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bstract

Titanium dioxide particles are used in sunscreens to reflect UV radiation and are chemically modified to inhibit their natural photocatalytic
bility. Titanium dioxide extracted from eight randomly selected commercial sunscreens and three titanium dioxide powders obtained from their
anufacturers were investigated and crystal form and modification type of each identified. Under 3.5 mW/cm2 UVA illumination, the type of

article modification and crystal form determined whether the particles were inert or rapidly photodegraded an aqueous dispersion of methylene
lue dye (MB), or whether the particles killed or protected cultured human skin cells. Mixed anatase and rutile crystal forms of titanium dioxide

oated with organosilane photodegraded MB at a similar rate (11.5 min MB half-life) to Degussa P25, a standard uncoated titanium dioxide powder
11.0 min MB half-life) and generated a 2–4.9-fold increase in cell death. In contrast, pure rutile particles with an alumina coat or manganese
oped protected cells from UVA irradiation. This research concludes that mixed anatase and rutile crystal forms of titanium dioxide coated with
rganosilane or dimethicone may not be appropriate to use in sunscreen lotions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Exposure to ultraviolet radiation in sunlight is the major cause
f skin cancer [1–3]. To limit sun exposure, the government
dvises us to cover up with loose fitting, tightly woven clothing,
tay in the shade between 11 a.m. and 3 p.m., and use a sunscreen
ith a sun protection factor (SPF) of 15 or higher [4]. Para-
oxically, both skin cancer incidence and usage of sunscreens
re rising together [5,6]. Many possible explanations for the
aradox have been discussed [7–9], including insufficient appli-
ation of sunscreens, but the actual reasons remain unknown.
ere, evidence is provided for the potential harmful biological
onsequences of UV light induced chemical reactivity in the
aterials used in sunscreens, and alternative protective mate-

ials are investigated. Sunscreens contain a variety of organic
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nd inorganic UV attenuating chemicals. Several UV absorbing,
rganic compounds used in sunscreens have been found to have
ide effects [10–14] including formation of cancer promoting
omponents. Surprisingly, specific forms of titanium dioxide,
he most widely used inorganic chemical component in sun-
creens, have not been systematically tested for harmful side
ffects in the published literature [15]. Here, this work shows
hat some forms of titanium dioxide present in sunscreens have
he capacity to cause substantial damage to cultured human skin
ells whilst others are protective. The work does not test for a link
etween skin cancer and sunscreen use. Experiments in cultured
pithelial cells, such as here, are necessary to identify potential
isks before considering future tests with whole animals.

In the absence of ultraviolet light, titanium dioxide powder is
nert and is used in a variety of applications, including toothpaste
nd foodstuffs. In the presence of UV light ≤400 nm, however,
itanium dioxide is activated to produce reactive oxygen species

uch as hydroxyl radicals, superoxide anion and singlet oxygen
16–18]. Titanium dioxide is the most widely used photocatalyst
nd is capable of destroying virtually any organic matter. This
roperty has many applications, as in self-cleaning glass, water
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serum. The cells grew as confluent monolayers on 13 mm cov-
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nd air purification, and antibacterial coatings [19–21]. The UV
adiation present in sunlight is able to activate titanium dioxide,
o it is surprising that it has been used in cosmetics and sun-
creens. The justification is that titanium dioxide is a superior
V reflector due to its high refractive index and that the majority
f the material is thought to lie on the uppermost part of the skin
in contrast to organic sunscreen chemicals that are absorbed into
he lower layers of skin). We note, however that titanium dioxide
an reach living skin cell layers [22]. There are two commonly
ound crystal forms of titanium dioxide: anatase and rutile.
utile has a refractive index of 2.90 and anatase 2.49 [23]. Recent
ork has shown that, for titanium dioxide powders, the percent

eflected versus absorbed light varies from 80:20 at 390 nm to
0:80 at 290 nm [24], which means that a significant amount
f the UV in sunlight is absorbed by the powders rather than
eflected; the absorbed UV can promote free radical formation.

Titanium dioxide particles used in some sunscreens are modi-
ed with inert coatings or are doped with specific ions, presuma-
ly in an effort to prevent free radical damage to skin cells. These
odifications include coatings based on silicon oxides (sil-

ca), silicones and organosilanes, coatings based on aluminium
xides (alumina), and doping with manganese ions. The labels
n sunscreens generally do not indicate which crystal forms of
itanium dioxide are present or what types of coating are used.

Two sources of titanium dioxide particles were tested—
ommercially available particles of known crystal form and coat-
ng type and particles isolated directly from sunscreen lotions.

human skin cell line and other animal epithelial cell lines that
re recognized as suitable for epithelial cell studies were used to
etermine the effects of these UVA irradiated titanium dioxide
articles. In the presence of UVA irradiation (λ = 315–400 nm),
his research found that some titanium dioxide particle types
rom both sunscreen extracted and manufactured sources are
ctive photocatalysts that can damage cultured human skin and
ther animal epithelium cells, whilst other particle types from
oth sources are protective.

