biopsies grafted
onto severe combined immune-deficient (SCID) mice. In the porcine model, they found that TiO2
particles of either shape were exclusively localised on the surface of the outermost SC layer and they
noted that the TiO2 particles sometimes appeared as individual particles, but more frequently
agglomerate to clusters of different sizes.!4 Whilst not an experimental objective of the study, the
authors noted that in one case after cleaning the surface with ethanol, the SC was severely disrupted
resulting in TiO2 nanoparticles being observed to a much greater depth. Looking at the human skin
model, the authors noted that titanium was found to penetrate into a 10 um thickness layer of the
SC only, but no titanium was detected in the SS and in the SCID mice experiments. The TiO2
particles appeared attached to the corneocyte layers yet no TiO: particles were observed close to the
SG. The nature of the presentation of the results and discussion of the findings by the author mean
that a definitive comparison of shape and its relation to penetration depth is not possible and whilst
not explicit, the level of penetration appears to be similar for both shaped preparations. A deficiency
of this study was the use of different vehicles during the application. The P25 sample was suspended
in carbomergel whilst the Eusolex T-2000 was suspended in hydrophobic basisgel, or
polyacrylategel. In addition, whilst P25 is an anatase/rutile mix, Eusolex T-2000 is rutile TiO2 and
was coated resulting in the following composition: 76-82% TiO2, 8-11% Al203 and 1-3% SiO2. These
differences therefore hinder the drawing of firm conclusions.

A later study by Furukawa et al. looked at the carcinogenic potential of topically applied spindle
shape TiOz particles with a long axis of 50—100 nm and short axis of 10-20 nm in a mouse model.

The results showed that coated and uncoated TiO2 nanoparticles topically applied at doses up to 20
mg did not increase the development of skin nodules. They noted that whilst foreign bodies on the
skin were evident, histopathological examination revealed that the foreign bodies (suggested to be
TiO2) were detected only on the surface of the mouse skin.!3 This led the authors to conclude that
significant amounts of TiO2 did not penetrate to the mouse dermis and that this suggests there is no
systemic risk due to percutaneous absorption. These findings must however be taken in light of the
experimental approach used, specifically that skin samples were embedded in paraffin wax,
sectioned, and stained with hematoxylin and eosin for histopathological examination and so the

resolution from a light microscope in terms of particle detection would be very low.

In a study by Monterio-Riviere,®! both elongated TiO2 (20 x 100 nm) and ZnO (cuboidal shape up to
200 nm) were analysed for the penetration into pig skin (in vivo) exposed to UVB resulting in
moderate sunburn or in flowthrough diffusion cells over 24 h. They observed that TiO2
nanoparticles penetrated 13 layers into UVB-damaged SC, yet only 7 layers in normal skin and that
the ZnO nanoparticles were localized to the upper one to two SC layers and that there was no
transdermal permeation detected in the in vitro diffusion cell. The results of a lack of penetration by

elongated ZnO through a diffusion cell were also confirmed by Song et al.1”

Similar to the previous studies, the aim of this study was not explicitly to compare the role of shape
on penetration efficiency and therefore, no solid conclusions can be drawn however they do state
that the study of Schulz et al.,’>? using micronised TiOz in oil/water emulsions applied to human
forearms for 6 h showed that neither particle shape, formulation, nor exposure had a significant
impact on penetration and that it was solely deposited on the outermost surface of the SC.152 Again,
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in a later study by Lee et al.,104 whilst they did evaluate the penetration efficiency of 18 x 40 nm rod-
shaped gold nanoparticles using a Franz diffusion cell with mouse skin, the aim of the study was not
to evaluate the role of shape, rather the effect of surface charge was of primary interest. Whilst
results were interesting and showed percutaneous absorption of negatively charged gold nano-rods,

the role of shape cannot be fully established but appears secondary to particle charge.

Based on the evidence presented above from the current literature, it appears that particle shape
has a minimal impact on the penetration efficiency of nanoparticles. However this issue of a shape
difference, yet still relatively small length (< 100 nm), as shown in Figure 7, makes it difficult to
assess the role of shape in true terms. To put this into perspective, in relation to more conventional
fibres, the World Health Organisation defines a fibrel®® for the purposes of exposure monitoring
(inhalation) as being a particle with a length greater than 5 um, a diameter a less than 3 um and a
length to width ratio (its aspect ratio) of greater than 3:1. Based on such a definition, if applied to
particles in general, irrespective of the route of exposure as a bench mark, it is evident that the
effects of fibrous shape has not yet been rigorously investigated within the peer reviewed literature.
This is because those studies identified as addressing shape, either explicitly as an aim of the study
or by identification of the use of a non-spherical particle, address only elliptical particles and not

fibres as defined above.

One of the few types of nanoparticles evaluated for dermal penetration that may in some cases meet
the definition of a fibre are carbon nanotubes although this may not always be the case as
exemplified by Degim et al.,'>* who investigated multi-walled and double-walled carbon nanotubes
100—200 nm in length and 2 nm in diameter. Other studies have used longer carbon nanotubes
between 0.1-10 um in length,29.155.156 however all of these have focused on the toxicity of carbon
nanotubes towards the skin and not on penetration. In one in vitro study with cultured human
epidermal keratinocytes, multi-walled carbon nanotubes were shown to be capable of entering
human keratinocytes as well as eliciting a biological effect (IL-8 release).’>” However as the authors
point out, the mechanism of penetration and effect was unknown and the relevance of the results to
exposed persons is limited as keratinocyte cultures lack the protective SC barrier seen with intact
skin!®7. Therefore, no definitive conclusions as to the penetration efficiency of carbon nanotubes can

be drawn.

The studies detailed above show that whilst there are limited examples of non-spherical
nanoparticles being evaluated within the literature, there is no study which critically evaluates in a
systematic way the role of particle shape/length on penetration. This is evidently a gap within the
current knowledge but the importance of this gap must be seen in light of the fact that other
physicochemical properties such as surface charge as shown by Ryman-Rasmussen!®® seem to have
a far greater impact on penetration with little or no role for shape. If we consider longer, more
needle-like nanoparticles such as nanowires or nanotubes, the ability of the particles to penetrate
the skin may be increased. This is because it has been suggested in several publications that fibrous
materials such as carbon nanotubes can cell pierce membranes!'>® and Nagai et al. found that fibre
diameter and rigidity played a major role in mesothelial cell penetration (and subsequent injury) by
carbon nanotubes.’® However, if this hypothesis is correct and longer, rigid nanofibres can
penetrate to a greater efficiency, the length of the fibre is likely to limit the fibre’s ability to become
systemically available and instead remain lodged in the skin. If this is the case, one could consider
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the consequence of interaction of such fibres with the lower layers of the dermis etc., yet by
returning to the effect of asbestos on the skin, which is a highly pathogenic fibre capable of causing
tumour formation, we see little evidence of adverse effects over and above localised inflammation

(e.g. asbestos corns).

In addition to the lack of ‘true’ fibrous-shaped particles being critically evaluated for the ability of
shape to influence penetration, there is an absence of other shaped particles being evaluated. An
example of a non-spherical particle in the nano-dimension that is receiving a great deal of attention
is graphene. Studies have suggested that the plate-like shape may play an important role in the
inhalation and respiratory toxicity of graphene.160.161 However, the flat plate-like structure in this
case, may hinder effective penetration of the skin although this has yet to be tested.

3.2.3 Conclusions

When assessing the literature on the physicochemical properties effecting dermal penetration of
nanomaterials it becomes evident that there are considerable challenges in drawing conclusions due
to either limitations on the reporting of physicochemical data and/or the alteration of multiple
experimental parameters in a non-systematic way. It is widely acknowledged that adequate
characterisation of nanomaterials is necessary to accompany toxicological studies whether that be
for the purposes of toxicity assessment or toxicokinetics. However the most challenging aspect is
this issue of alteration of multiple experimental parameters in a non-systematic way. Being able to
alter a single physiochemical property without significantly altering others has always been a
challenge and whilst nanotechnology provides even more control of the physicochemical
characteristics of particulates than ever before, it still remains a challenge. Whilst this a challenge
faced by all branches of nanotoxicology, the issue appears especially prevalent within the dermal
literature whereby multiple characteristics such as shape, charge, coating, size can all be changed
meaning that little meaningful comparison of results can be made even within the experimental

study, let alone between studies.

Despite these issues, some conclusions can be drawn. In relation to size, the results seem to suggest
that penetration of particles in the nano-range into the skin is possible although occurs to a rather
low degree and that this is greater than for larger particles. Bulk composition appears to have little
effect on dermal penetration/ absorption although composition, either in terms of bulk or as a
contaminant, should be considered in relation to dermal toxicity. Observed absorption following
applications with nano-ZnO and nano-silver may be due to solubilisation and thus ion absorption
rather than particle absorption. Shape similarly appears to have little effect on penetration or
absorption although truly high aspect ratio long (i.e. > 5-10 pm) nanofibres have not been fully
evaluated for dermal penetration nor has other shapes. Of the physicochemical properties that
influence particle penetration, surface chemistry has been indicated by several studies to be an
important factor yet by reviewing the array of results, it is apparent that at this stage the results are
complex and inconclusive, although with a slight tendency towards greater uptake of positively-
charged particles.

3.3 Experimental assessment of dermal penetration

3.3.1 Introduction
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There are several techniques commonly used to assess the dermal penetration of compounds in
vitro, ex vivo, in vivo and in silico models. These models will be described and their relevance and
challenges associated with their use to assess dermal absorption of nanomaterials will be discussed.

3.3.2 In vitro/ex vivo test methods to assess dermal penetration

Non-animal methods to study dermal penetration of compounds have been published by the OECD
in the form of OECD TG 428, Skin Absorption: In vitro Method.!62 This document describes the
method to study dermal absorption and all the variations that can be included in the protocols. In
simple terms, the test consists of applying a test substance onto the surface of a skin preparation
that separates two chambers: donor and receptor chambers. After exposure for the desired amount
of time under the chosen conditions, the test sample is cleaned from the skin and the receptor fluid
is analysed for the test compound or its metabolites. Ideally, additional measurements are made on
the other parts of the test system in order to have a total recovery study and therefore a better
understanding of the compound’s interaction with the skin. There are many options to choose from
in terms of skin preparations. The skin preparation can be of human (“gold standard”)!° or other
animal origin (usually pig). The skin sample can be complete or constituted of only viable or non-
viable skin layers. Fresh and frozen skin samples can be used but again this could modify the results
obtained and these parameters need to be clearly recorded. Finally, the development of tissue
engineering has recently allowed the commercialisation of several reconstituted three dimensional
human skin models such as EpiDerm® and EpiSkin®,163

Two in vitro dose regimes can be used for skin absorption studies: a finite dose or an infinite dose.
The choice depends on the purpose of the experiment, i.e. infinite dose is preferred for studies to
determine maximal flux which is used to estimate the permeability coefficients. Two different
experimental models exist: static diffusion cells (Franz type) or flow-through systems (Bronaugh
type). The static cells have a receptor chamber with a fixed volume from which samples can be
removed during experiments to allow kinetic studies. The removed receptor fluid is then replaced
with fresh receptor fluid. Sink conditions required for estimation of permeability parameters can be
ensured by a relatively large volume of the receptor chamber compared to the skin area available for
penetration. The flow through system, or Bronaugh type, uses a peristaltic pump and has the
advantage that it mimics better the in vivo "sink conditions” as the receptor fluid is continuously
renewed like the presence of blood vessels in physiological conditions. The two experimental
models are equally well accepted for regulatory purposes. Importantly, the integrity of the skin
sample before and after the assay is run needs to be assessed, as this is critical to validate the
results. Several possibilities exist to check the integrity of the skin preparation, such as the use of
tritiated water, transepidermal water loss, capacitance, or Transepidermal electrical resistance
(TEER) can be used®. Both experimental models can use rodent, pig, as well as human skin, either

full thickness or dermatomed.

The choices in terms of receptor chamber sampling and analysis must be carefully decided
according to the test compound. Radio-labelling of the test substance or other analytical method
can be used to analyse the dermal absorption of a compound. Detection system to assess skin
absorption will be discussed in Section 3.2.4.
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Many experimental parameters influence the rate of absorption through the skin and need to be
properly controlled and/or recorded such as test model, volatility of the compound, dose, surface
area, skin integrity, time of exposure, choice of the skin preparation, choice of vehicle, choice of
receptor fluid. Most of these parameters and their importance have been discussed in the OECD
Guidance Document for the Conduct of Skin Absorption Studies.’84 Overall, the guideline is non-
specific in terms of protocol and experimental set-up, and it can therefore be difficult for the
inexperienced to compare data produced by different experimental set-ups due to the many

parameters governing skin absorption of compounds.

Explant skin tissues grown in cell culture dishes can also be used to study to some extent the dermal
absorption of compounds. For example, Cohen et al.8” cultured human skin tissue in Petri dishes
and compared the toxicity of copper oxide particles according to two different mode of exposure:
topical application in the centre of the skin explant or “systemic” treatment in the cell culture
medium. However, this model to study dermal absorption is not ideal since it can be hypothesised
that the topical application might permeate via the edges of the skin explant where there is no SC
and bias the results. Therefore, this type of model may be difficult to control and results
subsequently, difficult to interpret with confidence and as such this may not be an appropriate

model to study dermal absorption.

Finally, the isolated perfused porcine skin flap (IPPSF) is another in vitro model using perfused
porcine skin. Due to its high physiological relevance this model is of high value to study skin
toxicology and in particular skin absorption.i6> However, this model is rather costly and requires a
high level of expertise to be set-up and therefore has not been widely used yet to assess dermal
absorption of nanomaterials.

In addition to complex dermal models, the use of single cell culture monolayer of keratinocytes is
sometimes found in the literature to study the dermal penetration of compounds.108.150.166.167
However, the results obtained from these studies although interesting to analyse the interaction of
nanomaterials with viable cells are not relevant in terms of dermal absorption, since dermal
absorption is complex and determined by the whole structure of the skin as an organ. Therefore,
data obtained from single cell culture is of little relevance in terms of dermal absorption
assessment.

3.3.3 In vivo test methods to assess dermal penetration

In terms of skin absorption tests, the OECD have published OECD TG 427 relative to in vivo
testing.168 In simple terms, the test sample is applied on the clipped skin of animals for the desired
amount of time, under occlusive, semi-occlusive or non-occlusive conditions. The animals are kept
in metabolism cages in order to study the complete metabolic profile of the compound tested. The
rat is the most commonly used animal for these studies, and hairless strains are also available. Dry
material or liquid preparation can be tested on the skin of animals, the guideline suggesting “1-5
mg/cm? for a solid or up to 10 pL/cm? for liquids”. In terms of exposure duration, the guideline
suggests 6 and 24 h as classic duration. Importantly, the test sample needs to be prepared the same
as or as close as possible to the preparation humans could be exposed to. In order to follow the

absorption characteristics of the test compound, radio-labelling is usually recommend as a tracing
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method. Screening of the literature has shown several publications using animals to study skin
penetration/ absorption of nanomaterials, for example TiO2 in rodents’8:86.94.113 TjO; in pigs®+9 and

ZnO in pigs.%!

Other animal models also exist, such as human skin grafts onto immune-deficient mice (SCID
mice)!69, which was used as part of the FP7 NANODERM project!’™® for example and other
publications.’# This model presents the advantage of studying human skin, which is structurally
and chemically relevant for human risk assessment and to keep it into a physiologically relevant
environment. This represents an alternative to human studies.

Human studies are the next level of dermal penetration/ absorption testing and considered the
“gold standard”. Several nanomaterials have already been tested on humans such as TiO14.171
Zn0,77.98.99116 quantum dots,”t”> polymer nanoparticles!®> and silver nanoparticles.!’2 Due to
anatomical variations in terms of skin structure and chemistry, the site of exposure of the skin in
human studies could influence the results obtained. In vivo studies often use tissue from the
forearm, leg, or back and part of the project Reference Group have compared stomach and breast

tissues with no differences observed.’2

Moreover, age, sex, genetic background, skin “history” etc. are amongst the many factors that
influence the level of dermal absorption for a given compound.® Therefore, inter-individual
variations should be taken into account, at least by recording them in as much detail as possible.
Finally, the number of individuals involved in the study will also influence the strength of the data
obtained. For example, the number of human volunteers was 20 in Gulson et al.90, yet only 3 in
Gontier et al.l* and in Gulson et al.,11¢ 2 in Jeong,’t and 8 in Ravichandran,’® suggesting that the
data gathered needs to be interpreted with caution before generalisation due to the small number of
individuals tested. All these considerations regarding the methods to assess the dermal penetration

of compounds, especially nanomaterials, will be discussed in more details in the next section.

3.34 Relevance and limitations of dermal penetration/ absorption models

Several technical concerns surrounding the use of in vitro, ex vivo and in vivo models to assess
dermal absorption of compounds and more specifically nanomaterials have been highlighted from
the literature. Since these matters are fundamentally similar for in vitro and in vivo systems they

will be considered in conjunction within the next section.

