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Abstract: Sunscreen products often contain combinations of ultraviolet (UV)-filters in 

order to achieve broad spectrum protection from exposure to sunlight. The inclusion of 

both chemical and physical UV-filters in these products, however, increases the possibility 

for both photolytic and photocatalytic reactions to occur. This study investigated the effect 

of titanium dioxide (TiO2) particle size on the photostability of the chemical UV-filters 

butyl methoxy dibenzoylmethane (BMDM) and octocrylene (OC) formulated in a 

microemulsion. The International Conference on Harmonisation (ICH) Guideline Q1B for 

photostability testing of new active substances and medicinal products was applied. 

BMDM and OC in the microemulsion were irradiated with simulated sunlight in the 

presence of nano- (<25 nm) and micro-TiO2 (~0.6 μm) and their concentrations determined 

using a validated high performance liquid chromatography (HPLC) method. For the 

combination of BMDM and OC, the photodegradation for BMDM was found to be 12% 

higher in the presence of nano-TiO2 as compared to that of the micro-TiO2. This enhanced 

photodegradation is attributed to the larger surface area of the nano-TiO2 and the increased 

generation of reactive oxygen species (ROS). Because of these findings, sunscreen 

products containing chemical UV-filters and nano-TiO2 should be regarded with caution, 

due to the potential loss of photoprotection. 
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1. Introduction 

Sunscreen products often contain a combination of ultraviolet (UV)-filters to achieve broad 

spectrum UV-protection. TiO2 is a physical filter offering protection from both UVB- (290–320 nm) 

and UVA I (320–340 nm)-light. Butyl methoxy dibenzoylmethane (BMDM, Figure 1) is a chemical 

UV-filter, protecting from UVA I- and UVA II (340–400 nm)-light, while octocrylene (OC, Figure 1) 

is a UVB-filter. Photostability of UV-filters is essential to ensure protection from dangerous health 

effects such as skin cancer or immunosuppression, caused by excessive exposure to UV-light [1]. 

Although TiO2 is photostable, some chemical UV-filters such as BMDM are susceptible to 

photodegradation on UV-irradiation [2]. Photodegradation results in a loss of UV-protection, since 

most photodegradants show UV-absorption at lower wavelengths than their parent compounds. These 

photodegradants may also cause allergic skin reactions and other toxic effects. For example, it was 

shown that exposure of octyl methoxycinnamate to UV-light increased the toxicity to mouse cells [3]. 

The photodegradants of BMDM also resulted in cytotoxic effects towards the amino acid arginine and 

photosensitive effects using the local lymphonode assay, a typical in vivo test for skin sensitization [4]. 

Sunscreen products are listed in the Australian Register of Therapeutic Goods and regarded as  

over-the-counter (OTC) drugs in the USA and as such, photostability testing as described by the 

International Conference on Harmonisation (ICH) Guideline Q1B [5], is not mandatory in either of 

these countries [6,7]. 

Figure 1. Chemical structures of butyl methoxy dibenzoylmethane (BMDM) and octocrylene (OC). 

 

TiO2 is a widely used in sunscreen products and often in combination with chemical UV-filters [6,7]. 

Two crystalline forms, anatase and rutile, are available in different particle sizes, with particles under 

100 nm classified as nanoparticles, and those larger particles as microparticles. Micro-sized TiO2 

appears white on the skin and is thus not very popular with consumers, while nano-sized TiO2 is 

nowadays more often used because of its transparency and improved aesthetic appearance [8]. 

However, TiO2 has the potential to compromise the photostability of chemical UV-filters in 

combination sunscreen products. In particular, it has been shown that TiO2 increases their 

photodegradation due to its photocatalytic properties and ability to generate reactive oxygen species 
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(ROS) [2,9]. These results are not surprising as TiO2 is often used as a photocatalyst in water treatment, 

to induce the photodegradation of organic pollutants [10]. To address this issue TiO2 used for sunscreen 

products is often coated, for example with silica, dimethicone or aluminium hydroxide [11–13]. 

Uncoated TiO2 material for the use in sunscreen products is also available on the market [14–16] and 

still used, which may be due to potential cost implications of using the coated material [14]. Sunscreen 

manufacturers are also not required to use only the coated material or even state on the label whether 

or not coated TiO2 was employed in the final formulation [6,7,17]. TiO2 extracted from several 

commercially available sunscreen products caused the photodegradation of azur B and the oxidation of 

α-terpinene, attributed to the generation of singlet oxygen [11] and resulted in significant cellular 

damage of cultured cell lines [18]. This is possibly due to the presence of uncoated TiO2 in the 

formulation or that the integrity of the coating may have been compromised. 