. Materials and methods

The directly obtained, commercially available micronised
owders sample-3, -9, -10, -d and -e were obtained from five
ifferent manufacturers. Most of these inorganic powders are
oated or doped and are used in the manufacture of some sun-
creens. Degussa P25 (sample-1, uncoated titanium dioxide)
as supplied by Degussa Ltd. Titanium dioxide powders were

erially solvent extracted or washed (acetone, chloroform, iso-
ropanol, hexane) from 6 different sunscreens (sample-2, -4, -5,
6, -7 and -8) purchased from high street stores. Three mixed
inc oxide/titanium dioxide powders (sample-a, -b and -c) and
ne zinc oxide-only powder (sample-f) were also washed from
ifferent sunscreens.

.1. Physical characterisation of the titanium dioxide

articles

The crystal phase composition of the samples was determined
sing a Siemens D5000 X-ray diffractometer with a monochro-
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ated Cu K�1 radiation source (λ = 1.5406) in the reflection
ode over the range 20◦ < 2θ < 70◦. Samples were placed on

morphous carbon coated copper TEM grids for imaging with
JEOL 100 CX microscope. Elemental composition of the

owders was recorded with Electron Dispersive X-ray Analysis
Phillips XL30 ESEM). X-ray photoelectron spectroscopy using
VG ESCALAB 220i XL imaging spectrometer equipped with
monochromatic Al K� X-ray source was used to determine

he amount and composition of the coating substance on the
articles. High-resolution solid-state 13C, 29Si and 27Al NMR
ere recorded with a MSL300 (Bruker) with 7.05 T wide-bore
agnet at 75.5, 59.6 and 78.2 MHz, respectively.
Two different approaches were taken in order to examine

hese coated powders. Firstly the chemical photocatalytic testing
nvolved the degradation of methylene blue dye in the presence
f the powders and UVA light (Section 2.2). This technique has
reviously been used to test the photocatalytic strength of tita-
ium dioxide powders [25,26]. Secondly, biological testing of
ultured epithelial cells (MDCK-1, PtK2 and HaCaT) to deter-
ine extent of apoptosis under similar treatment (Section 2.3).

.2. Photocatalysis procedure

Titanium dioxide loading of 1 g/dm3 with 1 × 10−4 M methy-
ene blue in water was used in these experiments. The suspension
as stirred overnight in order to ensure adsorption equilib-

ium between the solid and the liquid. A 10 cm3 aliquot was
ransferred to a 6 cm diameter petri-dish to be irradiated under
ir-equilibrated conditions whilst stirring vigorously in order to
aintain the powder dispersion. The controls were methylene

lue without titanium dioxide under UV irradiation and methy-
ene blue with titanium dioxide without UV. The irradiation
as carried out using an 8 W BLB light (maximum emission at
m = 365 nm) with an irradiance of 3.5 mW/cm2 at a distance of
.5 cm from the surface of the reaction mixture. Three milliliters
liquots were taken after 15-min time intervals, centrifuged at
400 rpm for 5 min to remove the solid, and the solution anal-
sed using a Helios single beam UV–vis spectrophotometer.
his method was used to measure the variation in methylene blue
oncentration in each degraded sample at 660 nm. The decrease
n absorption over time was then related to the photocatalytic
bility of that particular sample.

.3. Cell culture

All cell lines originated from the American Type Culture Col-
ection, which is a standard repository for studying cell lines.
he epithelial cell line MDCK-1 (dog kidney epithelium) used

hroughout this study was maintained at 37 ◦C/10% CO2 in
MEM (Dulbecco’s Modified Eagle Medium) supplemented
ith 1% (v/v) penicillin/streptomycin and 10% (v/v) fetal bovine
rslips and were seeded at a density of 5 × 104 cells/ml for 36 h
rior to the experiments. The PtK2 (potoroo kidney epithelium)
nd HaCaT (human skin epithelium) cell lines were maintained
t 37 ◦C/5% CO2 in DMEM.
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.4. Apoptosis assay

The biological effect of the titanium dioxide powders was
nvestigated by quantifying the amount of apoptosis induced
n cells. A monolayer of MDCK, PtK2 and HaCaT cells were
sed as in vitro models of simple epithelia. A 1 (or 3) mg of
he titanium dioxide powder was suspended in 750 �l chamber

edia and added as a monolayer to the coverslip of cells on
n area of 7.07 cm2. To approximate (derived from first prin-
iples, explained in Sections 3 and 3.1) the effects of being in
he sunlight, the cells were irradiated with 365 nm (UVA) light
or 75 min, adding 150 �l of media every 30 min to account for
vaporation losses which we tested empirically. After irradia-
ion, the media was removed and replaced with 1.5 ml DMEM
nd incubated for 3 h at 37 ◦C/10% CO2 (MDCK) and 5% CO2
PtK2 and HaCaT).