3.34.1 Species

In a recent review of dermal penetration/ absorption of inorganic nanoparticles, Labouta et al.
noted that 51% of studies (in vitro and in vivo) were performed using human material, and 47% of
the dermal penetration studies performed on inorganic nanomaterials used animal models (rat,
mouse and pig mainly) with the 2% not described within the article.l90 However, as mentioned
previously, the dermal penetration/ absorption of compounds in dependent on their
physicochemical characteristics and also on various skin characteristics. Due to species differences
in terms of skin structure, especially dermal layer thickness, lipid composition, and pelage density,
differences in terms of dermal penetration/ absorption can differ markedly.600 |t is generally
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considered that the dermal permeability between species can be ranked as follows from the more

permeable to the less permeable:!’3

Rabbit > Rat > Pig > Monkey > Human

Depending on the compound studied, these differences in terms of skin permeability could range
from more than 4 times for the pig and up to 9 times more permeable for the rat compared to
human skin.1”3 Therefore in terms of animal models, rodents, which have a dense pelage, are not
necessarily a relevant model to predict dermal penetration/ absorption in humans, since these
species generally present a higher permeability. Overall, human skin remains the “gold standard” to
evaluate dermal penetration/ absorption of compounds for humans, although its availability to
conduct experiments is sometime problematic hence the common use of animal models.19° The best
animal alternative seems to be pig skin which displays the most common characteristics with
humans and as such, pigs and minipigs are commonly accepted as models for dermal absorption
studies to extrapolate results to humans, although as mentioned previously their permeability can
be up to 4 times higher than human skin. In terms of experiments with nanomaterials, where
deposition (if not penetration/ absorption) occurs along the hair follicles, the density of hair on the
skin may also be expected to be important. In addition, it is important to consider that the use of

animal and human skin, either in vitro or in vivo, is subject to ethical considerations.162

3.3.4.2 Model Characteristics

OECD TG 428 allows the researcher the choice between various animal species and skin models.
Importantly, ex vivo experimentation using skin, still present limitations as the exposed skin may
interact in a different manner ex vivo as it would in vivo.8 Moreover, as mentioned previously, the
origin, in terms of species but also age and anatomical origin of the skin influence the structural
parameters of the skin which has consequences in terms of dermal absorption of a test sample.®
Finally, whilst the development of reconstituted three dimensional human skin models, a recent
comparison of dermal absorption results obtained using these new models and human and animal
skins showed that these reconstructed human epidermis were more permeable than human skin

and therefore were also over estimating the dermal absorption of benchmark compounds.163

3.3.4.3 Integrity of the skin model used

The integrity of the skin used in ex vivo experiments can be altered. For example, some studies have
used only viable or only non-viable layers of the skin to test dermal penetration/ absorption while
other have used a whole skin. Although relevant in terms of mechanistic studies, these alterations
would potentially give different results if the compound is metabolised by the cells or if the absent
layers were critical in determining the absorption of the compound through the skin. Moreover,
Senzui et al. stated concerns that the use of split skin as recommended by OECD TG 428 may over
estimate permeation of nanoparticles as the hair follicle is cut and therefore may form a route into
the receptor phase.8 In addition, other modes of preparation such as skin stripping may be used. In
a recent study, the use of cyanoacrylate stripping was justified as it has been stated that “in excised
skin the hair follicle orifices are often clogged and have a smaller volume due to the loss of the
physiological skin elasticity. Therefore, in the case of excised skin, the cyanoacrylate pre-
treatment represents a suitable way to get closer to the in vivo situation where most hair follicles
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are accessible to particles”.?°© However, such pre-treatment may also damage the SC, which is its

primary use in other studies.

Similarly, in vivo, pre-treatment of the skin such as shaving, depilation and clipping are commonly
used to prepare skin for in vivo studies and may also affect the results obtain in terms of dermal
absorption.® All these variations in term of densities of hair follicles, species and pre-treatment
differences of skin models, should be taken into consideration when interpreting results of dermal
absorption. This is especially relevant as it should be considered that such activities (e.g. shaving)
are commonly performed by humans before applying skin lotions that contain nanoparticles, and so
they are highly relevant to real world application of such materials. These considerations are
particularly important for nanomaterials since it has been hypothesised that the follicular pathway
could act as a size-selective and/or “pumping” system, especially when the skin is mechanically
(movements: flexion, massage) stimulated for the dermal penetration/ absorption of

nanomaterials.100

3.344 Effects of movements on dermal penetration

In vitro models to study dermal penetration are usually static. However, as mentioned previously,
stimulation of the skin by natural movement of a living animal, or massage can influence the level of
dermal penetration/ absorption of a compound. This seems to be particularly relevant for
nanomaterials, since due to their particulate structure, diffusion may not be the primary
mechanism driving the penetration of engineered nanomaterials through the skin. This has been
suggested by many authors and was one of the main conclusions of the NANODERM report for
TiO2 nanoparticles.90170 Therefore, the classical diffusion cell testing may be rather simplistic to
properly assess dermal absorption of nanomaterials. Several studies have now been published in the
literature, using a diffusion cell and a flexing system, in order to create movement and therefore are
more realistic and more relevant for nanomaterials dermal absorption studies.°° Results published
indicated that flexion in an in vitro system increased the penetration of particles through skin
models as shown with fluorescent dextran particles and fullerenes.92.192 The same considerations
are relevant for in vivo studies, when materials are applied to living animals or to humans with or
without skin massaging etc. This consideration is also important to take into account when studying
the dermal absorption of a product that consumer should use as a topical application, for example a
sunscreen versus other types of product containing nanomaterials, consumers may be exposed to

via the skin.

3.3.4.5 “Sink effect”

In terms of diffusion cells, the system can be either static (Franz diffusion cell) or dynamic
(Bronaugh type of cell) using a peristaltic pump. It is very important to keep in mind that both
systems might give very different outcomes in terms of dermal penetration. The flow through
system is closer to physiological conditions since it recreates the “sink” effect relative to the
presence of blood vessels in the skin. Therefore, the kinetics of dermal penetration of a compound
may be different in both systems. However, as mentioned previously, the dermal penetration/
absorption of nanomaterials may involve more of a mechanical phenomenon than a diffusion effect.
If this is the case, penetration via a diffusion mechanisms is less important, and so the presence or
absence of a “sink” effect in vitro might not be so relevant for nanomaterials.100.170 Finally, the
detection system would need to be extremely sensitive in the flow through system in order to pick
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up the presence of test sample into a diluted environment over time. For these reasons, it is always
advisable to perform additional measurements on the other parts of the test system in order to have

a total recovery study and therefore a better understanding of the compound interaction with the
skin.162.164

3.3.4.6 Formulation used to test dermal absorption

Dry powder materials represent a great concern in terms of respiratory exposure. By contrast,
nanomaterials as a powder are regarded less as a risk in terms of skin exposure since in the absence
of solvents nanomaterials are assumed not penetrate the skin.! By contrast, the nature of the solvent
used to suspend nanomaterials plays a critical role in terms of dermal absorption since it may alter
the structure of the skin hence increasing or decreasing its permeability and it also may influence
the physicochemical characteristics of the nanomaterials such as agglomeration state, charge etc.
that are important parameters in terms of dermal absorption.1190 This consideration is important
for both in vitro and in vivo experimental design and data interpretation. Again, this is specifically
relevant for nanomaterials dermal absorption and is also very important for risk assessment for
consumer in terms of skin as a route of exposure.

3.3.4.7 Experimental considerations: surface area, numbers of applications,
duration of exposure and sampling time, enhanced skin permeation
techniques.

Many variations in the protocols to study dermal absorption of chemicals and even more for
nanomaterials can affect the results obtained, thereby making it difficult to compare results and
interpret data. Surface area and time of exposure as well as concentration of the test samples,
volume and diffusion area of the system and finally sampling time are all critical in terms of dose
applied to a skin model. However, due to the absence of specific and standardised methods even
within the OECD TGs to test skin absorption, it is difficult to efficiently compare data obtained from
different studies. There are a wide range of techniques that can be used to increase dermal
penetration mainly in in vitro experiments such as temperature, ionophoresis, dermaporation,
dermabrasion, ballistic bombardment etc.19° These enhanced skin permeation techniques and most
importantly their relevance in assessing dermal absorption of nanomaterials, especially for

consumer products should be highlighted and data carefully interpreted.

Observations from the real-life-scenario study by Gulson et al.?® may help to define some of these
parameters for future studies. In this beach study, which used the highly sensitive technique of
stable isotope tracing to assess dermal absorption of Zn from ZnO particles, levels of traceable 68Zn
from %8Zn0O particles in sunscreens applied to humans twice daily over 5 consecutive days were first
detected at the end of the second day of the study and after four applications of sunscreen. In
addition, levels of ¢8Zn in blood continued to increase for at least 6 days after the final application of
sunscreen, suggesting that 68Zn was stored in the body and released to blood over time. Whether or
not the 88Zn was absorbed as 68Zn0O particles or soluble 68Zn, these observations suggest that in vivo
studies to assess dermal absorption of nanomaterials in humans may need to be conducted over at
least 2 weeks, especially if the method for detecting systemic absorption is less sensitive than the
stable isotope method used by Gulson et al.%, or if the nanomaterial cannot be radiolabelled as
recommended by OECD TG 427 (developed for chemicals).168
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3.3.4.8 Other critical factors for dermal absorption studies

As part of good practice and robust study design the use of benchmark or standard compounds is
recommended in order to validate results, compare data from different research groups and to
make relevant interpretation of data.’63 The use of benchmark compounds, chemical and
nanomaterials when studying the dermal penetration/ absorption of nanomaterials should be
common practice. This is critical to validate results in terms of dermal penetration/ absorption and
to further better understanding of the mechanisms driving it and is especially important for dermal
penentration/ absorption since many parameters such as temperature, UV exposure, humidity etc.
are known to influence the skin structure and the thermodynamics of the skin and compounds to be
tested.6.100 However, whilst this is the ideal situation, the standard approaches of assessing dermal
penetration for nanomaterials need to be developed in order to provide the data supporting such

‘standard materials’.

OECD TG 427 insists on the use of individual cages in order to avoid oral absorption as an
experimental confounding due to animal grooming.168 For example, Wu et. al.%4 in their study did
not address this parameter when testing the penetration and toxicity of TiO2 nanoparticles in mice
and was therefore heavily criticised.?? In addition, Elizabethan collars can be applied to animals in
individual cages to minimise oral entry by personal grooming. Other confounding factors have also
been highlighted by Gulson et al. when studying nanoparticle absorption from sunscreens applied
to humans.?® For example, these authors recorded UV levels throughout each day at the beach using
a UV spectrophotometer, since UV exposure can modify the level of dermal penetration of a
compound.?® Finally, it has been shown that movement and temperature also influence greatly the
level of dermal absorption and as such need to be controlled or at least appropriately monitored in

in vivo studies.t’4

Importantly, as mentioned before, the permeability of the skin depends heavily on its anatomical
region of origin.6 The OECD TG 428 for the choice of skin sample only states: “The selection of
species, anatomical site and preparative technique must be justified”. By contrast, OECD TG 427
indicates “an area of skin in the region of the shoulders and the back™¢8 of the animal is used to
test dermal absorption. Use of this site makes personal grooming difficult, and hence minimises
oral entry. Since the dermal absorption of compounds depends critically on the structure of the skin
and hence its anatomical origin, the anatomical origin of the skin used for experiments should
always be mentioned. Moreover, the choice of anatomical origin of the skin should be relevant for

the compound tested.

Finally, as a good practice, attention to potential artefacts of preparation of the sample and/or
analysis of the samples should be borne in mind. Indeed, there are still many technical challenges
associated with the specificity, sensitivity, invasiveness of assays and detection methods. For
example, NANODERM was one of the first projects that emphasised the need to pay attention to
artefacts of preparation of skin samples for analysis especially for nanomaterials.t® Similarly, it was
suggested that the angle used to section skin samples is critical for the quality of the data obtained.

For example, Sadrieh et al. in relation to their 2010 study stated that:
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“To avoid inadvertently dragging TiO2 from the epidermis into the dermis with instruments, we
initiated cuttings from the dermis side proceeding into the epidermis and blades were changed

between each sectioning”.

Detection methods and the challenges associated with their used for dermal absorption studies are

described and discussed in Section 3.2.6.

3.35 Intact versus damaged skin models

It is evident from the literature that a large proportion of studies are conducted using models
representative of healthy skin, yet a very significant fraction of the working population has
compromised skin, either for intrinsic reasons (e.g. atopic dermatitis patients) or due to chemical
exposures, wet work, sunburnt skin or physical damage to the skin including from regular shaving
(eg facial hair for men, leg hair for women). These individuals represent a more susceptible group
than people with intact skin in relation to dermal exposures. This is a general statement, but may
also be expected to count for exposures to nanomaterials, although available data to support the
latter are still very limited.

Considering the effect of dermal barrier impairment on the penetration of chemicals, it is evident
from the publication of Kezic and Nielsen'?> that this varies widely depending on the nature of the
skin damage, the penetrant and the model. This publication summarises in a table the enhancement
factor that solvents such as acetone, surfactants such as sodium lauryl sulphate (SLS) and
mechanical damage such as tape stripping can have. The enhancement can vary from a factor 2 for
acetone to as high 1,300 for tape stripping although this should be considered within a range as for
tap stripping, the following enhancement factors were recorded — 4, 30, 157, 440-1,300. Variability
may be caused not only by differences between enhancement factors but also by different
experimental methods applied. However, looking at the study of Benfeldt,1’® the author uses
salicylic acid as a penetrant and the same experimental model with human volunteers, but 3
different dermal impairment methods: acetone, SLS and tape stripping. For each of these dermal
impairment methods different enhancement factors were observed: acetone — 2x, SLS — 46x and
tape stripping — 157x.176 Thus, different methods used for enhancement significantly affect the
experimental results.

In addition to the study of artificial dermal impairment and perhaps most importantly, Kezic and
Nielsen also looked at the enhancement factor of intrinsically compromised skin (i.e. diseased skin)
addressing conditions such as dermatosis, eczema, and atopic dermatitis.!”> Interestingly the

enhancement factors noted in skin diseases were lower than that of artificially compromised models

(e.g. tape stripping).

Such a comparative summary of the effects of dermal impairment on the penetration enhancement
of nanomaterials is not evident in the literature and this could be seen as a gap but may also not yet
be possible due to the limited information available and the conflicting and confounding nature of
such studies for nanomaterials. However despite this, there are numerous studies which have
considered the effect of dermal impairment on nanomaterial penetration.
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We can consider dermal damage in respect of how it occurs or the deficit in the dermal barrier it is
trying to recreate. For example, there are several studies considering the effect of UV exposure on
dermal integrity and what role this may have on penetration of nanomaterials such as those found
in sunscreen which may be applied to such skin. Another approach is tape or cyanoacrylate
stripping whereby the SC is completely or in part removed and this along with other methods such
as scoring or puncture could be seen as mimicking a physical injury or, in the case of stripping, loss

of dermal integrity as seen in skin conditions such as eczema.

An early such study considering direct dermal barrier damage (tape stripping or abrasion with
sandpaper) is that of Zhang et al. who looked at the penetration efficiency of quantum dots through
rat skin held in a diffusion cell.!® They noted that intact skin did not show penetration at 8 or 24 h
and that tape stripping which removed the SC showed quantum dots only on the surface of the
viable epidermis. This was in contrast to the abraded skin which did show penetration into the
viable dermal layers at both 8 and 24 h which is perhaps non-surprising as whilst the tape stripping
involved stripping 10 times with Scotch Magic™ to remove the SC, abrasion involved 60
applications of sandpaper “until the skin was bright red but not bleeding and blood vessels could be

seen on the surface” indicating substantial barrier impairment.

Similar to the study of Zhang et al., Gopee et al. also evaluated the penetration of quantum dots into
intact, tape stripped, acetone treated, or dermabraded mouse skin although this time in vivo.197 The
effect of tape stripping can be seen clearly in Figure 8 with removal of upper layers with progressive
stripping.

FIGURE 8: PHOTOMICROGRAPHS OF SKIN FROM SKH-1 HAIRLESS MICE FOLLOWING THE
APPLICATION AND REMOVAL OF TAPE STRIPS 0 (A), 5 (B), 10 (C), AND 15 (D) TIMES.
Reproduced from 197, The skin was stained with hematoxylin and eosin. The arrows point to partially

desquamated keratin, and the arrow heads refer to cells in the stratum basale with perinuclear halos.
Magnification is at x20.
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Similar to Zhang et al. when Gopee et al. applied quantum dots to the intact or tape stripped skin
they did not find evidence of the migration into or through the skin to the regional lymph nodes or
liver (as measured by tissue cadmium levels and confocal microscopy). In contrast, dermal abrasion
led to a significant increase in the level of cadmium in the lymph nodes and livers of mice.
Interestingly, Gopee calculated that based on the level of cadmium measured in the sentinel organs,
around 1.96% of the topically applied dose reached the liver in 24 h in dermabraded skin.1°7 This
result of a lack of a significant increase in penetration of nanomaterials into skin that has been tape
stripped was also supported by Senzui et al.85 In addition, the observation of increased penetration
after a more invasive dermal disruption is also supported by the findings of several studies by Filon
et al. Within studies evaluating penetration of silver'?’, gold8® and cobalt!! nanoparticles, Filon et
al. found significant increase in penetration through human skin (held in a diffusion cell) damaged
by scoring with a 19-gauge hypodermic needle. In the case of silver nanoparticles, the level of

penetration was found to 5 times greater than that of intact skin.

