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Abstract: Engineered nanoparticles are now well recognised to possess a range
of apparently unique and as yet under-researched toxicities Safety concerns
about such nanoparticles in cosmetics such as sunscreens are fuelled by
consideration of factors such as their size, high mobility in the body and
unusual reactivities. Yet, published research relied upon by safety regulators
suggests there are no significant adverse health effects from nanoparticle
sunscreen preparations [such as those containing nanoparticulate zinc oxide
(ZnO) and titanium dioxide (TiO,)] despite free radical formation in the
presence of light. This is chiefly because of minimal dermal absorption of skin-
applied nanoparticles below the dead and highly keratinised cells of the stratum
corneum. Influential non-governmental organisations and a NSW parliamentary
inquiry have expressed concern that this research has inadequately accounted
for issues associated with chronic use of these sunscreens over hairy, damaged
or aged skin or flexural creases. It may be time for Australian safety regulators
to apply the precautionary principle in this context and increase labelling
requirements about the use of nanoparticles in sunscreens.
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1 Risks of nanomaterials in modern sunscreen formulations

Engineered nanoparticles (ENPs) are now well recognised to possess a range of
partially-researched toxicities capable of causing problems for regulators (Faunce, 2008;
Oberdorster et al., 2005). Concerns about the safety of ENPs in medicines and cosmetics
are fuelled by consideration of factors such as the extremely small size, high mobility in
the body and unusual reactivities (Borm et al., 2006; Nel et al., 2006).
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Australia has the highest rate of skin cancer in the world, and as such the use of
sunscreens is a vital aspect of our skin protection strategy, despite claims that sunscreens
may lack some of the effectiveness against ultraviolet light-induced free radicals
originally claimed (Haywood et al., 2003). Of the 1,200 sunscreens authorised by the
Australian Therapeutic Goods Administration (TGA) as of 2005 for supply in Australia,
228 contain zinc oxide (ZnO), 363 contain titanium dioxide (TiO,) and 73 contain both
(TGA, 2006). Of these, 70% of TiO,-containing sunscreens and 30% of ZnO-containing
sunscreens sold in Australia use those substances in nanoparticulate form. ZnO and TiO,
are particularly valuable to sunscreen manufacturing because of their ability to filter
UVA as well as UVB light, giving broader protection than other agents (TGA, 2006).
Nanoscale ZnO is particularly efficient in the absorption of UV light in the UVA
spectrum, whereas nanoscale TiO, has higher scattering efficiency than ZnO and is most
effective against UVB (Dussert et al., 1997).

From a consumer point of view, one disadvantage of macroscale ZnO and TiO, is that
they leave a white colour on the skin following sunscreen application. When used in
nanoparticle form, ZnO and TiO, can no longer be seen on the skin, but still retain their
sun-screening properties (Maier and Korting, 2005). Proponents of nanoparticulate
sunscreens argue that nanoparticulate ingredients in fact deflect or scatter UV light more
efficiently than their macro counterparts (Nohymek et al., 2007). Other evidence suggests
that sun-screening properties are neither enhanced nor decreased when the chemical is in
nano form (NSW Govt., 2008).

The International Agency for Research on Cancer (IARC) and the US Toxicology
Program both rate TiO, as an improbable human carcinogen (NIOSH, 2005). Lung
neoplasias do occur in rats exposed to inhaled TiO,, but this may be a species specific
response (ASCC, 2006). Recent work, however, has shown that ultrafine TiO,
(10-20 nm) induced oxidative DNA damage, lipid peroxidation and micronuclei
formation in a human bronchial epithelial cell line (Gurr et al., 2005).

When TiO, particles are incorporated into cells, mobilisation of electrons by
absorption of UVA light causes the generation of reactive oxygen species (ROS) with
induction of DNA in human cells (strand breakage and base modification) and cell
membrane damage. Thus TiO, can be used to kill cancer cells by encouraging cell uptake
and then irradiating with UVA with subsequent cytotoxicity (Hirakawa et al., 2004). In
sunscreens and cosmetic preparations, TiO, is generally coated to reduce this
photocatalytic activity because ambient UVR is > 90% UVA (Maeir and Korting, 2005).
Yet recently, a particular sunscreen product marketed in Australia (but as yet not publicly
identified) containing the uncoated, anatase form of TiO, has been shown to cause a
damaging photocatalytic reaction on steel roofing (Barker and Branch, 2008).