To stain for F-actin and DNA, the cells were rinsed with PBS,
xed with 4% paraformaldehyde in PBS for 20 min, rinsed with
.1% Triton X-100 in PBS (PBSTx), permeabilised for 10 min
ith 0.5% Tx, rinsed with PBSTx, blocked with Antibody
iluting Solution (Abdil) for 20 min, stained with 0.1 �g/ml
halloidin 594 for 20 min, washed with PBSTx and finally
tained for DNA with 1 �g/ml Hoescht 33342 in Abdil for 2 min.
he coverslips were mounted onto glass slides and florescence
icroscopy used to view the stained cells. Florescence micro-

raphs were obtained using a Nikon eclipse e800 microscope and
aptured using a SynSys cooled charge-coupled device (CCD)
amera (Roper Scientific).

.5. Caspase inhibitor assay

MDCK cells were incubated with 8 �M Zvad-FMK for 1 h
hen tested with Degussa P25 as above and incubated or 3 h in
he presence of the inhibitor.

.6. DNA damage assay

MDCK cells with sample-3 and -9 were irradiated as above.
mmediately after irradiation, cells were fixed in methanol at
20 ◦C for 5 min, rinsed with PBS, washed with 0.1% Triton
-100 in PBSTx, permeabilised for 10 min with PBS-0.5% Tx,

insed with PBS-0.1% Tx and blocked with Abdil for 20 min.
he primary antibody, ms antiphosphohistone 2AX was added
t a concentration of 9.3 �g/ml for 45 min. The cells were
ashed, 30 �g/ml of the secondary antibody, FITC-goat-anti-
ouse administered for 30 min then finally stained for DNA.

. Results

X-ray diffraction was used to identify crystal form, and X-
ay line broadening to ascertain the crystallite size of the isolated
itanium dioxide particles. To identify the coat-type, X-ray pho-
oelectron spectroscopy, solid-state nuclear magnetic resonance

13C, 29Si and 27Al) and combustion microanalysis (see Table 1)
ere used. Coat-type was accurately identified as all meth-
ds gave comparable results. Importantly, several tests showed
hat the coated particles isolated from sunscreens retained an

t
o
U
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ndamaged coat after organic-solvent-washing (see Section 2
or details): such washing did not alter subsequent identification
f the respective coat-types or introduce holes, discontinuities
r shelling of the coating detectable by electron microscopy.
oreover, X-ray photoelectron spectroscopy showed the pres-

nce of aluminium or silicon atoms on the surface of the washed
articles. It was also found that organosilane coated particles
upplied directly from the manufacturer and those subjected to
he washing procedure showed the same activity in both chem-
cal and biological tests. As expected, in the presence of UVA
hose titanium dioxide particles that we subsequently identified
s damaging, catalyzed the production of free radicals includ-
ng the superoxide anion and hydroperoxy radical as detected
sing powder EPR (A. Rampaul, I.P. Parkin and D.M. Murphy,
npublished work).

Before systematically testing any potential protective or dam-
ging properties of the titania particles, the purity of the coated
articles was determined, and appropriate conditions for lab-
ratory tests devised. The isolated powders from sunscreens
omprised 61–92% coated-titanium dioxide particles (Table 1),
s revealed by elemental analysis and energy dispersive X-ray
nalysis; the remainder comprised known inert inorganic com-
ounds such as magnesium oxide. In order to compare individual
owders, the concentration of total powder tested was nor-
alised such that the mass of titanium dioxide particles within

he different powders was equal. To devise appropriate labora-
ory tests, the amount of titanium dioxide was considered within
unscreen lotions, and assumed a moderate exposure of human
kin to sunlight (as described further below). The recommended
unscreen application that is used to determine its SPF value
s 2 mg/cm2 of skin. In Europe, up to 0.5 mg/cm2 of titanium
ioxide is allowed in sunscreens [27]. Consequently, various
articles were tested at less than the recommended amount—0.1
nd 0.4 mg/cm2.