Due to the high consumer relevance, the effect of UV exposure on dermal penetration has received a
great deal of attention. One study addressing this issue is that of Monteiro-Rivere et al. who
undertook a comprehensive study looking at dermal penetration in vitro (using a diffusion cell with
pig skin) and in vivo in pigs with and without sunburn. The comparison of normal and sunburned
skin marks this study out as being of particular interest as the authors demonstrated that sun
burned skin does show a higher degree of particle penetration than healthy skin. They found that in
vivo, TiO2 could penetrate 13 layers into UV damaged skin yet only 7 layers into undamaged skin.
Whilst this does signify a difference, it does not show large scale penetration dramatically further
into the viable skin than for undamaged skin and within their diffusion model, they did not detect
particulates in the lower chamber suggesting no systemic absorption®.

Such an increase in penetration after UV exposure was also noted by Mortensen et al. and similarly
to Monteiro-Rivere et al., this was shown to be minimal. In their experiment 14-15 nm quantum
dots were applied to the backs of mice 3.5-4.5 days post exposure to UV (or not) at a dose of 30 pL
of 3.5 uM quantum dots over 6 cm2. After 24 h, the mice were sacrificed for skin and organ analysis.
Low-level skin penetration in intact or UV damaged skin was noted as well as quantum dot
accumulation in folds and hair follicles. In the case of UV exposed skin, there was an increased
presence of QD below the SC away from hair follicles although this was still rare. In addition, whilst
liver concentrations of cadmium showed no increase in the exposed mice without UV exposure, it
did show a significant increase in the livers of UV exposed mice although again this was very low
and accounted for 0.0035% of the dose applied.5 It should also be considered that the duration
between UV exposure and application of nanoparticles could affect results as the response to UV
damage is transient loosening of intercellular adhesions (possibly assisting permeation of
nanoparticles) which allows for a subsequent cellular proliferative response and thickening of the
SC (possibly inhibiting penetration).88 Therefore, such detail in describing methodology should be

apparent in future studies to facilitate adequate comparability.

In relation to the effect of damage to the skin on dermal penetration of nanomaterials, it is apparent
that this does have the effect of increasing dermal penetration. However this appears minimal in all
but the most severe forms of damage (i.e. abrasion) and does not appear to lead to significant
breakdown of barrier protection and large scale penetration. However, further studies ideally
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utilising intrinsically compromised skin (i.e. diseased skin) addressing conditions such as
dermatosis, eczema, and atopic dermatitis are needed to verify the above data. Another issue not
dealt with in the literature is that where there is skin damage in vivo, this would likely be associated
with localised inflammation consisting of localised swelling, oedema and influx of inflammatory
cells. These changes may have an effect on dermal integrity and permeability which would not be
reflected within in vitro models of damaged dermal barrier due to the absence of inflammation.
Two human studies are relevant here, although neither specifically addressed the effect of damaged
skin on dermal penetration of nanoparticles. One subject in the human study of Gulson et al.?® had
a reaction to the sunscreen applied to her back, and this subject had levels of traceable Zn (from the
ZnO nanoparticles in the sunscreen) in her blood and urine samples at elevated levels compared
with all other subjects. In the study by Tan et al'8, in which sunscreen containing TiO2 nanoparticles
was applied daily for 2-6 weeks to skin adjacent to lesions in patients scheduled for skin surgery,
levels of titanium were higher in the epidermis and dermis of the patients than in the epidermis and

dermis found in controls.

As noted by Prof. Bo Neilsen (personal communication), the degree to which the penetration of
nanomaterials would be affected/enhanced by an induced damage to the SC would be expected to
depend on whether the SC is the rate limiting factor. Present knowledge indicates very limited (or
absent) penetration of nanomaterials through the SC, but the question is to what extent
nanomaterials would be able to cross the dermis if the nanomaterial was allowed to get through to
the dermis. These studies are lacking. If the dermis should turn out to be equally difficult to
penetrate for the nanomaterials as the SC, then damage to the SC would not be expected to have
much impact. However, at present we are missing robust data to support any conclusion.

3.3.6 Nanoparticle detection and quantification

Quantification of nanoparticles in dermal penetration studies presents a great challenge. As
highlighted by Labouta et al. in their recent review, the sparse concentration of nanoparticles able
to penetrate the skin with regard to the detection limit, as well as the integrity of the particulate
nature, limits the available techniques or requires the combination of at least two approaches.100 A
range of techniques have been employed in studies conducted to date for the detection and
guantification nanoparticles in skin samples post exposure, as can be seen in the table presented in
Appendix 3. The most commonly employed techniques are further detailed in Table 7 below,
including an outline of their relative advantages and limitations, including particular focus on issues

relevant for nanomaterials.
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TABLE 7: COMMONLY USED ANALYTICAL METHODS FOR DETECTING THE DERMAL PENETRATION OF NANOPARTICLES

Detection Method

Brief Description

Advantages

Limitations

Confocal laser
scanning
microscopy (CLSM)
/ Fluorescence
confocal
microscopy

Classical technique for obtaining images
from cell or tissue samples by means of
laser scanning on an optical platform.

Images are obtained at a higher resolution with depth
selectivity compared to conventional optical
microscopy;

Allows in-focus images to be acquired from selected
depths (optical sectioning);

3-D imaging;

Allows elimination or reduction of background
information away from the focal plane;

Can be performed on living tissue (ex vivo/in vitro;
Suitable for time-sequence observation as no fixation
or preparation that is detrimental to the specimen
survival is required;

Contamination can be eliminated using cryo-
sectioning or optical sectioning within the tissue;
Relatively fast data acquisition;

Widely available.

Loss of laser power with increasing depth of skin;
Nanoparticles appear non-spherical, possibly due to a
reconstruction artefact derived from the software or
laser scanning vibration;

Images may not reflect the true size or shape of
nanoparticles;

When using fluorescently labelled nanoparticles this
may cause problems in terms of label stability as well as
fundamentally altering the surface properties.

Electro thermal
atomic absorption
spectroscopy
(ETAAS)

Spectro-analytical procedure for the
quantitative determination of chemical
elements employing the absorption of
optical radiation (light) by free atoms in
the gaseous state.

Quantitative technique.

Allows determination of the elemental composition of
the particles, not the particles themselves, which may
result in interference problems.

Inductively coupled
plasma mass
spectrometry (ICP-
MS) / Inductively
coupled plasma
optical emission
spectrometry (ICP-
OES)

Type of mass spectrometry for quantitative
multi-elemental analysis and stable
isotopic ratio calculation. lonises the
sample with inductively coupled plasma
and then uses a mass spectrometer to
separate and quantify those ions. Used in
combination with isotopic labelling,
whereby nanomaterials are highly
enriched with a stable isotope of an
element present in the material.

Quantitative techniques;

Specific and sensitive;

Enables measurement of isotopic ratios in samples
Can be used to detect elements within larger volumes
(e.g. blood/urine);

Greater speed, precision and sensitivity compared to
atomic absorption techniques;

Widely available;

Isotope labelling allows the detection of dermal
penetration of nanoparticles from a consumer product
applied to a species, even if the species were exposed
to natural particles of the same element from other
sources;

Enrichment of the stable isotope is within the internal

Allows determination of the elemental composition of
the particles;

May have interference problems and thus require a
purification step;

Susceptible to trace contaminants;

Standard sample processing dissolves particulates, and
so cannot determine the form of the element that
penetrates (i.e. as nanoparticles, or as soluble ions
formed by partial dissolution of the nanoparticles on the
skin); however, single-particle ICP-MS methods being
developed are suitable for particles not dissolved by
sample processing;

Resolution in terms of cell layer is limited to accuracy of
specimen preparation (e.g. removal and selective
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Detection Method

Brief Description

Advantages

Limitations

structure of the nanomaterial, and so “labelling” does
not alter surface properties.

analysis of the SC from the rest of the epidermis);
Cannot distinguish an element present in the
nanoparticles against high background concentrations
of that element, unless stable isotope labelling is used;
Isotope labelling requires the integration of a stable
isotope within the nanomaterials (e.g. incorporation of
Cduring carbon nanotube synthesis) and is therefore
not suitable for all nanomaterials, and can be expensive;
Further analysis is required for quantitative
determination of absorbed nanoparticles (the change in
stable isotope ratios of the element and the total
concentration of that element are both needed to
calculate the actual concentration of absorbed
nanoparticles in the sample);

The quality of the isotopic measurements is constrained
by mass spectrometer effects.

Multi-collector ICP-
MS/Thermal
ionisation MS
(TIMS)

Types of mass spectrometry in which
simultaneous measurement of multiple
isotopes of a specific element can be made,
allowing isotope ratios of that element to
be determined with very high precision
and accuracy

e Same advantages as for ICP-MS (above) but highly
specific and sensitive;

e Dermal penetration of nanoparticles enriched with a
stable isotope of an element can be detected, at low
concentrations and with very high precision, against a
high background concentration of that element by
determining changes in isotope ratios in biological
samples.

Same limitations as for ICP-MS (above), and usually
requires a purification step;

Not widely available;

Use of multi-collector ICP-MS and TIMS can be
expensive.

Multi-photon laser
scanning
microscopy / Multi-
photon
fluorescence
microscopy (MPM)

Technique based on the non-linear process
of 2-photon excitation of endogenous
fluorophores, which can be used to acquire
horizontal optical sectioning of intact
biological tissue samples

e Provides high-resolution fluorescence imaging,
allowing visualisation of cellular and subcellular
structures of the epidermis and upper dermis;

e Non-invasive;

e High depth profiling;

e Can be used on living skin, cell cultures and ex vivo
samples ;

e Relatively fast data acquisition;

e Can be performed on living tissue (ex vivo/in vitro)
with less toxicity due to lower energy;

e Suitable for time-sequence observation as no fixation
or preparation that is detrimental to the specimen
survival is required;

e Combined “multi-photon pixel analysis” method
allows semi-quantitative analysis.1’8

As the technique detects fluorescence within a specimen,
it can detect only florescent nanoparticles (e.g. quantum
dots) or fluorescently labelled nanoparticles which may
cause problems in terms of label stability as well as
fundamentally altering the surface properties;
Resolution at the nanoscale is limited,;

Expensive;

Loss of laser power with increasing depth of skin.

Nuclear

Includes Scanning transmission ion

e These 3 methods can be carried out either

Individual nanoparticles cannot be resolved (in STIM
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Detection Method

Brief Description

Advantages

Limitations

microscopy

microscopy (STIM), Rutherford
Backscattering Spectrometry (RBS) and
Particle-induced X-ray emission (PI1XE):

STIM is based on the measurement of the
energy loss of individual particles in the
beam passing through thin sample
sections;

PIXE is based on the emission of X-rays
after the collision of incident protons with
the constitutive atoms;

RBS is based on the energy measurement
of backscattered protons after elastic
collision with sample atom nuclei.

simultaneously or successively on the same sample
region;

Well adapted to the measurement of the major, minor,
and trace element concentrations in most biological
tissues of all origins (human, animals or plant);

STIM gives high resolution cross sectional views based
on the material density contrast, both rapidly and
non-destructively;

STIM maps allow a reliable determination of the
different strata of the epidermis;

PIXE provides not only the chemical composition of
the sample, but also 2D- elemental maps;

Simple sample preparation without fixation and
staining;

A large observable area with the option to zoom into
regions of interest;

Easy quantification of concentrations at a level of
sensitivity of a few parts per million;

Possible to check for possible preparation artefacts
such as spilling micrometer-sized detached fragments
of the SC during cross-sectioning onto the cross-
section or contamination of the microtome-blade with
formulation containing nanoparticles.

the best lateral resolution thus far is about 100 nm);
Allows determination of the elemental composition of
the particles, not the particles themselves, which may
result in interference problems;

Not widely available;

Expensive.

Optical (light)
microscopy

Uses visible light and a system of lenses to
magnify images of small samples. Used to
perform analysis of stained skin samples
(histology).

Widely available;

Cost-effective;

Easy technique;

Larger sections of tissue can be viewed.

Limited resolution making it impossible to view single
particles or small agglomerates < 200 nm;

Limited depth profile (without sequential sectioning);
As tissue fixation, preparation and sectioning is
required, it is not suitable for analysis of living
specimens;

Tissue preparation and in particular, sectioning may
cause particles to be moved thereby introducing
inaccuracy.

Scanning Electron
Microscopy (SEM)

Produces images of a sample by scanning
it with a focused beam of electrons.

High resolution making it possible to view larger
nanoparticles and smaller agglomerates;

Provides detailed images of surface topography;

If coupled with Energy-dispersive X-ray spectroscopy
it can allow confirmation of particle composition;
Larger areas of tissue can be analysed relatively
rapidly;

Relatively widely available;

Without Energy-dispersive X-ray spectroscopy it is
difficult to prove nanoparticle presence;

Limited depth profile although this can be improved to
some extent by use of backscatter electron signals;17®
Where tissue preparation has required sectioning,
artefacts such as particle drifting may occur.

Dermal Absorption of Nanomaterials

69




Detection Method

Brief Description

Advantages

Limitations

Cost-effective.

Transmission
Electron
Microscopy (TEM),
TEM-EDX

Microscopy technique whereby a beam of
electrons is transmitted through an ultra-
thin specimen, interacting with the
specimen as it passes through. An image is
formed from the interaction of the
electrons transmitted through the
specimen. The image is magnified and
focused onto an imaging device.

High resolution — possible to detect individual
nanoparticles;

Enables visualisation of cell interior and thus a
detailed evaluation of penetration pathways and cell
interactions;

If coupled with Energy-dispersive X-ray spectroscopy
it can allow confirmation of particle composition;
Relatively widely available.

Substantial sample preparation involved with the
possible risk of observing preparation artefacts;
Without Energy-dispersive X-ray (EDX) spectroscopy it
is difficult to prove nanoparticle presence;

Limited depth profile (without sequential sectioning);
Where tissue preparation has required sectioning,
artefacts such as particle drifting may occur;

Analysis is typically confined to very small areas and so
sampling may not be representative or, where multiple
sections from a wide area are taken, analysis is slow.

Secondary lon
Mass Spectrometry
(SIMS)

Based on the mass spectrometric analysis
of ions, which are generated by the
interaction of a primary ion beam with a
liquid or solid sample. Provides images of
the tissue or cellular distribution of both
stable and radioactive atoms.

Sensitive;
Allows mapping of nanoparticle distributions
throughout tissue sections.

Nanoparticles must be labelled with either a stable
isotope or a radioactive isotope, which may cause
problems in terms of label stability and alteration of
nanoparticle surface properties;

Not widely available;

Expensive.
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The majority of studies conducted to date have employed qualitative microscopic visualisation
methods for assessing the level of dermal penetration. These include scanning electron microscopy
(SEM), transmission electron microscopy (TEM), optical microscopy of stained skin samples
(histology), nuclear-, confocal- and multi-photon microscopy. Whilst electron microscopy methods
such as TEM and SEM provide a readily available and cost-effective method, it is vital that they are
used in combination with an elemental profiling method such as energy dispersive X-ray
spectroscopy (EDX) in order to fully confirm the presence of nanoparticles within the dermal tissue
and enable an assessment of level of penetration. For example, in their study of the toxicity and
penetration of TiO2 nanoparticles in hairless mice and porcine skin after sub-chronic dermal
exposure, Wu et al. performed TEM alone to image of punch biopsies taken from the centre of the
test area in the skin.?* The authors claim that the resultant TEM micrographs confirm the presence
on TiO2 nanoparticles in the SC, stratum granulosum, prickle cell later and basal cell layer, however
the published images, reproduced in Figure 9, provide very little evidence to support this and no

further quantification was reported.

FIGURE 9: TEM MICROGRAPH OF THE PORCINE EAR SKINS AFTER IN VIVO PENETRATION
TESTS, where a) a placebo formulation without TiO2 was topically applied; b) a formulation containing 5% 4
nm nano-TiOz particles were topically applied for 30 days; c) a formulation containing 5% 60 nm nano-TiOz

particles were topically applied for 30 days. Reproduced from 4.

Another key problem with methods such as optical and electron microscopy is that they require
some kind of tissue preparation prior to analysis which may include sectioning and fixation of skin
samples. This has the potential to produce artefacts and alter the distribution and locations of the
nanoparticles, thus influencing observations. Nuclear (ion beam) microscopy (STIM/PIXE/RBS),
which was investigated by the NANODERM project,’? offers a complementary technique which
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overcomes some of these problems, requiring very few sample preparation steps, thus reducing the
risk for preparation artefacts, and allowing easy identification artefacts should they occur and a
large observable area with the option to zoom to areas of interest. A disadvantage is that individual

nanoparticles cannot be visualised.