In Europe, sunscreen products containing nanomaterials are required to be clearly labeled with the 

word “nano” after the name of the ingredient [17], while in Australia and the USA this is not a 

requirement [6,7]. Despite this labeling requirement in Europe, the photoreactivity of different-sized 

TiO2 particles has thus far not been compared and therefore its effects on the stability of other 

ingredients in the sunscreen are unknown. The current study was therefore undertaken to examine the 

effect of TiO2 particle size (nano- and micro-TiO2) and coating (non- and silica coated TiO2) on the 

photostability of BMDM and OC. Due to lack of available photostability protocols for sunscreens, the 

internationally recognized ICH Guideline Q1B was followed. This is appropriate, as the complete 

exposure dose recommended in these guidelines (21 MJ/m2) is in the same range than the daily solar 

exposure in Australia in summer (20–28 MJ/m2) [19]. 

Previous photostability studies of UV-filters undertaken used an equivalent UVA irradiation dose of 

90 [20,21] or 60 [22,23] min of sunshine on the French Riviera (Nice) in summer at noon or a full day 

in Scandinavia [24,25]. Equivalents of standard erythemal doses (SED) to solar radiation at 

midsummer noon in central Europe [26] or of minimal erythemal doses (MED) of half-day solar 

emission close to the equator [27] have also been reported. 

2. Experimental Section 

2.1. Materials 

UV-filters, 4-tert-butyl-4’-methoxy dibenzoylmethane (butyl methoxy dibenzoylmethane, Eusolex® 

9020), 2-ethylhexyl-2-cyano-3,3-diphenylacrylate (octocrylene, Eusolex® OCR) and the silica-coated 

titanium dioxide (Eusolex® T-AVO; 100% rutile, particle size ~119 nm) were purchased from Merck 

(Darmstadt, Germany). Anatase nano- (99.7% trace metals basis, particle size <25 nm) and micro-TiO2 

(≥99% trace metals basis, particle size ~0.6 μm) were purchased from Sigma Aldrich (St. Louis, MI, 

USA). High performance liquid chromatography (HPLC)-grade methanol was obtained from RCI 

Labscan (Bankok, Thailand) and reverse osmosis water was prepared with a Millipore®  

Elix 10 from Millipore SAS (Molsheim, France). Xanthan gum and Mygliol® 812 (caprylic/capric 

triglycerides) were acquired from PCCA (Houston, TX, USA), glycerol oleate from Tokyo Chemical 

Industry Co., Ltd. (Tokyo, Japan) and oleth-20 (Brij® 98) from Acros Organics (Geel, Belgium). Other 

chemicals and solvents of reagent grade were used without further purification. 
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2.2. Methods 

2.2.1. Microemulsion Preparation 

An oil in water (O/W) microemulsion was prepared according to a procedure described by 

Montenegro et al. [28], using the phase inversion temperature (PIT) method [29]. The component oil 

and water phases were however modified and a thickener was added to achieve an appropriate 

viscosity for a sunscreen product. The oil, Mygliol® 812 (10.0% w/w), glycerol oleate (4.4% w/w), 

oleth-20 (11.0% w/w), containing BMDM (1.0% w/w) and OC (1.5% w/w) and water phases were 

heated to 85–90 °C, combined and then cooled to 40 °C, after the formation of the microemulsion. 

Phenoxyethanol (1.0% w/w), TiO2 (2.0% w/w) and xanthan gum (0.6% w/w) were then added with 

constant stirring and the final weight adjusted with water to 10.0 g. The oil soluble UV-filters BMDM 

and OC were dissolved in the internal phase, while TiO2 was evenly dispersed in the external phase. 