.1. Photocatalytic activity

The UVA lamp (365 nm monochromatic) had a fluence rate
f 3.5 mW/cm2, and is an appropriate substitute for UVA occur-
ing in natural sunlight; it most closely approximates the natural
VA irradiance during early to mid summer/autumn (average
.7 mW/cm2) in the UK [28]. In a direct test for the appropri-
teness of the experimental conditions, an anatase/rutile crystal
ix, organosilane-coated particles isolated from sunscreen-2

Table 1) were selected. In an experiment conducted outdoors,
t was found that in an aqueous dispersion of these particles
nd 75 min exposure to natural sunlight during a sunny day in
eptember, 52◦N (London, UK), methylene blue was degraded
photobleached), with a near identical pseudo first order rate
f reaction (Fig. 1A, -solid line) and similar rate constant of
.0298 min−1 to the same test performed in the laboratory with
he UVA-lamp (Fig. 1A, -solid line) with a rate constant of
.0265 min−1.
By 75 min, sunscreen-2-derived coated-titania particles in
he presence of natural sunlight outdoors had degraded 88%
f methylene blue whereas these particles in the presence of the
VA lamp had degraded 86%. As expected, both UV light and
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Table 1
Properties of modified titanium dioxide particles

Sample Crystal form Coating Crystallite size (nm) MB (half-life) (min ± 1.1 min) % TiO2 Surface area (m2/g)

1 85% A Uncoated 30 11.7 100 45
15% R

2 90% A Tri- 17 12.5 83 UK
10% R Methoxycaprylylsilane

3 85% A Tri- 21 13.9 92 50
15% R Methoxycaprylylsilane

4 85% A Dimethicone 11 35.4 87 UK
15% R

5 75% A Tri- 23 40.5 80 13
25% R Methoxycaprylylsilane

6 100% R Aluminium oxide and Silica 16 75.2 66 78
7 100% R Aluminium stearate and dimethicone 17 >120 73 UK
8 100% R Aluminium oxide 16 >120 61 14
9 100% R Aluminium oxide 10 >120 91 40
10 100% R Manganese doped 14 >120 87 20
11 Silica – – 30 >120 0 40
12 Control – – – >120 – –
a 90% Zn Uncoated 20 11.3 67a UK

10% R 16
b 30% Zn Aluminium oxide 25 14.2 67a UK

70% R 17
c 80% Zn Aluminium oxide 28 23.2 70a UK

20% R 16
d 100% Zn Uncoated 14 26.1 100 UK
e 100% Zn Dimethicone 27 75.3 100 UK
f 100% Zn Dimethicone 27 76.2 85 UK

A: anatase; R: rutile. Samples 1, 3, 9, 10, d, e are directly from the manufacturers. Samples 2, 4, 5, 6, 7, 8, f are isolated from sunscreens. UK: Surface area
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easurement unknown; Zn: zincite (zinc oxide).
a Total percentage of Zn + Ti.

itanium dioxide are needed for the photodegradation to occur
Fig. 1): in either the absence of titanium dioxide under UV
rradiation (Fig. 1A, -dashed line) or the presence of titanium
ioxide without irradiation (Fig. 1A, -dashed line), there was
o measurable degradation of methylene blue.

As a baseline, the widely used, uncoated, Degussa P25 was
ound to be the most potent titania particle-type tested, rapidly
egrading methylene blue (Fig. 1B, -solid line, rapid decrease
n C/C0) with a half-life of 12 min (Table 1, sample-1). Strikingly
owever, two anatase/rutile crystal mixtures, rich in anatase,
rganosilane-coated types of titanium dioxide, one directly
btained from manufacturers (sample-3) and one isolated from
sunscreen (sample-2) were similarly potent, degrading methy-

ene blue with analogous half-lives (13–14 min, Table 1, Fig. 1B,
and -solid lines). It is worth noting that the powders obtained

irectly from the manufacturers (sample-3, -9 and -10) were used
n their original form, so it is clear that the organosilane coated
itania (sample-3) is destructive. Other anatase/rutile crystal mix,
imethicone and organosilane coated titanium dioxide isolated
rom sunscreens (sample-4 and -5) were moderately potent,
egrading methylene blue with half-lives of 40 and 35 min,
espectively (Table 1; Fig. 1B, and -solid lines). In contrast,
he rutile crystal form, alumina-coated, or manganese-doped

ypes of titanium dioxide, both those obtained directly from

anufacturers as well as those isolated from sunscreen-7 and
8, were hardly active at all (half-lives of over 120 min, Table 1,
ig. 1B, and -dashed lines). It is evident that both crys-

u
m
d
d

al form and coating type contribute to photodegradation, as a
unscreen-isolated, titanium dioxide particle of rutile crystal,
ut silica coat (sample-6), was intermediate (half-life of 75 min,
able 1, Fig. 1B, -solid line) between the most destructive and

he most protective forms of titanium dioxide.