The development of advanced microscopy methods such as confocal and multi-photon laser
scanning microscopy was seen as one of the most promising ways to address these problems,
allowing three-dimensional information on the distribution of nanoparticles in different dermal
layers to be obtained by way of optical sectioning in vivo thus avoiding artefacts due to sectioning
and sample preparation. Indeed, these methods are the most frequently applied for analysis of
nanoparticles in the skin within the reviewed literature, with authors such as Zhang et al.
promoting the merits of such methods for assessing the interactions of nanomaterials with the
skin.180 However, these methods are limited by loss of laser power and resolution with increasing
depth inside the skin tissue. In addition, the use of fluorescently-labelled nanoparticles for such
methods may introduce potential problems in terms of label stability and alterations to the surface
properties of the nanoparticle. There is the potential for noble metal nanoparticles, such as gold
nanoparticles, to be visualised by multi-photon-absorption-induced luminescence (MAIL), where
the absorption of multiple photons from a near-infrared (NIR) pulsed femtosecond laser can lead to
robust luminescence of metal particles thus avoiding the use of fluorophore-labelled
particles.17818L182 However, this method is only applicable to noble metal nanoparticles.

A number of attempts have been made to develop and apply a quantitative approach to allow a
better understanding of skin penetration of nanoparticles and provide a sound scientific basis for
health risk assessment. For example, Labouta et al. have developed a combined multi-photon
imaging-pixel analysis approach for the semi-quantitation of gold nanoparticle population in
different skin locations in terms of pixels, from which the weighed number of particles could be
calculated.'’® However, this method remains to be validated by the aid of other analytical
techniques and more widely investigated. Several examples of the application of more common
guantitative analytical methods such as inductively coupled plasma mass spectrometry (ICP-MS) or
inductively coupled plasma optical emission spectrometry (ICP-OES) have been identified in the
available literature, primarily for the detection of nanoparticles in the receptor fluid of diffusion cell
studies. The approach of stable isotope tracing has also shown utility in the assessment of dermal
absorption of zinc from ZnO nanoparticles from sunscreens in human volunteer studies by Gulson
et al., whereby multi-collector ICP-MS has been used to detect levels of 68Zn tracer in blood and
urine samples following application of sunscreen containing $8Zn0.116183  This method is highly
sensitive and able to detect low levels of absorption in vivo, but this also makes it susceptible to
trace contaminants; in addition, nanoparticles highly enriched with a stable isotope can be very

expensive.

An in vivo non-invasive technique would be the “gold standard” for any analytical technique. Novel
approaches are beginning to appear in the literature. For example, Lin et al. have demonstrated the
use of time-correlated single photon counting (TCSPC) for the simultaneous monitoring of zinc
oxide nanoparticles and the metabolic state of human volunteer skin with altered barrier
function.184 However, this method suffers from several limitations most notably that it relies on the
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use of multiphoton-excited photoluminescense signal to quantify ZnO nanoparticles which is

limited to the superficial skin and excludes the dermis.

It is important to note that different techniques will suit different types of nanoparticles and, given
limitations associated with each of the methods, no individual technique can satisfy a fully
comprehensive level of detection and quantification. It is important that multiple techniques are
used where possible, preferably with different methods of sample preparation, in order to formulate
an appropriate understanding of the level of nanoparticle penetration. The optimum set of required
techniques should be selected based on the specific nanoparticle type under investigation. Indeed,
a number of studies published to date employ a combination of methods for monitoring
nanoparticle skin penetration which is encouraging.

3.3.7 Role of vehicle and other excipients

In addition to physicochemical parameters, the nature of the vehicle and presence of other
excipients in the test preparation/formulation could play a role in influencing the level of dermal
penetration of the nanoparticles. Commercially available formulations may range from simple
granule to complex multi-phase solutions, and the potential exists for the physical form or presence
of additives and adjuvants to impact on the penetration/ absorption characteristics of the
nanoparticle. The influence of the vehicle on dermal penetration/ absorption of conventional
chemicals is well established, as outlined by the OECD in their guidance notes on dermal
absorption.'85 For example, mineral oils and solvents have been shown to increase solubility of
lipophilic permeants in vehicles, and can reduce the thermodynamic activity and skin permeation of
lipophilic permeants; aprotic solvents such as dimethyl sulfoxide (DMSO), dimethylformamide
(DMF) and decylmethyl sulfoxide (DCMS) have been shown to alter keratin and bilayer lipid,
such that a high concentration can result in increased penetration of hydrophilic and lipophilic
permeants and also cause skin irritation and damage; and surfactants may increase solubility within

the SC and disrupt bilayer lipids resulting in a substantial increase of hydrophilic permeants.

The OECD guidance notes on dermal absorption,!8> as well as test guidelines from the OECD and
U.S. EPA, recommend using test preparations that are either commercially available formulations
(e.g. cosmetics), or for the test substance to be applied alone in a suitable vehicle which should
closely match the proposed commercial formulation. Whilst this approach helps improve the
relevance of studies to consumer products on an individual basis, it may also have the effect of
introducing further diversity in experimental parameters thereby confounding results and
hampering study comparisons. As can be seen in the table presented in Appendix 2, a wide range of
vehicles have been employed in nanoparticle dermal penetration studies to date. Most frequently,
studies are undertaken under biological conditions using aqueous or biocompatible dose
formulations with water, buffer solutions (e.g. PBS or oil/water vehicle systems. Comparatively few
studies have employed commercially available formulations, such as sunscreen formulations,
depilatory agents or base formulations in commercial dermatological products, which can be
considered to be more representative from a consumer exposure perspective. A number of studies
have employed industrial solvents alone, such as octanoic acid (Pentalan 408), toluene,
cyclohexane, and chloroform, yet it is questionable how representative these systems are for
consumer exposure. Such studies may be more informative for considering dermal exposure of
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workers undertaking industrial or pharmaceutical manufacturing processes that involve the

handling and use of nanomaterials in liquid dispersions.

Despite awareness in the literature of the potential for the nature of the vehicle to influence dermal
penetration/ absorption, to date there has been little research conducted on this issue in relation to
nanoparticle penetration/ absorption. In their review of the interaction of inorganic nanoparticles
with the skin barrier, Labouta et al. suggest that the nature of the vehicle could affect either: i) the
barrier state of the skin, thus favouring enhanced penetration, and/or; ii) the physical state of the
nanoparticles, a determinant of skin penetration as highlighted in the previous sections.

A typical example that shows how the presence of other excipients influences the state of
nanoparticles inside the skin has been published by Bolzinger and colleagues.'8¢ Hydrophobic silica
particles in agueous suspension were found to penetrate the outermost layers of the SC, with
electron microscopy images revealing well-dispersed silica particles deposited at the surface of
corneocytes as shown in Figure 10 (a & b). A Pickering emulsion stabilised with the same silica
particles also penetrated the first few layers of the SC, however silica particles observed at the
surface of corneocytes were strongly agglomerated by the presence of the oil, as shown in Figure 10
(c & d). Although no difference in the level of penetration was observed in this case, this example
clearly indicates that the vehicle can alter the physical state of the nanoparticles and highlights the
need for physicochemical characterisation of nanoparticles both in the test formulation and after
administration to enable informed interpretation of results.

FIGURE 10: SCANNING ELECTRON MICROSCOPY OF TAPE STRIP OF SC AFTER 24 HOUR
EXPOSURE TO HYDROPHILIC SILICA IN AQUEOUS SUSPENSION (A AND B) AND PICKERING
EMULSION (C AND D). Reproduced from 186,
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Two studies have been identified in the available literature undertaking comparisons of levels
dermal penetration using different vehicle systems. However, both of these studies employ
industrial solvents alone and are thus more relevant from the perspective of occupational exposure

rather than consumer exposure.

Xia and colleagues explored the impact of solvents on skin penetration of fullerene (Ceo) from
different types of industrial solvents, specifically toluene, cyclohexane, chloroform and mineral
0il.102 Yorkshire weanling pigs were topically dosed with Ceo (diameter 1 nm) in a given solvent for
24 h and re-dosed daily for four days to simulate the worst scenario in occupational exposures. The
dose sites were tape-stripped and skin biopsies were taken after 26 tape-strips for quantitative
analysis. When dosed in toluene, cyclohexane or chloroform, pristine Ceo penetrated deeply into the
SC. More Ceo was detected in the SC when dosed in chloroform compared to toluene or
cyclohexane. Ceo Were not detected in the skin when dosed in mineral oil. The penetration of Ceo
was verified using isolated SC in vitro using flow-through diffusion cell experiments in pig skin and
the solvent effects on the SC penetration of Ceo were found to be consistent with those observed in
vivo. The authors conclude that solvent effects are crucial in the skin penetration of fullerenes. As
the solubility of Ceo in mineral oil is comparable to toluene and much higher in chloroform and
cyclohexane, the observed solvent effects cannot be explained solely by the solubility of Ceo in the
various solvents. Xia et al. propose solvent flux, by which Ceo diffused into the SC faster in the other
solvents as compared to mineral oil, or super-saturation of Ceo due to solvent evaporation as
possible mechanisms. The relevance of this study to consumer exposures must be borne in mind as
whilst it does show differences in penetration based on differences in particle solvent, these solvents
are not of consumer relevance and instead would likely be of only research or occupational

relevance.

In contrast, Labouta et al. studied the effect of toluene compared to water as a dispersion medium
for four model gold nanoparticles of diameter 6 and 15 nm through human skin in a diffusion cell
model and reported the level of penetration to be independent of the nature of the vehicle!44.
However, toluene was shown to have an effect on the barrier function of the SC in terms of lipid
quantity, with approximately 8-17% of the total epidermal lipid content extracted by this solvent.
Lipid composition, another determinant of barrier function, was not observed to change in the
presence of toluene, however, suggesting that a drastic structural change in the skin barrier upon
toluene application is unlikely. It is important to highlight that, in this study, all four gold
nanoparticles possessed different surface chemistries and polarities, which could potentially
confound investigation of the role of vehicle as a single parameter.

In summary, despite known potential for the nature of the vehicle and presence of excipients in test
formulations to influence dermal absorption profiles of conventional chemicals, this area remains
largely unconsidered in relation to the dermal absorption of nanoparticles. The few studies
published to date focussing on this aspect have indicated that the vehicle employed may influence
the physical state of the nanoparticles, the barrier function of the skin, and the level of penetration
of the nanoparticles into the SC. There is need for further studies to more clearly elucidate the role
of the vehicle and presence of other excipients in influencing the dermal absorption of
nanoparticles. Such studies should focus on altering the vehicle as a single parameter wherever
possible. In investigating consumer exposure, there is a need for further dermal penetration studies
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which focus on the nanoparticles in commercially-relevant formulations. A comparative study of a
particular nanoparticle in an aqueous dispersion versus the same nanoparticle in a commercially-
relevant formulation would also allow further investigation of the influence of excipients. In
addition, the ability of the vehicle to alter the physical state of the nanoparticle emphasises the need
for thorough physicochemical characterisation of nanoparticles in the test formulation and, where

possible, after administration.

3.3.8 In silico test methods/modelling

In silico toxicological test methods offer insight into diffusion of a substance through the different
layers of the skin, beyond the laboratory. In addition, computational absorption modelling offers
exploration into “what if?” cases which could not be simulated through in vitro or in vivo
experimental methods.'> In silico modelling removes the testing of animals or humans and
provides a complementary method to in vitro penetration methods. Due to the availability and
individual variability provided by both animal and human skin, complications for in vivo testing are
avoided through the use of in silico modelling.13* Of importance is that given the number of new
chemicals, nanomaterials, and combinations, traditional in vivo or in vitro studies will not be able
to meet the expectations for thorough hazard assessments due to limited testing facilities and
financial constraints. Therefore, in silico methods are needed. The challenge is to feed the
researchers developing these models with valid traditional experimental data to create valid
computational models.

Akkermans and Wescott presented a study'34 which produced a multiscale mathematical model to
complement in vitro studies. The method presented models human SC, at three levels of resolution:
macroscopic, mesoscopic and microscopic. The macroscale model allows for the prediction of
composite permeability and the mesoscale considers the structure and composition of the lipid
phase (within the confinement of the cell envelope), whilst the microscale models the lipid-particle
system at the atomistic level, which offers a potential understanding of the penetrant molecule’s
affinity within the lipid. The permeability of the test compound was calculated as a function of cell
thickness, with changes in local humidity simulated. The study simulates SC penetration of TeCd
guantum dot, in a ceramide bilayer at constant temperature and pressure, where the molecular
dynamics were simulated. Akkermans and Wescott state:115

“The presence of a nanoparticle has the effect of decreasing the lipid chain radius of gyration and

minor alterations to the hydrogen bonding pattern, stabilizing the layer.”

In addition, the authors noted the importance of such an in silico approach in taking the analysis of
permeant-SC interaction one step further. Indeed they suggest that it affords “an atomistic
understanding as to how the SC properties may be altered by, in our example, the presence of a
foreign body such as a nanoparticle and state that within their study a bulky inclusion will distort
the lipid order and in all likelihood compromise the SC barrier”.1> Whilst interesting, this still
represents an early step in computational modelling as it is not immediately obvious if such
observations have any bearing for other nanomaterials than TeCd quantum dots or inform us as to
penetration rates of nanomaterials.
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A number of in silico models have been developed to describe the absorption of chemicals and
drugs over the skin. As far as is evident, only the publication of Akkaermans described above
describes a model specifically for nanoparticles. One of the modelling tools that has been developed
to estimate the dermal absorption of chemicals is IHSkinPerm.!87.188 The user can choose from a
library of 137 substances already in the tools database, or can use their own but will need to provide
all of the required input parameters. A second tool, developed by the US Centre for Disease Control
(CDC), estimates the fluxes, skin concentration, and amounts absorbed from any dose applied
partially or fully to the skin.189-192 There are other models which have not necessarily been made
into useable tools.

It may be possible to use these tools and models for nanoparticles but further information would be
required for the various parameters of the model, which may be quite difficult to obtain and data
will also need to be collected in order to test any such models that are developed. In addition, the
fundamental principles on which these models are based may differ for nanoparticulates meaning

they may or may not be relevant and as such require validation.

(Q)SAR predictive computational models have been developed to assess the skin permeability of
drugs and chemicals based on molecular structure. As with other experimental methods, (Q)SAR
models present limitations and variation between models. Indeed, these models make use of the
physicochemical characteristics of the substances in order to estimate their skin permeability.193194
Although not yet applied specifically to dermal absorption, knowledge gaps required to accelerate
the use of nano-QSAR methods have been identified in a workshop funded by the European
Cooperation in Science and Technology held in 2011 and reported in a review which also
summarised recent advances in the field of QSAR modelling of nanomaterial toxicity.1% The
challenge for QSAR modelling is the lack of relevant data on which to develop and test the models.
A dedicated experimental program is needed to fast-track work in this area to provide appropriate
data.

3.3.9 Conclusions

As a conclusion, in terms of experimental assessment of dermal penetration/ absorption of
nanomaterials in consumer products several key issues have been highlighted. These drawbacks in
terms of dermal absorption assays are general for chemicals and some are more specific for
nanomaterials. One of the major difficulties highlighted from the literature search is the absence of
clear guidelines and then the diversity of models and hence the difficulties in comparing results and
therefore interpreting data. More relevant for the study of dermal penetration/ absorption of
nanomaterials are the importance of flexion of skin in the experimental set-up and the importance
of controlling parameters such as the formulation of the solvent used, and extending the study
periods. In addition, there are still lots of unresolved technical challenges regarding the detection of
compounds and their behaviour in the skin, in terms of artefacts, specificity, sensitivity,
invasiveness of the techniques available.

The effect of impaired barrier function on dermal penetration of nanomaterials appears minimal in
all but the most severe forms of damage (i.e. abrasion) and does not appear to lead to significant
breakdown of barrier protection and large scale penetration. Also in relation to barrier function, the
potential for the nature of the vehicle and presence of excipients in test formulations to influence
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dermal absorption profiles of nanoparticles remains largely unconsidered in relation to the dermal
absorption. There is need for further studies to more clearly elucidate the role of the vehicle and

presence of other excipients in influencing the dermal absorption of nanoparticles.

Whilst in silico models and QSAR approaches offer perhaps the most cost effective and efficient way
of assessing dermal penetration of nanomaterials, they are currently in their infancy although
further development and validation of current models for chemicals may offer a rapid approach.
However in terms of considering what data are needed, expected time frames and outputs, it is
important to consider what an in silico model should provide for risk assessment. Algorithms that
provide confident quantitative penetration rates for nanomaterials will likely take quite some time
to develop and will require a large amount of information to allow their development and validation
which is not currently available. A shorter term and more realistic goal may be a more qualitative
approach whereby such models provide information if a nanomaterial may or may not penetrate or
whether it will have a high or low penetration rate. Such a qualitative approach will still require data
and time to develop but could be used as part of the initial hazard assessment process and as a first
step to decide whether further studies using other methods are required or not.
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4. Research Gaps

The following analysis considers the findings from the literature review of requirements, methods
and approaches that may offer potential value for the assessment of dermal penetration of
nanomaterials, and identifies gaps where further research and development (and validation, when
appropriate) is necessary. These gaps are drawn from the review and discussions in the previous
chapter and are recorded here in succinct form to highlight potential areas of research and

development.