Inorganic zinc salts are known to be potent biocides, and zinc oxide nanoparticles
(as well as manufacturing by-products containing zinc) manufactured for use in
cosmetics and sun-screens are thus currently subject to disposal restrictions in most
nations (ASCC, 2006). The US Food and Drug Administration (FDA) states that it is
aware of nanotechnology-related claims made for certain sunscreens and though
‘currently not aware of any safety concerns is planning additional studies to examine the
effects of select nanoparticles on skin penetration’ (FDA, 2009).
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2 Nanoparticulate penetration below the stratum corneum

Given the above information on potential cytotoxicity, the key regulatory issue for the
TGA in determining the safety of ENP-containing sunscreen preparations concerns
dermal penetration. A considerable body of published research claims to demonstrate a
lack of ENP penetration beyond the stratum corneum (Schulz et al., 2002; Pflucker et al.,
2001). However, such studies have mostly been done in non-human skin (Garner et al.,
2006) or on multiple sites in a single subject (Schulz et al., 2002) taking little, if any,
account of demonstrated wide inter-individual variability (Vogt et al., 2006). Likewise,
until recently, they appear not to have systematically considered cuts, abrasions,
dermatological conditions, co-application of insect repellents, pre-existing UV damage,
age or flexure of skin, despite the impact it is reasonable to expect these factors are likely
to have on ENP sunscreen absorption in daily life. ENP size is clearly of the utmost
importance.

A recent review of the literature, however, concluded that very small (5-20 nm) TiO,
ENPs do penetrate into the dermis and can interact with the immune system (Krielgaard,
2002). Vogt et al. (2006), examining ENPs to facilitate transcutaneous vaccination, have
shown that, after cyanacrylate skin surface stripping (which removes 30% of the stratum
corneum, including keratinised material, lipids and cell debris from the follicular
openings), ENPs of 40 nm or less do penetrate the stratum corneum both via follicular
ducts and in perifollicular tissue, to enter perifollicular Langerhans cells (potent antigen
presenting cells).

2.1 Intact skin

A study by Ryman-Rasmussen et al. (2006) examined penetration of quantum dots into
porcine skin flow through diffusion cells in conjunction with confocal microscopy.
Quantum dots (QDs) are heterogeneous nanoparticles that consist of a colloidal cone
surrounded by one or more surface particles. Unlike other ENPs, QDs are easily detected
due to unusually intense and photostable fluorescence. They are commercially available
in various sizes and shapes with different surface coatings. The study showed that dermal
penetration of QDs through intact (no abrasion or mechanical stressors) epidermal layers
and into the richly vascularised dermis could provide access for systemic absorption
(Ryman-Rasmussen et al., 2006).

2.2 Flexed skin

In a study by Rouse et al. (2007) dermatomed porcine skin was fixed to a flexing device,
topically dosed with ENPs and either flexed for 60 or 90 minutes, or left unflexed.
Confocal microscopy depicted dermal penetration of nanoparticles at 8 h in skin flexed
for 60 or 90 minutes, but 24 h in unflexed skin. The ability of nanoparticles to traverse
through lipid lamellae and enter into the dermis of skin suggests nanoparticles could be
absorbed by the capillaries of the papillary layer with the potential to localise elsewhere
in the body (Rouse et al., 2007).
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The study by Rouse et al. (2007) confirms that mechanical stressors, such as those
associated with a repetitive flexing motion, increase the rate at which particles traverse
into the dermis. Its results cohere with those of Tinkle et al. (2003), who demonstrated in
that topical application of beryllium ENPs (0.5-1 micron) in conjunction with skin
flexion results in some dermal absorption.