.2. Surface area

Surface area can be an important criterion in photocatalytic
unction as catalysis proceeds on the surfaces of materials. The
itanium dioxide particles used in this study varied from 20 to
0 nm in size with either a spherical or acicular morphology
s determined by TEM. The BET surface area measurements
f the most active powders sample-1, -3 and -5 are 45, 50 and
3 m2/g whereas the least active powders, sample-8 and -9 have
urface areas of 14 and 40 m2/g. In contrast, one of the mod-
rately destructive powders, sample-6 has a value of 78 m2/g
ndicating that in this work, the photoactivity does not directly
elate with surface area.

.3. Zinc oxide

For similar reasons to titanium dioxide, zinc oxide is also

sed in sunscreens, particularly in children and babies’ for-
ulations. The sunscreen-isolated- zinc oxide alone, with a

imethicone (silicone polymer) coating, as well as titanium
ioxide/zinc oxide mixtures of rutile/zincite crystal form with
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Fig. 1. Photocatalytic properties of coated or doped physical sunscreens vs. the industry standard photocatalyst, Degussa P25. Photodegradation of methylene blue
(0.1 mM; TiO2 loading 1 g/dm3) measured by the reduction in concentration of the dye in aqueous TiO2 dispersions by the decrease in the maximum UV absorption at
660 nm. A: anatase; R: rutile. (A) Similar rates of photocatalysis produced by UVA lamp (3.5 mW/cm2; 75 min) and natural sunlight. Solid lines highlight more active
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amples. (B) All TiO2 powders from both sunscreens and obtained from manufac
ctive. (C) All ZnO and mixed TiO2/ZnO powders showing high methylene bl
solid line) of sample-9 and -3 showing similar rates of methylene blue destruc

n alumina coating, were extremely photoactive: they photo-
leached methylene blue as rapidly as uncoated-titanium dioxide
Degussa P25) (Fig. 1C, and -solid lines). This was in con-
rast to the rutile form of titanium dioxide with an alumina
oating, which was a poor photocatalyst (Table 1, sample-9;
ig. 1C, -dashed line). The presence of zinc oxide under cer-

ain conditions is known to enhance the photoactivity of titanium
ioxide [29] and can also produce free radicals itself [30]. This
akes a direct comparison of titanium dioxide particle types

lone with those mixed with zinc oxide difficult. However, it
emains that the mixed oxides tested in this study were damag-
ng. Zinc oxide was not used in the cellular studies, as in the
bsence of UV irradiation; the powder changed the morphology
f the nuclei under study.

.4. Controls

In addition to earlier tests (above), further evidence was pro-
ided to show that the washing process used to isolate titanium
ioxide and zinc oxide from sunscreens does not compro-
ise the integrity of the coating. Firstly, two titania samples

btained directly from their manufacturers (sample-3 and -9)
ere tested with methylene blue. Portions of these samples
ere also put through the solvent wash procedure and photo-

atalytically tested. All washed samples showed near identical

egradation rates to unwashed samples (Fig. 1D, sample-3,

-solid line and -dashed line; sample-9, -dashed line
nd -solid line). If the coatings had been damaged, more
otent photodegradation would be expected for the washed

L
(
e
r

s-Anatase & Rutile (A&R) with organosilane coat is the most photocatalytically
) Control for extraction process-washed (dashed line) and unwashed powders
= 3 repeat experiments.

amples. Secondly, dimethicone-coated zinc oxide, sample-e
Fig. 1D, -solid line) obtained directly from its manufac-
urer is known to be the sole active ingredient in sunscreen-f
Fig. 1D, -solid line). Both showed similar rates of degra-
ation of the methylene blue dye. Taken together these data
how that the coating is not compromised by the solvent washing
rocedure.

.5. Apoptosis assay

To test any damaging effect on cells induced by UVA-
ctivated titanium dioxide particles two separate approaches
ere used: cellular damage assayed by apoptosis and activa-

ion of the DNA-damage-response pathway. Apoptosis is the
ain form of programmed cell death. A few minutes irradiation
ith the highly energetic UVC (λ: 100–280 nm) light alone is
standard experimental method to induce apoptosis in cultured
ells within 2–4 h post-irradiation, with well-characterised alter-
tions in cell morphology, including nuclear condensation and
ragmentation. However, the timing and morphology of apop-
otic nuclei induced by the less energetic, more penetrative UVA
s less well characterised. With UVA irradiation, the earliest
igns of apoptosis were detected in cultured cells around 3 h
fter 75 min of irradiation with monochromatic 365 nm light,
nd hence this timing was used in the experimental protocol.

ike UVC, UVA induced condensed and fragmented nuclei

Fig. 2A–D). However, both UVA-only and UVA in the pres-
nce of titanium dioxide induced highly condensed nuclei that
emained non-fragmented (Fig. 2E).
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Fig. 2. Different morphology of cell nuclei undergoing apoptosis (A) normal non-apoptotic interphase, (B) early apoptosis, (C) mid-apoptosis, (D) late-apoptosis
and (E) hypercondensed. Scale bar (A–D) 5 �m and (E) 3 �m. Hypercondensed nuclei are ∼60% smaller than interphase nuclei. (F) Live MDCK cells pretreated
w staine
a rror b
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ith UVA (3.5 mW/cm2; 75 min), Zvad-FMK and Degussa P25 then fixed and
poptosis stops formation of hypercondensed nuclei. (G) Quantification of F (e