Physiochemical properties related to dermal absorption

As discussed, the current state of knowledge surrounding physicochemical properties of
nanomaterials influencing or potentially influencing particle penetration is both complex and
limited. From evaluating the literature, gaps within the current information may be summarised as

follows:

e One of the biggest gaps in the literature is systematic evaluation of the effect
physicochemical properties on dermal penetration by altering a limited number of
experimental factors. It is evident that in many studies there are numerous confounding
factors such as differing experimental models, species, doses, duration, but perhaps most

challenging, particles of differing physicochemical characteristics.

e It is now widely acknowledged that adequate characterisation of a nanomaterial is
necessary to accompany any toxicity study and forms an integral part of the risk
assessment yet this is currently often incomplete. It is not just preferable but important
that each toxicological assay should be accompanied by a detailed characterisation of all
the physicochemical properties of the investigated material that could have biological

relevance.

e To support this, a key gap is that a selection of key physicochemical parameters should be
identified that is relevant to dermal penetration to form a minimal characterisation
dataset that should accompany and be required for all studies on dermal penetration of
nanomaterials.

e The development of a relevant short list of priority parameters for the characterisation of
nanomaterials ideally should be based upon the relationship between their
physicochemical properties and adverse health effects however such relationships form a
significant gap in current understanding.

e  Whilst characterisation of nanomaterials as-produced or as-supplied is the most direct and
currently realistic approach to obtaining physicochemical information about the material
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being studied, this data may not appropriately represent the properties of the material
when in contact with the environment in which it is being observed. Therefore methods
which allow in situ and ideally real-time characterisation are required. However whilst
understanding the characterisation in situ would thus increase the understanding of how
nanomaterials act within the skin, but would not generally be needed for testing the

capability of causing toxicity and dermal penetration/absorption.

As it is known that aggregates and agglomerates of nanomaterials can form in solution,
powder and aerosol forms, and their presence is influenced by a number of factors
including the method of synthesis, storage, handling and environmental conditions, it is

important to consider what effect this has on experimental outcomes.

A further gap is the issue of follicular versus non-follicular penetration and if follicular

penetration should be seen as more or less of concern than non-follicular penetration.

It is often not clear if for some nanoparticles, detection is of the particles or a soluble
fraction and therefore if the result is particulate penetration or solubilisation. In addition,
the relative toxicological significance of these two speciation’s is not clear (i.e. is one more
or less of concern that the other). This ambiguity is related to lack of analytical methods

for proper investigation of the permetate.

There is a deficit of information on the role metals or the presence of biologically active

components such as PAHs’ may play in the biological activity of nanoparticles to the skin.

The relevance of shape of particulates in dermal toxicity has not been overly considered
and as such, the effects of fibrous shape have not yet been rigorously investigated within
the peer reviewed literature. In addition, there is an absence of other shaped particles
being evaluated.

The role of surface chemistry in determining the level of dermal penetration of
nanoparticles has not been widely or comprehensively studied in research published to
date. A number of studies in the available literature have assessed the level of dermal
penetration of nanoparticles with different surface coatings, functionalisations and
charges, but in many cases these properties have not been fully characterised.

Physiologically-relevant test methods for the assessment of dermal absorption
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There is a need for comparative studies for nanomaterials on the effects of flexion, UV
exposure, temperature, solvent and such systematic comparisons are needed to better

understand dermal absorption of nanomaterials.
There is a lack of benchmark comparators used within studies (e.g. particles or even

chemicals with known penetration efficiencies that are tested alongside new test materials
to provide contextual comparators).
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e As with most areas of toxicology, most experimental studies are performed using in vitro
methods or using animal models. Ideally there needs to be further human studies and such
studies should have a large enough group size to provide meaningful statistical analysis,
but this should of course be carefully weighed against ethical issues.

e The information on the effect of compromised skin in relation to dermal penetration is
limited but crucially, the models currently employed to mimic this (e.g. abrasion, tape
stripping etc.) do not appear linked by evidence to show their relevance to sensitive
populations such as those with dermatitis.

Role of vehicle and other excipients

e Few studies have employed commercially available formulations (e.g. sunscreens,
dermatological products etc.) containing nanoparticles, which can be considered to be

more representative from a consumer exposure perspective.

e Despite an awareness in the literature of the potential for the nature of the vehicle and
presence of excipients to influence dermal absorption, to date there has been little research

conducted on this issue in relation to nanoparticle absorption.

e There is a need for further studies to more clearly elucidate the role of the vehicle and
presence of the excipients in influencing the dermal absorption of nanoparticles. Such
studies are critical to enable understanding of the variability in observed penetration

levels.

Detection and quantification of nanoparticle penetration and systemic distribution

e Available techniques are limited by the sparse concentration of nanoparticles able to
penetrate the skin with regards to the detection limit and the integrity of the particulate

nature.

e No individual technique has been developed that can satisfy a fully comprehensive level of
detection and quantification. Challenge remains that the suitability of detection methods
are dictated by the chemical nature of the nanoparticle (e.g. only some nanoparticles can
be labelled with fluorophores or isotopes) and often several methods are needed to provide
a clear picture.

e Methods are required which enable visualisation of individual nanoparticles without issues
of artefacts/interference and good depth of penetration to be achieved, although the
biological relevance of single nanoparticles in terms of toxicologically relevant doses also
needs to be considered.

e Best practice guidance on the use of analytical methods for various nanomaterials and
protocols is needed.

e Best practice guidance needed in relation to preparation of skin samples containing
nanoparticles (e.g. sectioning and fixation) for common used microscopy methods, in
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order to minimise the production of artefacts and maintain nanoparticle distributions and

locations in the sample

e Validation of new methods (e.g. multi-photon imaging pixel analysis) are required.

e Combined approach required for human studies which allows detection of nanoparticles as

well as isotope tracer by ICP-MS.

In vitro/in silico alternatives to in vivo testing

Alternatives to in vivo testing are required for the assessment of dermal absorption of
nanomaterials due to a variety of reasons. These include: toxicity risk from the nanomaterial, the
limited availability and expense of human skin for in vivo experiments, and a recent EU animal
testing ban on cosmetics. The Cosmetics Regulation (EC) No 1223/2009), due to come into force on
11t July 2013, refers to a ban on the laboratory testing of both end product cosmetics and their
ingredients, on animals. However, Directive 2010/63/EU specifically allows the use of animals for
scientific purposes.

Currently, studies into in vitro or in silico alternatives to in vivo testing are limited. The Scientific
Committee on Consumer Safety (SCCS) presented, in the 2012 revision of the Guidance on the
Safety Assessment of Nanomaterials in Cosmetics report, alternatives to in vivo test methods. The
report presents that alternative methods will require optimisation for each nanomaterial requiring
testing, which offers considerable scientific challenges for the full replacement of animal testing of

nanomaterials in cosmetics38.

From evaluating the literature, gaps within the current information may be summarised as follows:

. In vitro alternatives to in vivo testing, at present, lie with diffusion cells and reconstructed
skin models such as EpiSkin. With regards to diffusion cells, progression towards dynamic
flexation systems from static systems improves the suitability as an alternative to in vivo
methods, although limitations remain.

e In silico methods for dermal absorption of nanomaterials present a vast research gap as
currently only the Akkermans and Wescott model refers to the dermal absorption of
nanomaterials, as previously discussed in Section 3.3.8.

e According to the SCCS, the development of reliable in silico models for nanomaterials is
hampered by the current lack of data regarding the relationship between physiological
properties and the toxicological effects of nanomaterials38.

There are several European working groups currently focussed on testing and validation of
alternative methods to animal testing models, including the Alternative Testing Strategies Working
Group, European Centre for Validation of Alternative Methods (ECVAM) and European Partnership
for Alternative Approaches to Animal Testing (in collaboration with International Cooperation on
Cosmetics Regulation (ICCR)).
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Updating standard test methods

e Regarding the aforementioned EU cosmetics regulation, new test method standards are
required for studies relating to the dermal absorption of nanomaterials in cosmetics. At
present, there are no published test methods for alternatives to animal testing specifically
for the dermal assessment of nanomaterials.

e In addition to the EU cosmetics regulation, new test methods are required as current
OECD test guidelines refers to chemicals, not nanomaterials, and therefore require
investigation into their relevance and suitability when testing in the nano form. Recent
comments suggest that nanomaterials will need to be validated with all substances, and
therefore a suggestion is that in silico methods may be the most appropriate due to the

time consuming and costly nature of testing each substance.

e The OECD has compiled Expert Meetings to discuss this particular issue. Outcome of
OECD Expert Meeting on Environmental Fate and Ecotoxicity, Physical and Chemical
characterisation of hanomaterials concluded that there is a need for guidance on sample
preparation for nanomaterials for all of the test methods, in addition to concluding that
most methods developed for the testing of chemicals will need (at a minimum)
modification for testing nanomaterials (note this based on personal communication®’ as
the proceedings of these meeting have not yet been released). One particular OCED Expert
Meeting regarding Toxicokinetics and Mechanic Issues was originally planned for
December 2012 with the aim of addressing dermal penetration and absorption. This
meeting was postponed to February 2014, with speculation of insufficient data to inform
discussions from the OECD sponsorship programme. This highlights the issues regarding
the transition from OECD test guidelines for chemicals to the testing of nanomaterials, not

the least for dermal penetration studies.
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5. Recommendations on
Methods and Endpoints to
Assess Dermal Absorption
for Nanoparticles

Based on the identified research gaps in Section 4 and the current state of knowledge, the key

project recommendations are the following:

e In relation to understanding the physicochemical determinant(s) with highest impact on
the penetration of nanoparticles, a specific research question needs to be asked and a clear
hypothesis generated rather than a simple screening approach which may or may not allow
comparability or show relationship between physicochemical property and
penetration/absorption efficiency. Such an experimental hypothesis then must be tested
using a robust and systematic experimental design. For example within other areas of
nanotoxicology, approaches to research questions such as the role of transition metals in
toxicity have been investigated by developing particles differing in metal content!23.127 and
testing them to see what the effect is and where the borderline between activity and
inactivity.1% This has also been done for fibre length to approach the long standing
question of threshold length for fibre effects.197.198 This approach to taking a base, model
particle and altering a single physicochemical property in various ways and then
performing a comparison with all experimental parameters kept the same (model, vehicle,
dose, duration etc.) is challenging yet is likely to be fruitful. Therefore, future directed
studies into the dermal penetration of nanomaterials should potentially be more
prescriptive in terms of harmonization at every level, including particle sources, vehicles
used, concentrations applied between differing research projects with common aims.
Indeed, there is a need to conduct systematic evaluations of nanoparticle physicochemical
properties to define quantitatively the role such properties play in dermal penetration.
This needs to be done with minimal confounding of results and may require a different
approach that involves the study of ‘tailor made’ nanoparticles developed to answer
specific research questions that can then inform judgements on those particles found in
consumer products. Such a tailor made approach may wish to consider as a priority the
role of surface charge, hydrophobicity and size.

e In order to address the above point in the most robust, efficient and cost effective way the

key question to be addressed first is what are the appropriate models, vehicles, doses, and
durations relevant to dermal absorption for nanomaterials in humans? This report
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provides a basis for this and further considerations and recommendations are given below.
However, once the “test guidelines” for model, vehicle, dose and duration are developed,
they should be agreed on by the scientific/regulation/industrial community, and then
systematic investigations can begin. It should be noted that such “test guidelines” are not a
prerequisite for systematic investigations of physicochemical properties as such an
approach is used in numerous studies within particle and nanoparticle toxicology without
“test guidelines”. Instead, such guidelines enhance the utility, comparability and hence

worth of determined study results making them more cost effective.

Sample preparation

e Most recently, the International Committee on Standardisation (ISO) has published a
guidance document#® outlining a list of physicochemical properties for detailed description
of manufactured nano-objects subject to toxicological testing. These properties, as well as
proposed methods for their characterisation, are outlined in Table 4 and should be
considered as part of a greater harmonisation of study outputs. Future characterisation
should also provide information on any changes in the nanomaterial characteristics during
formulation, and similar care is needed during toxicological evaluations especially in
relation to agglomeration state and how this relates to actual use.

e As a minimum, characterisation of nanoparticles in relevant vehicle formulations as
applied to a test model should be sought and this could consist of:

- Particle Size/Agglomeration status;

- Particle Size Distribution;

- Particle Surface Charge;

- Particle Surface Chemistry (e.g. alteration and adsorption of compounds to the

particle surface).

Dermal models

e  Whilst there exists (and detailed above in Sub-Section 3.2.4.1) information on relative
penetrability of chemicals through skin for different animals, this information does not yet
exist for nanomaterials which hampers a clear decision on the most appropriate model
species. Therefore in the absence of such information, human skin (being the target
species) is the most appropriate model. The use of human in vivo studies offers closer
representation of normal human activities especially where the use of a product (e.g. sun
lotion or eye make-up) is taken into account. Note that for sunscreens, this would include
shaving sections of the skin prior to applying the product, possible sweating (especially if
there is a hot sun, or exertion from playing sport), possible dehydration from exposure to
wind and sun, skin swelling from swimming in water, abrasion/massage from lying in
sand or from clothes, and normal activities such as walking or jogging to permit skin
flexing.

e In considering in vivo human exposure, one area that raises considerable ethical
challenges but is critically important to mention here due to the absence of data is dermal
absorption in children. Sunscreens are often applied fastidiously to children during
periods of strong sun and with great frequency in hotter countries such as Australia where
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sunscreen may be applied several times per day and therefore represents considerable

exposure to a potentially sensitive population.

As such in vivo human studies are often expensive (see sub-section on “Cost”) and also
raise ethical as well as logistical challenges. Therefore, where such studies are conducted it
would be preferable to include in vitro studies using human skin together with the in vivo
study. This is because if the in vitro study did not give the same results as the in vivo
study, then the in vitro model would need to be reconsidered for its suitability and
adjusted. This could be done with greatest efficiency and relevance due to comparative

nature of the study.

In relation to developing more suitable and representative in vitro models, there is a
definite need to develop standard approaches for in vitro models employing a more

physiologically relevant flexion system to study dermal absorption of nanomaterials.

Other considerations on “model” are gender, age, skin type of subjects. These variables can
be accommodated by using a large cohort in relation to in vivo studies but credence to this

issue should also be given to in vitro models.

There is a need for a stronger link in the relevance between nanomaterials studied and the

anatomical origin of the skin model used (e.g. mucous membranes versus forearms).

A clear delineation should be made between studies aiming to look at effects during
consumer exposure (and therefore these should replicate faithfully these conditions as
recommended by the OECD TGs) and those wishing to evaluate the role of
physicochemical properties in relation dermal penetration of nanoparticles. The latter
should be encouraged to use a standard simple vehicle and perhaps not try to achieve both

aims.

Nanoparticle vehicle
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Studies should focus on altering the vehicle as a single parameter wherever possible to
more fully elucidate the role in the vehicle in influencing dermal absorption of
nanoparticles.

In investigating consumer exposure, dermal penetration studies should focus on the
application of nanoparticles in commercially-relevant formulations preferably in the
simplest possible yet most widely used formulation however such information would need
to be gained from commercial producers of such formulations. However, it is important to
note that this will introduce considerable study variability. From a consumer exposure
perspective, the use of industrial solvents as vehicles is not considered relevant.

The ability of the vehicle to alter the physical state of the nanoparticles emphasises the

need for thorough physicochemical characterisation of nanoparticles as produced, in the
test formulation and, where possible and needed, after administration.
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Dose

In relation to nanoparticle toxicity, there is a deficit of information on the role metals and
other biologically active components such as PAHs' may play in the biological activity of
nanoparticles to the skin and this should be addressed. In addition, the ability of
nanoparticles to transmit other chemical compounds within the environment or product
into the skin where they themselves may cause an effect (rather than the nanoparticle per

se) also needs further consideration.

Dose is a critical parameter within toxicology and is the most critical parameter in terms of
understanding the relevance of study outcomes and therefore relative risk to consumer if
penetration/absorption is detected and quantified. Therefore an important question is
what products are in use in the Danish market, what is the recommended application and
what are the actual application/frequency? This will of course differ with different
products with, for example deodorants being applied more frequently than sunscreen or
certain cosmetics being applied over differing sized areas at differing doses and most often
by women. Taking the example of sun lotion, 2 mg/cm?2 is recommended yet people in
different countries and in particular more northerly countries may apply less than this
amount, with less frequency and perhaps not to all areas of exposed skin (e.g. sunscreen is
not applied close to the hairline, or close to clothing)®’. Whilst in warmer climates the
application dose may be considerable more in terms of quantity, area and frequency and in
the study by Gulson et al. the overall mean of 4.3 mg/cm?2 for each application was used?®,

likely reflecting the higher usage and attitude to sunscreen in Australia.

Studies frequently employ 1-2 applications of test substance however skin applications of
consumer products tend to occur more frequently and may be used on a daily basis for
many years meaning a considerable difference in both dose and duration. Therefore
numerous applications of preparations should be applied and this is especially the case
where a very large single dose is to be used (in the absence of usage information to justify
such a large single dose). Instead, repetitive application of smaller doses resulting in the
accumulation of a larger total dose is likely to be more representative of actual application

and accumulation (the same could be said of respiratory exposure to particles)

Duration

It has been noted in several studies that there can be a considerable lag time between
application of a test substance and appearance in the circulation indicating absorption?9°,
For example, Gulson et al. noted a lag time of ~30 h before the first detection of 68Zn0O (by
a highly sensitive method) indicating that tracer®8Zn was in systemic circulation®®.
Therefore study designs should be aware of the potential for lag-times in dermal
absorption and this must be taken into account when taking the biological samples.
Preferably study designs (in vivo and in vitro) should consist of a sufficient post-exposure
duration to account for potential lag-times (rather than concluding no absorption over a

short time frame) as well as frequent sampling to gauge absorption kinetics. Such frequent
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sampling however will likely have an impact on study costs due to greater analysis required

but also potential hon-compliance by human subjects.