2.3 Abraded skin

In 2008, Zhang and Montiero-Riviere studied QD penetration of flexed, taped and
abraded rat skin. Abrasion was shown to allow QDs to penetrate deeper into the dermal
layers. When different mechanical stressors were applied to rat skin dosed with QDs, no
penetration of QDs was shown in the non-flexed control, flexed and tape-stripped skin,
but minimal penetration was observed in abraded skin. Occasionally, retention of QDs in
hair follicles was observed in abraded skin (Zhang and Montiero-Riviere, 2008).

Recent ENP sunscreen preparations contain stabilisers that overcome particle
aggregation and ensure nanoparticle dispersion (Advanced Nanotechnology, 2008). It
will be important to repeat such experiments using these new preparations in chronic use
over a wide variety of skin types and locations.

3 Current regulation of nano-sunscreens in Australia

Under the Therapeutic Goods Act 1989 (Cth) (‘the Act’) the TGA is responsible for
regulating therapeutic goods, including sunscreens, in Australia. In fulfilling their
responsibilities, the TGA is required by s4 of the Act to ensure the ‘quality, safety,
efficacy and timely availability of therapeutic goods’. The Act further requires
therapeutic goods to be entered on the Australian Register of Therapeutic Goods (ARTG)
before they are supplied in Australia.

Sunscreen products with a sun protection factor of four or above, including TiO, and
ZnQ, are classified as ‘low risk’ or ‘listed goods’ for the purpose of being entered onto
the ARTG. Under this framework, the ARTG does not differentiate listed ingredients
such as TiO, and ZnO on the basis of their size. In undertaking a human risk assessment
of ‘listed’ sunscreen ingredients, the TGA is only required to assess the sunscreen in
response to concerns about the product’s safety in relation to human health, after the
product has been entered into the ARTG.

Originally TiO, and ZnO were ARTG listed because the quality and safety of these
ingredients in molecular form had been established and no smaller forms were available.
If ENPs used in sunscreens were investigated and found to have different properties from
their bulk counterparts, separate safety assessment by the manufacturers would be
required in accordance with TGA policy regarding new active chemical ingredients
(TGA, 2003).

In their Safety of Sunscreens report the TGA adopted the position that sunscreen
products containing ENPs do not require their own quality and safety assessment,
because, ostensibly, “there is no evidence that sunscreens containing these materials pose
any risk to the people using them” (TGA, 2006).

This Australian TGA position may be contrasted with the view of the European
Commission’s Scientific Committee on Consumer Products (SCCP), who at the request
of the European Commission delivered an opinion in 2005 on the safety of nanomaterials
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in cosmetics products (SCCP, 2005). Under the terms of reference, the SCCP was,
“requested to review, and if appropriate, to amend its notes of guidance for the testing of
cosmetic ingredients and their safety evaluating as concern cosmetic ingredients in the
form of nanomaterials” (SCCP, 2005). Pursuant to the Cosmetics Directive, a sunscreen
product is considered to be a cosmetic product for the purposes of the European
regulatory framework, and as such, came within the scope of the committee’s opinion.

In their final opinion, released in December 2007, the SCCP concluded that, “there
are large data gaps in risk assessment methodologies with respect to nanoparticles in
cosmetic products” [SCCP, (2007), p.34]. In relation to the use of insoluble metal oxide
nanoparticles in cosmetic products, such as TiO, and ZnO, the SCCP stated that while,

“[c]urrent investigations of nanoparticle penetration into the skin using static
imaging technology are unable to detect small fractions of nanoparticles
reaching the dermis, vascular bed of the dermis, and hence, the blood stream.
However, if the dose of nanoparticles is very large, as is the case for TiO, in
sunscreens, even fractions as small as 10-4 may cause accumulation and
subsequent inflammation in secondary target organs.” [SCCP, (2007), p.34]

Based on this uncertainty, the SCCP concluded that,

“it [is] necessary to review the safety of nanosized TiO, in the light of recent
information and to consider the influence of physiologically abnormal skin and
the possible impact of mechanical action on skin penetration.” [SCCP, (2007),
p-6]

4 Potential reform: the New South Wales parliamentary inquiry

In a Final Report delivered in 2008, the New South Wales Government parliamentary
inquiry appears to have responded to concerns, such as those of the European SCCP, by
recognising the potential adverse health effects from the use of TiO, and ZnO ENPs in
sunscreen cosmetics.