Zvad-FMK, a caspase inhibitor that greatly slows apoptosis,
locked the induction of condensed non-fragmented nuclei, indi-
ating that this nuclear change was caspase dependent (Fig. 2F
nd G). UVA also induced four other types of physiological
hanges that occur during apoptosis including cell shrinkage,
embrane blebbing and phosphatidyl serine externalisation, a
arker of late apoptotic nuclei (data not shown) and reduced
-actin staining in the monolayer (compare, Fig. 2F-UVA only

nd UVA + P25). In this study, nuclear morphology was chosen
s a readily identifiable marker of apoptosis.

UVA-alone induced 10–30% apoptotic cells in the total cell
opulation in individual repeat experiments. This increased up

o
i
a
m

d for DNA and F-actin; n = 3 repeat experiments, scale bar = 10 �m. Blocking
ars are standard error of the mean).

o 90% apoptotic cells with the most destructive titanium diox-
de particles, dropping down to 1% with the most protective
articles, which was similar to natural apoptosis in the absence
f UVA. The 10–30% variation in UVA-only induced apoptosis
etween experiments is likely due to precise final cell density
f cells between individual experiments and also due to natu-
al variations in different batches of sera used to maintain the
ells. Importantly however, when comparing the effect on cells

f UVA-treated titanium dioxide particles to that of UVA-only
n any individual repeat experiment, the increase or decrease in
poptosis was constant, reflected in small standard errors of the
ean (see error bars, Fig. 3B for example). In order to compare
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Fig. 3. Distinct UVA-treated titanium dioxide powders induce cell death or provide protection against cell death. (A) HaCaT (human skin cells) pretreated live with
UVA and 0.4 mg/cm2 TiO2 then fixed and stained for DNA and F-Actin. (B) MDCK (dog epithelium cells) pretreated live with UVA and 0.4 mg/cm2 TiO2. (C)
MDCK cells pretreated live with UVA and 0.1 mg/cm2 of various TiO2. (D) PtK2 (desert rat epithelial cells) pretreated live with UVA and 0.1 mg/cm2 TiO2. (E)
Protection effect of those TiO2 powders under UVA illumination that did not induce cell death in (A–D) for both human and animal cells. (F) Representative images
of cells pretreated live with UVA and 0.1 mg/cm2 of various TiO2, illustrating controls (left hand panel) and the destructive (increased cell death) (P25, sample-2,
sample-3) and protective (reduced cell death) (sample-9) effects of the powders (right hand panel) as compared with UVA-only (left hand panel). MDCK cells are
shown (same results for the other cell types). n = 3 repeat experiments, 800–1000 total cells count per coverslip. Error bars are standard error of the mean. In each
case, the amount of the powder added to cells was normalised to mass of titanium dioxide particle present in the powders, so that in each test the same final amount
(0.1 or 0.4 mg/cm2) of TiO2 was added to cells. Scale bar, 10 �m.
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he cell lines and individual repeat experiments, the data were
uantified to the fold difference in apoptotic cells with respect
o the UVA-only control.

In cultured, human skin cells (HaCaT) (Fig. 3A and E) and
everal other animal, epithelial cell lines (Fig. 3B–F) distinct
VA-treated titanium dioxide particles were either damag-

ng, with a 2–4.9-fold increase in apoptosis above UVA-only
Fig. 3A–D sunscreen-2 and -3), or were protective, with a 2–10-
old decrease in apoptosis below UVA-only (Fig. 3E) or were
ncapable of inducing further apoptosis above the UVA-baseline

Fig. 3A sample-6 and -8 and Fig. 3B sample-6). The effects are
imilar across different animal species, for example compare
uman skin (HaCaT) (Fig. 3A) and dog epithelium (MDCK)
Fig. 3B) cell lines, both tested at 0.4 mg/cm2. One cell line

o
t

(

ig. 4. (A–F) UVA induced DNA double stranded breaks in the presence of titanium
.1 mg/cm2 sample-10 and -3 then fixed and stained for phoshorylated histone H2AX
rror of the mean). Scale bar, 10 �m.
otobiology A: Chemistry 191 (2007) 138–148 145

MDCK) was then chosen to show that even when tested at lower
oncentration of 0.1 mg/cm2 titanium dioxide was still as potent
n destroying cells (Fig. 3C and F), and similarly this was also
he case for a third epithelial cell line (PtK2) (Fig. 3D). Increase
n apoptosis for the most destructive particles, P25 and sample-3
n the presence of UVA is likely underestimated as dying cells
ere detected lifting off the coverslip (also evidenced by holes

emaining in the monolayer in fixed cells) or being extruded from
he monolayer [31]. On the other hand, any protective effect of
he titanium dioxide powders (decrease in apoptosis to UVA-

nly) is accurately represented, as on the day of the experiment
here was no change in cell number before and after irradiation.