Nanoparticle detection and quantification

Cost

88

Multiple techniques should be used, preferably with different methods of sample
preparation, in order to formulate an appropriate understanding of the level of
penetration. This should employ as a minimum of two highly-sensitive methods, one of
which must be able to detect the actual particle, rather than simply a tracer or elemental
fraction in order to remove the issues associated with loss of label, or dissolution of

nanoparticles.

Electron microscopy methods (e.g. TEM, SEM) should be used in combination with an
elemental profiling method (e.g. EDX) in order to fully confirm the presence of

nanoparticles within the dermal tissue and enable an assessment of level of penetration.

Complementary techniques such as nuclear microscopy (STIM/PIXE/RBS) are
recommended to be used in support of high resolution electron microscopy, as they
require few sample preparations steps, thus reducing the risk for preparation artefacts and

allow a larger observable area.

Whilst new techniques improve in terms of resolution and the ability to identify low levels
of penetration and single nanoparticles, the relevance of single particle detection, in terms
of cost and ease, and most importantly how this relates to actual biologically relevant dose
needs to be considered. Currently, there appears no cut-off as to what is considered
significant penetration and what is considered insignificant penetration and such a
decision appears arbitrarily reached by study authors. Indeed, when one considers
potential risks resulting from penetration, we must understand the potential effects
(disease endpoints) and at what dose these may occur at.

Using appropriate parameters for model, vehicle, dose and duration (and multiple
detection methods) is likely to incur considerable cost, as for every variable (N)
subsequently investigated using these parameters will require a budget close to N x unit
cost. To put this into context, in 2009 the Gulson et al. study®® had planned to look at
uncoated and coated ZnO nanoparticles of two sizes, and also two different formulations
with and without penetration enhancers, but the cost of the study (in 2009) with just two
uncoated particles was close to $AUS 1 million, and so the coated particles and the
variations in formulation had to be reconsidered2°°,

However, such costs should be considered in relation to the importance of obtaining
relevant information and how this relates to continue spending lesser amounts on a large
number of less-expensive, non-systematic studies that may result in the need for costly
repetition or production of low value data.
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Overall, there is a clear need to subsequently perform the following studies. To ensure their
relevance to dermal absorption in humans, data from these studies can be referenced against the

robust data generated from the in vivo human studies described above.

(i) Relative nanoparticle penetrability of skin in vivo from different animals compared
with humans — need to report anatomical location, skin thickness, hair follicle density;

(i) As in point (i) butin vitro;

(iii) Once data for (i) and (ii) have been obtained, systematic variation of physicochemical
properties of nanomaterials, vehicle composition, skin conditions, environmental
conditions use of benchmark chemicals and materials agreed amongst the scientific

community etc. can be explored in the most optimal system.

Dermal Absorption of Nanomaterials 89



6. Recommendations for
Relevant and Priority
Candidate Nanomaterials

Across the current literature concerning dermal penetration (and effects) of nanomaterials, a wide
variety of inorganic nanoparticles have been studied. However most attention has either been
placed on those nanoparticles which are considered to be in greatest use in consumer products,
specifically TiO2 and ZnO nanoparticles in topical sunscreens, or those particles which can be
detected more easily such as quantum dots, thereby providing a more straightforward route to
detecting dermal penetration. Even amongst these more heavily studied particles, there is
considerable variability in the physicochemical properties and sources of these particles meaning
that in actuality, the same nanoparticles are rarely studied by independent researchers. This is in
stark contrast to the study of chemicals whereby one study assessing the dermal penetration of a
chemical compound can more easily be compared to another as the chemical structure should be
the same. This enables a body of evidence to be generated considering the same substance which is
more difficult and rare within nanotoxicology generally. Therefore it is difficult to categorically state

if one nanoparticle type has been studied sufficiently whilst another, less so.

This situation shall hopefully be improved by the wider use of the inauguration in February 2011 of
the Joint Research Centre’s (JRC) Institute for Health and Consumer Protection (IHCP) repository
of representative nanomaterials which are also being used within the OECD sponsorship program.
Whilst this issue is encountered throughout the discipline of nanotoxicology, it could be said that it
is especially challenging for dermal exposure to nanoparticles due to the sheer variety of excipients
used, additional ingredients encountered in consumer products and exposure conditions (e.g.
massage, flexation etc.) which is often not the case in, for example, respiratory toxicology where
passive deposition of a ‘pure’ nanoparticle aerosol/suspension is most often considered. Therefore,
even with the use of standard nanoparticles, variability in test substance characteristics (e.g.
particle, vehicle and additional additives) is still likely to be an issue.

In order to recommend those nanomaterials which are to be considered as a priority for future
testing, it is important to first consider the nature of the question in terms of what is the purpose of
theses future studies. Specifically, are such studies intended: a) to test nanoparticles to which
consumers are exposed; b) to understand the routes by which nanoparticles may penetrate the skin,
or; c) to test and identify structure activity relationships between nanoparticles and their dermal
penetration efficiency (and/or toxicity)? These different endpoints whilst not mutually exclusive, do
differ in their aims and therefore may differ in which nanoparticles should ideally be selected as

priority test materials to meet such aims.
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If the purpose is to identify those particles to which consumers are in contact with due to their use
in products (current or future) and ensure their safety then the recommendation can only be based
on a detailed understanding of the nanoparticles currently on or in development for the Danish
market. Such a review is out of the scope of the current project, but several studies are on-going,
which together with a foreseen Danish nano-product database will inform on this issue. In this
context there are several important issues that should be considered and some further analysis

needed for informing the choice of nanomaterials:

e Independent verification of the nano-component should be made to verify if the “nano”
component exists (as opposed to a marketing claim) and therefore if potential exposure to
nanomaterials would be possible.

e Where verification is made, physicochemical characterization of the particles should be

conducted with emphasis on size distribution, composition and surface charge.

e Description of the concentration of nanoparticles within the product.100

e A detailed description of the composition of the vehicle used with special emphasis on

penetration enhancers.

e Details of other “active-ingredients” which may alter the penetration profile or dermal
effects. This is especially important in consideration of toxicity to rule out the false

ascribing of toxicity to the nano-component.

e Description of the use characteristics, specifically intended area of use (e.g. face, forearm,
mucous membranes etc.), size of area of application, application method (to be massaged

in or spread), frequency of application, and exposure duration.100

The approach of identifying those nanoparticles (and specific physicochemical characteristics)
consumers are actually likely to be exposed to as priority materials for testing does provide a high
degree of specificity and therefore validity of results to consumer exposure which would not be
apparent in a blanket approach (e.g. testing each of the JRC standard materials). However there are
several possible drawbacks to this approach such as the disproportionate analysis potentially
required to identify and characterize nanomaterials in consumer products and the potential
unwillingness of companies to divulge commercially sensitive product information, within current
or future products. In addition, if the aim is to protect consumers then by the time a product has
been identified as containing nanomaterials and a similar formulation/nanoparticle type tested

then the product is likely to have been on the market for quite some time.

Questions b) and c) above are linked yet differ as question b) asks a more research centred question
aimed at looking at the mechanisms of penetration. This whilst interesting and useful in a research
sense, it may be of more limited utility in a risk assessment and health protection sense. Instead, an
approach gaining considerable momentum in most fields of nanotoxicology is identifying which
structural characteristics of nanomaterials rather than specific nanomaterials that influence
penetration and to do this in a rigorous manner that allows quantification of penetration efficiency
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or rate based on knowledge physicochemical properties of a nanoparticle in question. The benefit of
this approach is that by taking a targeted and systematic approach, potentially using nanoparticles
of low relevance to the current consumer market but of high relevance to confidently quantifying
the role of a certain property on penetration (e.g. tailor made nanoparticles to answer a specific
research question), is that it enables the development of future (quantitative) structure activity
relationships. This in turn allows rapid evaluation of nanoparticles placed on (or approaching) the
consumer market in a cost effective manner. In addition, by using physicochemical properties as the
basis of evaluation (rather than a pristine particle) it may be possible to account for changes to a
particles behaviour on the skin due to interactions with and resultant changes in the
physicochemical characteristics resulting from the product vehicle.

In broad terms, based on the evidence and what could be expected from looking at the effects of
physicochemical properties in conventional particles (e.g. fibres) the physicochemical properties
that seem to have the greatest impact on particle absorption are size and surface chemistry and
therefore should be considered as being of high priority. Of these two collections of properties size
has been investigated reasonably well, but not systematically and so of the two, surface chemistry
and in particular aspects such as surface charge and hydrophobicity is of highest priority in terms of
its potential to effect nanoparticle absorption and lack of information.
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7. Conclusions

There is a diverse literature base surrounding the issue of dermal penetration/ absorption of
nanomaterials. However despite the relative abundance of publications, there is a limitation on the
reporting of physicochemical data and/or the alteration of multiple experimental parameters in a
non-systematic way that hampers true comparisons of nanomaterials or their physicochemical
properties and the drawing of robust conclusions. Indeed, similar to this conclusion, it has been
noted in a previous review article that “experimental data do not allow clear cut conclusions because
experimental conditions lack consistency”.18¢ This is a common issue within nanotoxicology and
more recently, in terms of undertaking and reporting of rigorous physicochemical data, there have
been significant improvements in this area as journals increasingly consider such characterisation a
prerequisite for consideration of publication. The confounding of experimental results within
studies by non-systematic and non-sequential alteration of particle physiochemical properties is
challenging yet can be addressed by robust experimental design and pursuit of clear hypothesis
driven research rather than a screening approach per se. This would likely require addressing a
hypothesis (e.g. effect of positive charge on dermal penetration/ absorption) by taking a base,
model particle which may, in itself, not be a commercially relevant particle but possess the
characteristics of interest that can be extrapolated to commercial preparations. This would then be
altered, by a single physicochemical property sequentially in various ways and compared whilst all
other experimental parameters kept the same (model, vehicle, dose, duration etc.). There are
several such articles in the literature and these are highly relevant and very useful in understanding
dermal absorption of nanomaterials and the role of various physicochemical properties in
influencing this.

Of those properties considered within this report, size and surface chemistry appear to play the
most significant roles in dermal penetration whilst particle composition and shape tend to have
little effect. However one prominent challenge relating to composition is the effect of solubility on
detection of absorption whereby if a particle is soluble, such as silver, then it may be detected in the
receiving fluid etc. (e.g. blood serum, Franz cell receptor chamber) either as a particle or as a
soluble fraction such as the ionic form. Indeed detection methods and especially those employed for
large samples of complex composition such as blood or urine tend not to be able to differentiate
between particulate and ionic forms thereby negating the ability to conclude if particle absorption
does or does not occur. Whilst this is a quandary and hinders the drawing of a definitive conclusion,
one way of looking at it is that although it may not show absorption of a particle, it does show
absorption of an exogenous substance with potentially adverse effects. The main difference in terms
of particle vs. soluble fraction after absorption is likely to be in terms of toxicokinetics as the soluble
and particulate forms may have different distribution, metabolisation and excretion pathways
within the body.
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As indicated, our result showed that the role of size is considered to be a critical component of
dermal penetration but this is still subject to the influences of other properties as well as changes in
particle size in a dynamic fashion (i.e. agglomeration/ aggregation state). Overall, the conclusion
that can be drawn is that penetration of particles in the nano-range into the skin is possible and that
this may be greater than for larger particles although this still occurs only at low levels. However
there is considerable variability outside of this broad view with little evidence of large deviations in
absorption efficiency or distribution profile within the skin across different size fractions within the
nano-range and this may depend on various factors such as surface chemistry and experimental
conditions etc. In terms of dermal absorption, there is very little robust evidence showing systemic
availability of nanoparticles in vivo although particle components (silver, cadmium, 68Zn) have
been shown in systemic circulation which may indicate particle or soluble ion absorption. Therefore
further research is needed to establish if such positive results show particle or ion absorption and

what the toxicological impact of this may be.

In addition to size, surface chemistry is a key group of physicochemical properties dictating dermal
interaction with surface charge seen as the most investigated property within this group. In relation
to surface charge, there is a slight tendency towards greater uptake of positively charged particles
although there are conflicting studies in relation to this. Such conflicting information is even more
apparent in the less well studied aspects of surface chemistry meaning that elucidating a clear
relationship between surface chemistry components and dermal absorption/penetration is difficult.
This is often confounded by often poor characterisation and multiple alterations of surface
properties within the same experiment meaning that it is not possible to predict the effect of one
single property on dermal absorption. Indeed a key issue is that surface chemistry can be both
complex and highly variable especially in relation to interactions with the local environment such as
excipient used or cell culture media (e.g. presence of proteins). Therefore, proper characterisation
of surface chemistry addressing the various characteristics that comprise surface chemistry (e.g.
surface charge, hydrophobicity, catalytic properties etc.) and how this changes with alteration in
coating, different experimental conditions etc. is important and often lacking.

Looking across the evidence surrounding dermal absorption of nanomaterials, there are numerous
methodical approaches that have been used to evaluate absorption ranging in terms of the nature of
the model (e.g. in vitro or in vivo), species, sample type, sample preparation, vehicle, duration of
experiment, doses used and methods of detection. Within these different methodological
considerations there is considerable variability in approach and an overriding theme evident from a
holistic view of the literature is the need for harmonisation of experimental approaches (e.g.
models), methods (e.g. sample preparation, vehicles, and doses) and reporting (e.g. in terms of
penetration depth, particle frequency etc.). This is likely to be best facilitated by the development of
suitable “test guidelines” for nanomaterials, particularly in relation to sample preparation and is a
prominent recommendation from this study. However this in itself is not a straightforward task
and will likely require a great deal of collaborative work between the scientific, regulatory and
industrial communities to develop guidelines that are both relevant to real use consumer exposure

to nanomaterials, but also usable by these communities.

Such guidelines represent an important step to facilitating the gathering of harmonised and

comparable data sets that may allow the further development of in silico approaches such as
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guantitative structure activity relationships (QSAR) to predict dermal absorption which is still very
much within their infancy for nanomaterials. Such in silico approaches represent a fundamental
aim of future intelligent testing and so mechanisms to support their development should be

considered in aspects of current and future experimental testing and analysis.

In relation to identifying relevant and priority candidate nanomaterials for future testing, this is not
straightforward and, if considered in relation to future consumer exposure, is likely to be highly
variable depending on market forces and new technological advancements. Therefore a more
comprehensive approach that may be less susceptible to such variances in consumer usages would
be to consider priority candidate physicochemical properties rather than a single or group of
nanomaterials. Taking this approach, size and surface chemistry currently should be considered as

priority physicochemical properties.
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Appendix 2: Summary Table
of Nanoparticle