The report recognised that the unique properties exhibited by many nanomaterials
raised the question of whether the existing regulatory frameworks in Australia for the
management of products incorporating chemicals are sufficient to cover the health, safety
and environment concerns potentially posed by nanomaterials [NSW, (2008), p.xii].
During the parliamentary inquiry, the Committee found the most frequent concern
expressed about the current regulatory frameworks was the fact that nano versions of
existing chemicals are not automatically assessed as new chemicals [NSW, (2008), p.xii].
Recommendation 1 of the report addressed this concern, suggesting that “the New South
Wales Government recommend that nano-versions of existing chemicals are assessed as
new chemicals” [NSW, (2008), p.48]. This would have the effect of requiring
manufacturers to provide a more detailed safety data set to regulators.

In relation to sunscreens, the report acknowledged consumer concerns regarding the
absence of any labelling requirement for nanomaterials constituents. Though the
Committee did not find it feasible to require all products manufactured via
nanotechnology be labeled as such, they found a very strong case to require the labelling
of sunscreens to indicate the presence of materials at the nanoscale [NSW, (2008), p.xv].
Recommendation 6 of the report thus reads: “That the New South Wales Government
recommend that ingredient labeling requirements for sunscreens and cosmetics include
the identification of nanoscale materials” [NSW, (2008), p.77]. The NSW Government is
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due to respond to this report and its recommendations in early 2009. In 2010, as a result
of international harmonisation efforts in good manufacturing practice (GMP), Australian
sunscreen manufacturers will have to comply with Annex 9 requirements of the
Pharmaceutical Inspection Convention and Pharmaceutical Inspection Cooperation
Scheme (jointly referred to as PIC/S). At present those standards do not create specific
requirements for GMP in relation to use of nanoparticles in sunscreens.

5 Conclusions

Currently, no health technology regulator internationally specifies distinct safety
regulations or requirements that must be met by manufacturers using ENPs in sunscreens
or other health products. No government has yet established regulation to allow the
public to make informed choices through proper labelling.

In a significant breakthrough for campaigners against the unregulated use of
nanoparticulate sunscreens, the iconic Australian ‘nano-sunscreen’ brand Invisible Zinc,
previously endorsed by model Megan Gale, has announced a change to their formulation
which will render the sunscreen ‘nano-free’ (FOE, 2008). According to a survey by
Friends of the Earth Australia, other admittedly nano-free brands include Banana Boat,
the Cancer Council, Le Tan and The Wiggles (FOE, 2008). However, of the 68 sunscreen
brands surveyed, nearly three quarters refused to disclose whether or not their
formulations included nanomaterials, with only the Body Shop admitting to the use of
nanoparticles in an aggregate form (FOE, 2009).

In a regulatory system which currently does not require sunscreen manufacturers to
label whether listed ingredients present in their product are in nano form, it becomes
increasingly difficult for patients, pharmacists and the general public to keep track of
what is in the sunscreens they buy, and just how safe those sunscreens are. It will be an
interesting challenge to the TGA if the NSW recommendations are adopted by the state
government and then become uniform at the state level. No doubt federal regulators are
looking at such developments closely.

There is clearly a need for further research on dermal absorption of sunscreen ENPs
under a variety of realistic conditions, focusing on size and exposure limits. Currently,
the CSIRO and Macquarie University are involved in such a program. Until its results are
published, regulatory authorities should consider mandatory packaging warnings,
expressing care about protracted use over cuts and abrasions, particularly on children.
This would be an appropriate application of the precautionary principle (Faunce et al.,
2008). Consideration could also be given to a requirement that sunscreen packaging
clearly specify the average size or size range of ENPs in sunscreen formulations.
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