As observed in the methylene blue tests, uncoated
Degussa P25) and rutile/anatase crystal mix, organosilane and

dioxide. HaCaT cells were pretreated live with UVA (3.5 mW/cm; 75 min) and
n = 2 repeat experiments. (G) Quantification for (A–F) (error bars are standard
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imethicone-coated titanium dioxide particles (sample-2, -3, -4
nd -5) were destructive, whereas the rutile crystal form, either
lumina-coated (sample-7 and -9) or manganese-doped (sample-
0), were protective (Fig. 3A–D). Also, as with the methylene
lue assays, UVA-activated-titania particles themselves were
esponsible for cell damage, as silica-alone in the presence of
VA, or titania particles-alone in the absence of irradiation had
o effect compared with the relevant controls (UVA-only and
o irradiation, respectively) (see Fig. 3A and B). As tested in
he methylene blue assay, the coating material remained intact
fter treatment with the solvent-washing procedure; the most
rotective and destructive titanium dioxide particles obtained
irectly from the manufacturers, sample-9 and -3, respectively,
howed near exact degradation rates as their washed counterparts
Fig. 1D). The solvent extracted powders (labelled R + Al coat-9-
X and A&R + Si coat-3-EX, Fig. 3B and D) had similar effects
n cells as the unwashed R + Al coat-9 and A&R + Si coat-3.

.6. DNA damage assay

In a separate approach, distinct titania particles were tested
o determine whether they could activate the DNA damage
esponse pathway. A key event in this pathway is phosphory-
ation of histone H2AX. As this response was rapid (within

inutes of damage to DNA occurring) [33] and occurred prior to
isible signs of apoptosis, and as the phosphorylation has a short
alf-life [34], cells were examined for elevated phospho-H2AX
mmediately after irradiation with UVA prior to the time (75 min
ost-irradiation), when apoptosis typically occurs in these cells.
n the absence of UVA, both titanium dioxide samples were inert
nd did not activate this pathway in treated cells as measured
y the lack of phosphorylation of H2AX (Fig. 4B and C)
iving similar background phospho-H2AX to untreated cells
Fig. 4A and G). In the presence of UVA and rutile doped
ith manganese (Fig. 4E), the DNA damage response path-
ay was only marginally elevated, comparable to UVA-only

compare Fig. 4D and E; G). Strikingly however, UVA in the
resence of anatase/rutile coated with organosilane activates this
athway about five-fold (Fig. 4G). Thus, consistent with the
poptosis findings above, this type of coated titanium dioxide
article was damaging to cells. Finally, Fig. 5 shows that there
s a positive correlation between the chemical and biological
xperiments.

. Discussion

Initial detailed characterisation of titanium dioxide particles
nd a number of careful controls, for example: determining
hat methylene blue was totally adsorbed onto the particle
urface; that the coat material on the particles was unaltered
y the solvent washing procedure; and that the powders did
ot provide protection by simply physically blocking out UV
rom cells; means that no technical reason can account for our

bservations that some titanium dioxide particles are protec-
ive and others destructive. Further careful controls showed
hat the observed effects were specific to UV-activation of
articles.

i
t
f

ig. 5. Direct correlation between the chemical and biological experimentation.
nitial rate of degradation of methylene blue dye vs. Fold increase in apoptotic
uclei for human skin cells. n = 3, R2 = 93%; p < 0.0001.

From our data then we conclude that there are two major
actors in determining the photocatalytic activity of titanium
ioxide: crystal phase and chemical modification (either coat-
ype or dopant). In the presence of UVA in aqueous solution, a

ixed anatase and rutile crystal form of titanium dioxide with a
imethicone or organosilane coating is destructive (higher pho-
ocatalytic activity). In converse, a pure rutile crystal form with
n alumina coat or manganese doped is protective (lower pho-
ocatalytic activity). We do not yet know whether crystal from
r coat/dopant type is the more important in preventing natural
hotocatalytic activity of titanium dioxide. To test this requires
ure anatase and pure rutile crystal forms, respectively, each with
range of coat-types/dopants. We could not locate an accessible

ource of such a set of titanium dioxide particles when search-
ng globally for them and also did not identify pure anatase
itanium dioxide in the sunscreens we tested. In the absence of
ny coat/dopant, although rutile titanium dioxide generally has
lower photocatalytic activity than anatase [21], in some cases,

utile has been found to be more photocatalytically active than
natase [35,36]. This difference in photoactivity could be due
o the manufacturing process. Overall we would argue that each
ifferently manufactured type of titanium dioxide particle needs
o be tested for destructive/protective properties in the context
f its use in sunscreens and this information made available to
he general public.