Physicochemical Properties
and Dermal Penetration
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Chemical Primary Shape Surface Surface Other Vehicle Model Species Level of Total High Ref. Data-
Composition Particle chemistry/ Charge Physico- [H/P/R] Penetration* Appraisal Interest base
Size [nm] functionalisation chemical [NP/SC/SG/SS Score ID
Properties /SGV/SP/SR]
Titanium dioxide Mean: Polyhedral - - Crystal Oil/water In vivo - R sC 22 Adachi etal., 3
264+95 structure: direct 2010
Range: 3-54 anatase application
Polystyrene 200 and 20 Spherical Carboxylated, Negative and - - Exvivo - P sSC 17 Alvarez- 8
(FluoSpheres®) fluorescent polar surface diffusion Roman etal.,
charge cell 2004
(unquantified)
Cobalt-ferrite 50 - Coated with silica- Uncharged Labelling: - In vivo — R NA 17 Baik et al., 12
magnetic containing fluorescent RITC sub- 2008
Nanoparticles dye and then PEG- cutaneous
coated injection
Iron (111) oxide (y- 59+25 - Trimethylammonium Isoelectric - Ex vivo - H SC, occasionally 19 v Baroli etal., 15
Fe203) hydroxide (TMAOH)- point of 6.3 - diffusion reaching the viable 2007
coated (negatively or cell epidermis
positively
charged when
exposed to a
pH either
greater or less
than 6.3,
respectively)
Iron 49+13 - AOT-coated -
Polystyrene 200, 100 and Spherical Carboxylated, - - dH20 Ex vivo - P SC, only uppermost 16 Campbell et 27
(FluoSpheres®) 20 fluorescent diffusion surface layers al., 2012
cell
Copper oxide 35 - - Zeta potential - ddH20 or Ex vivo - H sC 20 Cohenetal., 34
peak at DMEM culture 2013
+26mV system
Zinc oxide Range: 26-30 - - - - Suncreen Ex vivo - H SC, only uppermost 17 Crossetal., 37
formulation diffusion surface layers 2007
cell
Zinc oxide 30 - - - - Suncreen Human H sC 20 Darvinetal., 39
formulation 2011
Multi-walled - Elongated PEGylated and non- - - Poroylene Ex vivo— R/P Permeated through 13 Degim et al., 41
carbon nanotubes tubular PEGylated; ~ 4% glycol, water diffusion rat skin 2010
shape carboxylated cell
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Chemical Primary Shape Surface Surface Other Vehicle Model Species Level of Total High Ref. Data-
Composition Particle chemistry/ Charge Physico- [H/P/R] Penetration* Appraisal Interest base
Size [nm] functionalisation chemical [NP/SC/SG/SS Score ID
Properties /SGV/SP/SR]
Double-walled - Elongated ~1% carboxylated Permeated through
carbon nanotubes tubular rat skin
shape
Titanium dioxide 20 Needle- Coated (no further - Crystal Commercial In vivo H SC, only uppermost 19 Filipeetal., 47
shaped description) structure: sunscreens surface layers 2009
rutile containing i)
Zinc oxide 20-60 nm Spherical TlngiAo)r?ly SC, only uppermost
ii) Ti02 and surface layers
ZnO (TiB);
and iii) rutile
TiO2 (TiHB)
Gold 126+0.9 - - - - Synthetic Exvivo - H Dermis 23 Filonetal., 48
Sweat diffusion 2011
cell
Titanium dioxide Length: Spindle- Uncoated, and coated - Pentalan 408 In vivo - R ND 19 Furukawa et 52
50-100 shaped with aluminium Direct al.,, 2011
Diameter: hydroxide and stearic application
120-20 acid
Titanium dioxide 21 Spherical - Crystal Carbomergel, Human Hand P SC (topmost 3-5 23 Gontier et al., 53
platelets structure: hydrophobic corneocyte layers) 2008
Mixture of basisgel and
rutile and poly-
anatase acrylategel
Titanium dioxide Length: 100 Rod- Aluminium oxide- and Crystal Carbomergel,
Diameter: 20 shaped silica-coated structure: hydrophobic
rutile basisgel and
poly-
acrylategel
Quantum dots 37%1 - PEG-coated - Oil/water In vivo - R No consistent 24 v Gopeeetal., 54
(CdSe core/CdS direct cadmium elevation 2009
shell) application detected in the
sentinel organs of
mice with intact,
tape stripped, or
acetone treated
skin post
application. In mice
with dermabraded
skin, however,
cadmium
elevations were
detected in the
lymph nodes and
liver
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Chemical Primary Shape Surface Surface Other Vehicle Model Species Level of Total High Ref. Data-
Composition Particle chemistry/ Charge Physico- [H/P/R] Penetration* Appraisal Interest base
Size [nm] functionalisation chemical [NP/SC/SG/SS Score ID
Properties /SGV/SP/SR]
Quantum dots Core: 3.5 - - - - - EX vivo - H Distributed on skin 22 Gratieri etal., 57
(CdTe core) Hydro- Saarbrueck surface, along 2010
dynamic en edges on
diameter: corneocytes. QD
95+0.8 could only be found
in deeper layers
after massaging
damaged skin for
10 min.
Zinc oxide 19 + 8 and 110 - - - Enriched with Oil/water Human H Zn from the applied 25 v Gulson etal., 58
+46 687n (to either ZnO sunscreen was 2010
51% or > 99%) detectable in blood
and urine
Zinc oxide 30 - - - Enriched with Qil/water Human H Small levels of 24 Gulson etal., 59
687Zn 68Zn detectable in 2012
the blood and urine
Quantum dots 72 Spherical PEG-amine coated Positively - - Human H SC 19 Jeongetal., 66
(CdSe core/ZnS charged 2010
shell) (unquantified)
In vitro - H
diffusion (EPiSkin)
cell
Polystyrene 50 Spherical - - - PBS Ex vivo - R No penetration in 21 Kimuraetal., 71
(Fluoresbrite®) diffusion intact skin, SC- 2012
cell stripped skin or
razor-treated skin.
Permeated into the
receiver
compartment was
only observed with
needle-punctured
skin.
Fluorescein 2.8,6.6,9.0, - None
isothiocyanate- 12.0,21,41.6
dextrans
Titanium dioxide Not stated - - - - Commercial Exvivo - P No penetration, 21 Kimuraetal., 71
sunscreen diffusion distributed into 2012
cell skin grooves and
Zinc oxide follicles but seldom
migrated to viable
epidermis or
dermis
Titanium dioxide - - - - - Commercial In vivo — R (grafted NP 19 Kissetal., 73
sunscreen direct with 2008
application human
skin)
9 In vitro — H -
single cell
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Chemical Primary Shape Surface Surface Other Vehicle Model Species Level of Total High Ref. Data-
Composition Particle chemistry/ Charge Physico- [H/P/R] Penetration* Appraisal Interest base
Size [nm] functionalisation chemical [NP/SC/SG/SS Score ID
Properties /SGV/SP/SR]
Latex copolymer 50, 100, 200 - - Positive, Fluorescent H20 EX vivo - P SC 19 Kohlietal., 74
particles and 500 negative and diffusion 2004
neutrally cell
charged
(unquantified)
Gold AuNP1: - AuNP1: Dodecanethiol AuNP1: - AuNP1: Ex vivo - H sC 23 v Laboutaetal., 75
6.00+0.81 AuNP2: Lecithin Uncharged Toluene diffusion 2011
AuNP2: AuNP3: Citrate ions AuNP2: AuNP2: cell
6.00+0.81 AuNP3: Cetrimide -53.5+1.44 Water
AuNP3: mV AuNP3:
1490 +1.76 AuNP3: Water
AuNP3: -35.1+1.87 AuNP3:
1490 £1.76 mvV Toluene
AuNP3:
Uncharged
Gold AuNP-AQ:14.9 - AuNP-Aq:citrate ions AuNP-AQ: - - AuNP-AQ: Exvivo - H 10 cell layers deep 21 Laboutaetal., 79
+18 AuNP-TOL: 351+19mV water diffusion and SG (Toluene 2011
AuNP-TOL: dodecanethiol AuNP-TOL: AuNP-TOL: cell treated group only)
6.0+0.8 Uncharged Toluene
Gold AuNP1 and - AuNP1: citrate stabalised AuNP1: -35.1 - Urea, sodium Exvivo - H SC and DSL with 21 Laboutaetal., 76
AuNP2: 149 + AuNP2: TGA and +1.9mV lauryl diffusion increased 2012
1.8 cetrimide coated AuNP2: sulphate, cell penetration with
Uncharged polysorbate DMSO in the case
80 and DMSO of hydrophilic
particles only
Gold 15 - Citrate stabilised Zeta potential: Hydrophilic Cell culture In vitro — H sC 20 Laboutaetal., 81
-35.1+1.9mV Medium six well (skin 2013
plate equiva-
lents)
Polymer (prepared 320 - - - Labelling: 5- Hydrogel Human H SC and hair follicles 13 Lademann et 83
from Resomer) fluoresc- formulation al., 2006
einamine
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Chemical
Composition

Primary
Particle
Size [nm]

Shape

Surface
chemistry/
functionalisation

Surface
Charge

Other
Physico-
chemical
Properties

Vehicle

Model

Species
[H/P/R]

Level of
Penetration*
[NP/SC/SG/SS
/SGV/SP/SR]

Total
Appraisal
Score

High
Interest

Ref.

Data-
base
ID

Polymer

320

Labelling: 5-
fluoresc-
einamine

3% hydroxyl-
ethylcellulose
hydrogel
(Natrosol type
250 M

pharma)

Human

The nanoparticles
were stored in the
hair follicles up to
10 days, while the
non-particle form
could be detected
only up to 4 days.

In vitro

Penetration into
the hair shaft and
increased with
massage

22

Lademann et
al., 2007

85

Cobalt

80

Synthetic
Sweat

Exvivo -
diffusion
cell

Penetration -
Results showed a
progressive
penetration of
cobalt into the
receiving fluid
which increased
with time and that
this was greater for
the abraded skin
than for the
undamaged skin.

23

Filonetal.,
2013

88

Silver

2571

Polyvinylpirrolidine-
coated

Synthetic
Sweat

Exvivo -
diffusion
cell

SC, and upper
layers of the
epidermis.
Penetration
through damaged
skin was five times
greater than
through intact skin.

20

Larese et al.,
2009

89

Gold

Length: 40
Diameter: 18

Rod-
shaped

CTAB-, CTAB-PSS-, and
CTAB-PSS-PDADMAC-
coated

CTAB Au:
+31.3
CTAB-PSS
Au:
-66.3
CTAB-PSS-
PDADMAC
Au:
+61.1

Cell Culture
Media

Ex vivo -
diffusion
cell

SC, uniform
distribution in
upper epidermis
with percutaneous
absorption

21

Leeetal,
2013

93

Gold

10, 30 and 60

Saline/
Sodium
Citrate

Exvivo -
diffusion
cell

SC, no significant
penetration into the
lower layers

27

Liuetal.,
2012

96
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Chemical Primary Shape Surface Surface Other Vehicle Model Species Level of Total High Ref. Data-
Composition Particle chemistry/ Charge Physico- [H/P/R] Penetration* Appraisal Interest base
Size [nm] functionalisation chemical [NP/SC/SG/SS Score ID
Properties /SGV/SP/SR]
Titanium dioxide Length: 50- Needle- Alumina-coated - - Suncreen Ex vivo — P sC 22 Miquel- 101
150 shaped formulation diffusion Jeajean et al.,
Diameter: 20- cell 2012
30
Titanium dioxide Length: 50 Rod- Hydrated silica, - Crystal Oil/water In vivo - P SC, 13 layers in 26 v Monteiro- 107
Diameter: 10 shaped dimethicone/methicone structure: direct UVB -damaged Riviereetal.,
copolymer and Rutile application skin; 7 layers in 2011
aluminium hydroxide Specfic normal skin;
coated surface area: minimal
100 m?/g. transdermal
absorption
Zinc oxide Mean: 140 - Uncoated, and coated Specific SC, localised in
Range: with surface area: upper 1-2 layers in
60-200 triethoxycaprylylsilane 12-24 m2/g both UVB-damaged
and normal skin;
minimal
transdermal
absorption
Titanium dioxide Length: 50 Rod- Hydrated silica, Crystal In vitro - SC, localised in
Diameter: 10 shaped dimethicone/methicone structure: diffusion upper 9 layers in
copolymer and Rutile cell normal skin; 13
aluminium hydroxide layers in UVB-
coated damaged skin;
minimal
transdermal
absorption
Zinc oxide Mean: 140 - Uncoated, and coated - SC, up to 10 layers
Range: with deep in UVB-
60-200 triethoxycaprylylsilane damaged skin; on
or immediately
above the surface in
normal skin
uppermost layers,
minimal
transdermal
absorption.
Quantum dots Range: 14-15 - DLHA-coated Zeta potential: - Glycerol In vivo - R No UVR =SC, UVR 23 v Mortensen et 113
(CdSe/zns -40 mvV direct = scarce but higher al., 2012
core/shell) application levels of
penetration
through the SC
Quantum dots Range: 20-33 - DLHA-coated Zeta potential: - Glycerol In vivo - R Dermis 22 Mortensen et 114
(CdSe/zns -20mv direct al., 2008
core/shell) application
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Chemical Primary Shape Surface Surface Other Vehicle Model Species Level of Total High Ref. Data-
Composition Particle chemistry/ Charge Physico- [H/P/R] Penetration* Appraisal Interest base
Size [nm] functionalisation chemical [NP/SC/SG/SS Score ID
Properties /SGV/SP/SR]
Quantum dots 12-20 - DHLA-functionalised -45mVin - 50:50 In vivo R Folds and hair 20 Mortensen et 117
(CdSe/znS water, - 40 Glycerol/ follicles al., 2009
core/shell) mVin DHLA
glycerol, -35 mixture
mV in OPTI- In vitro — H -
MEM .
single cell
Quantum dots 19 - DHLA-coated Zeta potential: - Cell Cultue In vitro - H Differentiated 22 Mortensen et 115
(CdSe/znS -45+5mV Media single cell keratinocytes were al., 2012
core/shell) less effected by
UVB exposure and
more resistant to
QD penetration and
uptake
Silica 70, 300 and Spherical Plain, non-porous Zeta potential: Amorphous PBS with 10% In vivo - R Penetrated the SC 23 v Nabeshi et al., 120
1000 70 nm: Fluorescent, isopropyl direct and entered the 2011
-21.6 +45mV (ref-F)- myrisate application skin, lymph node,
300 nm: labelled liver, cerebral
-31.3+6.5mV Specific cortex and
1000 nm: surface area: hippocampus.
-37.7+4.6 70 nm:
mV 43 m2/g
30 nm:
10 mz2/g
1000 nm:
3 ma/g
Quantum dots 35 PEG-coated - -
(composition not
stated)
Quantum dots Spherical PEG-, PEG-amine-, PEG Zeta potential - Borate buffer Exvivo - H SC, only for PEG- 25 Prowetal., 137
(CdSe/znS PEG: 35 carboxyl- coated PEG: diffusion QDatpH 8.3 2012
core/shell) PEG-amine: -9.6+ cell
15 4.3 mV
PEG-carboxyl: atpH
14 7.0;-2.7
+6.0mvV
atpH
8.3.
PEG-
amine:
-16.8+5.4
mV at pH 7.0;
-7.8+8.1mV
atpH 8.3.
PEG-carboxyl:
-44.0+10.9
mV at pH 7.0;
-30.9+2.8

156 Dermal Absorption of Nanomaterials




Chemical
Composition

Primary
Particle
Size [nm]

Shape

Surface
chemistry/
functionalisation

Surface
Charge

Other
Physico-
chemical
Properties

Vehicle

Model

Species
[H/P/R]

Level of
Penetration*
[NP/SC/SG/SS
/SGV/SP/SR]

Total
Appraisal
Score

High
Interest

Ref.

Data-
base
ID

mv at pH 9.0.

Silica

42+3,75%6,

190 + 9 and
291+9

Uncoated and (3-amino-
propyl)-trimethoxysilane
(APS) coated

Uncoated:
42 nm:
-22+3mVat
pH=7;-2%1
mVatpH=
7.4.

75 nm:
-45+4mV at
pH=7;-2%1
mV at pH =
7.4.

190 nm:
-56 5 mV at
pH=7;-1%+2
mV at pH =
7.4.

291 nm:
-48 2 mV at
pH=T,
aggregated at
pH=74.

APS-coated:
42 nm:
+12+2mVat
pH=7;+4 %1
mVatpH=
7.4.

75 nm:
+11+3mV at
pH=7;+2+2
mVatpH =
7.4.

190 nm:
+10+1mVat
pH=7;+1x2
mVatpH=
7.4.

291 nm:
+10+2mVat
pH=7;
aggregated at
pH=74.

Amorphous
Labelled:
FITC

PBS

Exvivo - SC
removed

Cell Culture
Media

In vitro -
single cell

SC with only 42 nm
particles
penetrating to the
lower epidermis

Positive charge
resulted in higher
cell uptake in
cultured cells,
lower in primary
cells.