Another consideration is surface area, as generally, a pho-
ocatalyst with a larger surface area tends to possess a greater
ctivity potential. However when testing this (Table 1) for a
elected range of particles, both pure and extracted (highest, low-
st and moderate identified activities) showed no trend between
urface area and particle photocatalytic activity. For example,
ample-6 has one of the highest surface areas at 78 m2/g but is
nly moderately active (Fig. 1B; Fig. 3A and B). Apparently
hen coat-type/crystal form of titanium dioxide is more impor-
ant than surface area in the context of photocatalytic activity
or this particle.
When comparing the methylene blue tests and cellular stud-
es (Fig. 5), remarkably the trends are very similar, arguing that
he conclusions made (above) – that anatase/rutile mix crystal
orm with an organosilane or dimethicone-coat are destructive
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nd a rutile crystal form with alumina-coat or manganese doped
re protective – are generally and widely applicable in both a
hemical and biological context. One minor difference between
he cellular studies and the methylene blue tests was the pres-
nce of inert powders, which had no major effect on the cells,
or example, sample-6 (Fig. 3A and B). In the methylene blue
tudies, this rutile powder with an alumina and silica coat had
ome photobleaching effect (Fig. 1B, sample-6). It is possible
hat cells are able to overcome a low level of reactive oxygen
pecies generation through cellular quenching; none the less it
s clear that a mixed anatase and rutile crystal form of titanium
ioxide with a dimethicone or organosilane coating is destructive
o cells.

When comparing cell lines, as when comparing cellular stud-
es with the methylene blue data, again the same trends occur,
rguing that the effects are common to a range of animal species.

hen looking in more detail, comparing specific samples, the
recise order of the specific samples is not always exactly the
ame in all of the cell lines tested. We do not yet know why
his is the case, it may for example reflect slight differences in
usceptibility to cell death. In contrast to our work where tita-
ium dioxide particles were inactive in the absence of UVA, in
ne other study [32] titania particles themselves in the absence
f UV apparently can cause oxidative DNA damage. However
e note that it is not possible to assess if permanent cell dam-

ge would result from this oxidative damage as experimental
easurements were made prior to when repair pathways in cells

ould have occurred.
The mixed ZnO/TiO2 powders (Table 1) do not seem to follow

he same trends as the TiO2 powders regarding linking crystal
orm and coat/dopant-type with photocatalytic activity. Never-
heless, the photocatalytic tests show that some mixed ZnO/TiO2
owders can be just as or more destructive than TiO2 by itself.
s zinc oxide is a photocatalyst [30] and can enhance TiO2 pho-

ocatalytic activity [29], it is not possible in these experiments
o determine what contribution the zinc component would have
o the overall property (destructive or protective) of the mixed
articles. It may turn out for example that the presence of zinc
ould thwart any protective effect of the alumina-coated rutile

ounter-part in the mixed particles. More research needs to be
one in this area as many sunscreens contain both zinc oxide
nd titanium dioxide.

It must be emphasized that this work did not set out to address
nor does it prove) whether any particular type of titanium diox-
de present in sunscreens can cause skin cancer. However, it
learly provides evidence that the titanium dioxide present in
unscreens can cause significant cellular damage in cultured cell
ines, and this has several implications. Firstly, damage to skin
issue may compromise its primary function to act as a bar-
ier to bacterial and viral pathogens and harmful chemicals. In
ddition, significant cellular damage can in itself activate can-
er pathways. Thirdly, as an elevated DNA-damage response
as detected in all cells treated with anatase/rutile coated with

rganosilane, there remains the possibility that a subset of cells
scapes apoptosis and pass on mutations to their daughter cells.
ur data together with other work [22] showing penetration of

itanium dioxide – of particle size similar to that identified in our

[
[

otobiology A: Chemistry 191 (2007) 138–148 147

tudy – into living skin tissue layers means that these particles
ave the capacity to cause cell damage in whole animals, though
his needs to be directly tested.

As cellular and DNA damage occurred in human skin cells
nd several other types of animal epithelial cell lines, this work
uestions whether the anatase/rutile crystal form of titanium
ioxide with an organosilane or dimethicone coat, a common
itania type identified in sunscreens, is appropriate to use in
unscreen lotions. It also argues that with further study, other
ypes of titanium dioxide, such as manganese doped, or alumina-
oated rutile, could potentially be safer alternatives.
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