24

Rancanetal.,
2012

138
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Chemical Primary Shape Surface Surface Other Vehicle Model Species Level of Total High Ref. Data-
Composition Particle chemistry/ Charge Physico- [H/P/R] Penetration* Appraisal Interest base
Size [nm] functionalisation chemical [NP/SC/SG/SS Score ID
Properties /SGV/SP/SR]
Quantum dot 13.6+0.4 - DHLA-coated -26.2 mvV - Thioglycolate- Human H sC 25 Ravichandran 140
(CdSe/znS containing etal., 2011
core/shell) depilatory
agent Exvivo
Fullerene- 35 - - - - PBS Ex vivo - P SG 22 v Rouse etal., 143
substituted diffusion 2007
phenylalanine cell
(Baa) derivative of
anuclear
localization
peptide sequence
(Baa-Lys(FITC)-
NLS)
Quantum dots Spherical: 4.6 Spherical PEG-, PEG-amine-, PEG PEG: - Borate buffer EX vivo - P SC, some 24 v Ryman- 144
Ellipsoid: and carboxyl- coated neutral diffusion penetration to Rasmussen et
Major axis 12, elliptical PEG-amine: cell epidermis/dermis al., 2006
minor axis 6 core/shell positive
shapes PEG-COOH:
negative
(unquantified)
Titanium dioxide Particle size of - Micron-TiO2: uncoated - Crystal Sunscreen In vivo - P SC, some 20 v Sadrieh et al., 148
TiO2in raw Nano-TiO2: uncoated structure: formulation direct penetration to 2010
material and and Micron-TiO2: application dermis
formulation: dimethicone/methicone rutile
copolymer-coated Uncoated
Sub-micron nano-TiO2:
Tio2: Mixture of
300-500 rutile and
Uncoated anatase
nano-TiO2: Coated nano-
30-50 TiO2: rutile
Coated nano-
Tio2:
Diameter:
20-30
Length:
50-150
Silver Unwashed/un - Uncoated, and coated - - - In vivo - P SC 20 Samberg et 150
coated: 20, with polyaromatic direct al., 2010
50, and 80 graphitic carbon application
Washed/
uncoated: 20,
50, and 80
Carbon-
coated: 25 and
35
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Chemical Primary Shape Surface Surface Other Vehicle Model Species Level of Total High Ref. Data-
Composition Particle chemistry/ Charge Physico- [H/P/R] Penetration* Appraisal Interest base
Size [nm] functionalisation chemical [NP/SC/SG/SS Score ID
Properties /SGV/SP/SR]
Titanium dioxide Non-coated: - Uncoated, alumina -, - Crystal Qil/water EX vivo - P No penetration 22 Senzui et al., 156
35, 250; silica-, and silicon coated structure: diffusion 2010
With rutile cell
alumina/silica
/silicon
coating: 35;
Mixture of
almina coated
and silicon
coated
particles,
dispersed in
cyclo-
pentasiloxan:
10 x 100
Gold 15 +2.30, 102 Spherical - Zeta potential: - dH20 Ex vivo - R Size dependent 20 Sonovane et 161
+5.56 and 198 15 nm: -42.9 diffusion permeation and al., 2008
+7.56 102 nm: -40.8 cell penetration of
198 nm: -35.9 epidermis/ dermis
Zinc oxide 21 Ellipsoid - - - Zinclear_60C Ex vivo - H SC, no detectable 21 Songetal., 164
diffusion absorption in the 2011
formulation cell viable epidermis
Upconversion UC1: 32 - Oleic-acid capped - UCL: Doped Qil Ex vivo — H SC and where 24 Songetal., 163
(uc) ucz: 8 with Yb3*ions formulation diffusion needle punctures 2013
nanoparticles and Er cell were made, deeper
(fluoride UC2: Doped penetration of 8nm
nanocrystal with Yb3*ions particles occured
NaYfs) and Tm
Zinc oxide 19 - - - - Hydrophobic Human H SC, no detectable 19 v Szikszai et al., 168
basis gel absorption into the 2011
SSon longer
application time
Zinc oxide 8 - - - - Hydrophobic Human H SC, removal of SC 18 Szikszai et al., 169
basis gel partially or entirely 2010
did not cause
penetration into the
deeper dermal
layers
Titanium dioxide - - - - - Suncreen Human H Non-significant 19 Tanetal., 236
formulation increase in dermal 1996
levels of Ti
compared to
control
Dextran beads 500, 1000, - - - - - Ex vivo H SC, only small 20 v Tinkle et al., 172
2000 and proportion of 2003
4000 applied beads
penetrated to SC
and penetration
appeared random
in flexing skin. No
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Chemical Primary Shape Surface Surface Other Vehicle Model Species Level of Total High Ref. Data-
Composition Particle chemistry/ Charge Physico- [H/P/R] Penetration* Appraisal Interest base
Size [nm] functionalisation chemical [NP/SC/SG/SS Score ID
Properties /SGV/SP/SR]
penetration
observed when
applied to non-
flexing skin.
Titanium dioxide <1lnm - - - Surface area: Sodium lauryl In vitro— H NP 18 Van der 179
300 m2/g; sulphate diffusion Merwe et al.,
suspension cell 2009
Magnesium oxide Thickness: Hexagonal Surface area: NP
7nm platelets >200 m?/g
Length and
width: 100-
200 nm
Silver Not stated - - - - Acticoat Human H Silver (ions) 16 Vlachou et al., 182
dressings released from 2007
wound dressings
were detectable in
patient serum
suggesting systemic
availability
Polymer 40, 750 and - - - Fluorescent PBS Ex vivo H Size dependent 20 Vogtetal., 183
1500 penetration (40 2006
nm) of the
perifollicular
dermis
Titanium dioxide 5+1, - Hydrophobic - Crystal Carbopol 940 In vivo - R Skin penetration 22 Wuetal., 190
10+1 Hydrophobic structure/ and direct (depth not detailed) 2009
25+5 Hydrophilia Surface area: triethanol- application and systemic
60 + 10 Hydrophobic Anatase: amine in absorption
90 +10 Hydrophobic 200 m2/g dH20
21 Hydrophilia 1Aargaltalse. Basal cell Tayer, but
m/g . .
Rutile: not in the dermis
Sgurgfe/g Caprylic/ Ex vivo - P SC, trace amounts
40 ma/g capric diffusion of Ti in uppermost
Rutile: triglyceride cell layers only
40 mo/g with 1%
Anatase/rutile Tween 80
mixture:
50 ma/g
Polystyrene 28.8 Spherical Covalently bound - - - Exvivo - P SC, did not 22 Wuetal., 192
28.0 fluorescein methacrylate diffusion penetrate beyond 2009
30.9 (FMA) and dispersed cell the superficial SC,
Nile Red (NR): showed some
PS affinity for hair
PS-FMA follicles, and the
PS-FMA-NR associated

160 Dermal Absorption of Nanomaterials




Chemical Primary Shape Surface Surface Other Vehicle Model Species Level of Total High Ref. Data-
Composition Particle chemistry/ Charge Physico- [H/P/R] Penetration* Appraisal Interest base
Size [nm] functionalisation chemical [NP/SC/SG/SS Score ID
Properties /SGV/SP/SR]
Poly(methyl 79.0 Covalently bound hydrophobic active
methacrylate) 99.9 fluorescein methacrylate (NR) is released
68.5 (FMA) and dispersed from the
Nile Red (NR): nanoparticle and is
PMMA able to diffuse into
PMMA-FMA the deeper layers of
PMMA-FMA-NR the skin
Polysytrene PS-NH3*: 115 - NH2- and COOH- PS-NH;*: 48 Labelled: N- In vitro P SC of cationic form 22 Wu etal.,, 191
PS-CO2-: 87 functionalised *9mV (2,6- 2009
PS-CO,-:-21 % diisopropylph
3mv enyl)perylene-
dicarboximine
Poly-(L-lactide) 138 - -34+5mV NP
Fullerenes Not stated - - - - Different In vivo - P SC 21 v Xiaetal., 193
(pristine Ceo) types of direct 2010
solvents used: application
toluene,
cyclohexane,
chloroform
and mineral
oil
Toulene, EX vivo - P SC, but very little
cyclohexane, diffusion with mineral oil
chloroform or cell
mineral oil
Titanium dioxide 20 - - - - Pentalan 408 In vivo - R SC, not detected in 16 Xuetal., 2011 194
direct deeper tissue
application
Quantum dot Length: Nail- PEG-coated - - H0 Ex vivo - P SC, uppermost 23 Zhangetal., 203
(Cdse/Cds 8.40+19 shaped diffusion layers and near hair 2008
core/shell) Diameter: cell follicles
5.78 £ 0.97
Quantum dot Spherical: Spherical - - - In vivo R SC 22 Zhangetal., 201
(CdSe/Cds diameter 4.6 and 2008
core/shell) nm; Ellipsoid
Ellipsoid: 6
nm (minor
axis) by 12 nm
(major axis)
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Zinc oxide

Mean: 26-30

Commercial
sunblock

In vivo

sC

In vitro

19

Zvyaginetal.,
2008

205

Silica

25

Fluorescent

0.9% NaCl
supplemented
with
gentamycin

Exvivo -
diffusion
cell

Decreasing silica
content and
penetration with
increasing depth
and they concluded
that deposition
mainly occurred in
the epidermis with
potentially minor
deposition in the
upper dermis
although the
authors point to the
need for more exact
measurements.

23

Staronova et
al., 2012

231

Zinc oxide

19+8, 110 +
46

Enriched with
68Zn to 51% or
>99%;

Oil/water

Human

Small amounts of
Zn from ZnO
particles detected
in blood and urine.

23

Gulson etal.,
2010

234

Level of Penetration:

Species:

Not Described.

No Penetration, SC=Stratum Corneum, SG=Stratum Granulosum, SS=Stratum Spinosum, SGV=Stratum Germinativum (also called Stratum Basale); Dermis Stratum SP=Papillare,

SR=Stratum Reticulare.

H=Human, P=Porcine, R=Rodent.
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Appendix 3: Summary Table
of Dermal Penetration Test
Methods
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Method Type Assay Species Particle Type Detection Method Weight of High Reference Database ID
Evidence Interest
Paper
Human Direct application Human Zno ICP-MS Gulson etal., 235
2008
Human Human TiO2 TEM, SEM, RBS, PIXE Gontier etal., 53
2008
Human Direct application Human ZnO Stable isotope tracing using v v Gulson etal., 58
MC-ICP-MS 2010
Human Direct application Human ZnO Stable isotope tracing, using v Gulson etal., 59
MC-ICP-MS 2012
Human Direct application Human Quantum dots Confocal microscopy, TEM v Jeongetal., 2010 66
Human Direct application Human and in Polymer Nanoparticles Laser scanning microscopy; v Lademann et al., 85
vitro pig Fluorescence spectrometry 2007
Human Direct application Human TiO2 UV-Vis Spectroscopy, X-ray Popov et al., 2006 134
fluorescence
Human Direct application Human Cd QD Fluorescence spectrometry v Ravichandran et 140
al., 2011
Human Direct application Human- ZnO STIM, PIXE v v Szikszai et al., 168
diseased skin 2011
Human Direct application Human ZnO Photon induced X-ray v Szikszai et al., 169
spectroscopy, scanning 2010
transmission ion microscopy
Human Human Ag ICP-MS v Vlachou et al., 182
2007
In vivo- direct application Direct application Rodent TiO2 Light microscopy, TEM-EDX, v Adachietal., 3
and confocal laser scanning 2010
microscopy
In vivo- direct application Subcutaneous injection Rodent Polyethylene-glycol TEM v Baik et al., 2008 12
coated Nanoparticles
In vivo- direct application Direct application Rodent TiO2 Histology v Furukawa et al., 52
2011
In vivo- direct application Direct application Rodent Polyethylene-glycol Confocal fluorescence v v Gopeeetal., 54
coated CdSe QD microscpy; ICP-MS. 2009
In vivo- direct application Diffusion cell Pig TiO2 and ZnO TEM, SEM, TOF-SIMS, ICP- v v Monteiro- Riviere 107
MS etal., 2011
In vivo- direct application Direct application Rodent Cd/Se/zZns Phase contrast and v v Mortensen et al., 113
core/shell QD fluorescent microscopy, 2012
TEM-EDX
In vivo- direct application Direct application Rodent QD Fluorescence confocal v Mortensen et al., 114
microscopy, TEM with EDAX 2008
analysis
In vivo- direct application Diffusion cell, Rodent Rodent SWCNT - v Murray et al., 118
epidermal cells and 2009
EpiDERM model
In vivo- direct application Direct application Rodent Silicaand PEG QD TEM v v Nabeshi et al., 120
2011
In vivo- direct application Direct application Pig TiO2 ICP-MS, TEM and SEM-EDX v v Sadrieh etal., 148
2010
In vivo- direct application Single cell Pig Ag Light microscopy, TEM, DLS v Samberg et al., 150
2010
In vivo- direct application Direct application Rodent TiO2 TEM v Wau etal., 2009 190
In vivo- direct application Diffusion cell Rodent Fullerenes HPLC-UV/VIS analysis of v v Xiaetal., 2010 193
tape strips
In vivo- direct application Direct application Rodent TiO2 TEM, ICP-MS v Xu etal., 2011 194

164
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Method Type Assay Species Particle Type Detection Method Weight of High Reference Database ID
Evidence Interest
Paper
In vivo- direct application NANODERM REPORT v v Butz et al., 2007 213
Ex vivo- Skin absorption model Diffusion cell Rodent Polystyrene Confocal laser scanning v Alvarez- Roman 8
microscopy etal., 2004
EX vivo- Skin absorption model Diffusion cell Human Meghemite and Fe TEM, ICP-OES Baroli et al., 2007 15
Ex vivo- Skin absorption model Diffusion cell Rodent Polystyrene Laser scanning confocal v Campbell et al., 27
microscopy 2012
Ex vivo- Skin absorption model Diffusion cell Human CuO Electron and light microscopy Cohen etal., 2013 34
Ex vivo- Skin absorption model Diffusion cell Human Au TEM, ICP-MS v Filon etal., 2011 48
Ex vivo- Skin absorption model Diffusion cell Human QD Multi-photon- and confocal v Gratierietal., 57
laser scanning microscopy 2010
Ex vivo- Skin absorption model Diffusion cell Rodent TiOzand ZnO Confocal laser scanning v Kimuraetal., 71
microscopy, Fluorescence 2012
microscopy
Ex vivo- Skin absorption model Diffusion cell Pig Latex Fluorescence microscopy 4 Kohli and Alpar, 74
Ex vivo- Skin absorption model Diffusion cell Human Au Multiphoton laser scanning v v Laboutaetal., 75
microscopy with pixel 2011
analysis
Ex vivo- Skin absorption model Diffusion cell Human Thiol coated Au NP Fluorescence microscopy Laboutaetal., 78
2011
Ex vivo- Skin absorption model Diffusion cell Human Co NP ICP-MS, TEM, Electro v Filonetal., 2013 88
thermal atomic absorption
spectroscopy (ETAAS)
Ex vivo- Skin absorption model Diffusion cell Human Polyvinylpirrolidine TEM, Electro thermal atomic v Larese et al., 89
coated Ag absorption spectroscopy 2009
(ETAAS)
Ex vivo- Skin absorption model Diffusion cell Rodent Ag TEM with Fourier Transform v Leeetal., 2013 93
image analysis
Ex vivo- Skin absorption model Diffusion cell Human Ag Multiphoton tomograph- v Liuetal., 2012 96
fluorescence lifetime imaging
microscopy
Ex vivo- Skin absorption model Diffusion cell Human Lead sulfide QD Reflectance and fluorescence Mortensen et al., 112
confocal microscopy (near- 2011
IR)
Ex vivo- Skin absorption model Diffusion cell Human QD Laser-scanning confocal v Prow et al., 2012 137
microscopy
Ex vivo- Skin absorption model SC removed Human Silica Confocal laser scanning v Rancan etal., 138
microscopy, TEM 2012
Ex vivo- Skin absorption model Diffusion cell Pig Fullerenes Confocal scanning v v Rouse et al., 2007 143
microscopy, TEM
Ex vivo- Skin absorption model Diffusion cell Pig QD Confocal-differential v v Ryman- 144
interference contrast Rasmussen et al.,
microscopy and fluorescence 2006
measurements
Ex vivo- Skin absorption model Diffusion cell Pig TiO2 ICP-MS, SEM-EDS v Senzuietal., 156
2010
Ex vivo- Skin absorption model Diffusion cell Rodent Ag UV-Vis Spectroscopy, ICP- v Sonavane etal., 162
MS, TEM, energy-dispersive 2008
X-ray spectroscopy
Ex vivo- Skin absorption model Diffusion cell Human ZnO Non-linear optical v Song et al., 2011 164
microscopy
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Method Type Assay Species Particle Type Detection Method Weight of High Reference Database ID
Evidence Interest
Paper
Ex vivo- Skin absorption model Diffusion cell Human Dextran beads Laser scanning confocal v v Tinkle etal., 172
microscopy, SEM 2003
Ex vivo- Skin absorption model SC removed Human Polymer NP Fluorescence and laser v Vogt et al., 2006 183
scanning microscopy
Ex vivo- Skin absorption model Diffusion cell Pig Polystyrene Laser scanning confocal v Wu etal., 2009 192
microscopy, DLS
Ex vivo- Skin absorption model Diffusion cell Pig PEG coated QD Laser scanning confocal v Zhangetal., 203
microscopy, ICP-MS 2008
Ex vivo- Skin absorption model Diffusion cell Human Silica Laser scanning confocal v Staronovaetal., 231
microscopy 2012
In vitro- Skin absorption model Single cell Keratinocyte CdSe/ZnS core/shell QD Fluoroescence microscopy v Mortensen et al., 115
2012
In vitro- Skin absorption model Single cell HEK QD Laser scanning confocal v v Ryman- 146
microscopy, TEM Rasmussen et al.,
2007
In vitro- Skin absorption model Single cell HEK Fullerenes TEM v Saathoffetal., 147
2011
In vitro- Skin absorption model Single cell Human TiO2 TEM v Shuklaetal., 2011 159

epidermal cells

166
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Appendix 4: Link to the MS
Access database

The MS Access database accompanying this report can be accessed through the hyperlink below:

HYPERLINK TO MS ACCESS DATABASE
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http://www2.mst.dk/download/Kemi/DermalReview_Literature_Database.zip

Dermal absorption of nanomaterials

This report and accompanying MS Access database systematically evaluates the reliability and relevance
of the existing scientific literature regarding dermal absorption of nanomaterials. The results seem to
suggest that absorption of nanoparticles through the skin is possible although occurs to a very low
degree. The report makes specific recommendations for future testing approaches and highlights the
need for more robust and harmonised testing.

Rapporten og den tilhgrende MS Access-database gennemgar systematisk palideligheden og relevansen
af den eksisterende videnskabelige litteratur vedrgrende hudgennemtraengelighed af nanomaterialer.
Resultaterne tyder pd, at absorption af nanopartikler gennem huden er mulig, om end i meget lav grad.
Rapporten indeholder konkrete anbefalinger til fremtidige testmetoder og fremhaver behovet for mere
robust og harmoniseret testning.

=== Danish Ministry of the Environment
Environmental Protection Agency

Strandgade 29
1401 Copenhagen K, Denmark
Tel.: (+45) 72 54 40 00

www.mst.dk
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