2.2.2. Photostability Studies 

Irradiations of UV-filters in the microemulsion were undertaken in a SunTest XLS+(I) solar 

simulator from Atlas Material Testing Technology GmbH (Linsengericht, Germany) according to the 

ICH Guideline Q1B [5]. The solar simulator was equipped with a xenon arc lamp (2.2 kVA) and a 

UV-glass-filter D65, which transmits wavelengths above 290 nm and is recognised as the 

internationally standard for outdoor daylight [5]. About 20 mg (accurately weighed) of the 

microemulsion was evenly spread onto a glass surface of 10 cm2 and maintained at <40 °C during 

irradiation at 400 W/m2 for 14.6 h (1.2 million lux hours), which is equivalent to 21 MJ/m2. After 

irradiation the sample was transferred using 10 mL of methanol to a 25 mL volumetric flask, sonicated 

and then made up to volume. Samples were then filtered through a 15 mm syringe filter with a 0.45 μm 

PTFE (polytetrafluoroethylene) membrane (Phenomenex Inc., Sydney, Australia) prior to determining 

the concentration of BMDM and OC using the validated HPLC method [30]. Dark controls were 

prepared to confirm the quantitative recovery of the UV-filters from the microemulsion. All 

experiments were undertaken in triplicate to demonstrate reproducibility. 

2.2.3. Dark Adsorption Studies 

Dark experiments to determine the adsorption of BMDM and OC onto coated, micro- and  

nano-TiO2 were conducted in triplicate. A standard UV-filter solution (60 μg/mL) in methanol was 

prepared (nominated to 100%) and coated, micro- or nano-TiO2 (100 μg/mL) was added. Aliquots of 

10 mL were withdrawn and shaken protected from light at a speed of 600 osc/min on a Stuart® flask 

shaker, SF1 (Bibby Scientific Ltd., Staffordshire, UK). After one, six and 24 h samples were 

centrifuged at 4000 rpm for 30 min using an Eppendorf centrifuge 5810R (Eppendorf South Pacific, 

Sydney, Australia), filtered as described above and analysed by HPLC. 

2.2.4. HPLC Analysis 

All samples were analysed using a validated HPLC method [30]. A Varian ProStar® HPLC system 

(Varian Inc., Melbourne, Australia), consisting of a 240 quaternary solvent delivery module, 410 
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autosampler and a 330 photodiode array detector (PDA) was used. Data collection was undertaken 

with the Star Chromatography Workstation System Control version 6.41, which was equipped with the 

PolyView 2000™ spectral Processing Application (Varian Inc., Melbourne, Australia). A SunFire™ 

C18 column from Waters (4.6 × 250 mm, 5 μm) maintained at 30 °C was used with an isocratic mobile 

phase containing methanol/water/acetic acid (89/10/1% v/v). Samples (10 μL) were injected in 

triplicate and the flow rate was 1 mL/min. The UV-filter BMDM was detected at 358 nm and OC at 

303 nm. BMDM and OC recovery percentages were calculated from the peak area and the mean% 

recovery of three experiments reported ± the standard deviation (SD). Limit of detection (LOD) was 

determined for both BMDM and OC to be 0.03 μg/mL, while the limit of quantification (LOQ) for 

BMDM and OC was 0.15 μg/mL and 0.10 μg/mL, respectively. For statistical analysis a One-way 

ANOVA (analysis of variance) was calculated using the IBM® SPSS® statistics software Version 20 

(IBM Corporation, Armonk, NY, USA), with the level of significance at p <0.05. For equal variances 

the Bonferroni Post Hoc test was undertaken, while for unequal variances the Games-Howell Post Hoc 

test was applied. 

3. Results and Discussion 

Figure 2 shows the UV-absorption spectra of BMDM and OC in methanol with the molar 

absorption coefficient (ε) plotted against the wavelength (λ). The dominant enol-form of BMDM 

exhibits a maximum at 358 nm and for OC the maximum is at 303 nm. TiO2 absorbs UV-light in the 

UVB and UVA II range, but is less effective in the UVA I range, with absorption depending on 

particle size [1]. The solar simulator, using the D65 filter, emits wavelengths ≥290 nm, including 

UVB-, UVA I- and UVA II-light, which allows effective excitation of all UV-filters. 

Figure 2. Molar absorption coefficients (ε) at λ (nm) for BMDM and OC in methanol. 

 

All irradiations were performed on the microemulsion, representing a typical formulation used for 

the topical application of sunscreens. To validate the extraction method used for the recovery of the 

UV-filters, their concentrations were compared to a standard. After extraction, the measured OC 
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concentration was 101.83% and the BMDM concentration 104.94% of the calculated value. These 

results confirm the suitability of the extraction method for quantitative recovery of both UV-filters. 

3.1. Dark Adsorption Studies 

Dark experiments conducted in methanol showed no adsorption of either BMDM or OC onto 

coated, micro- or nano-TiO2. After one, six and 24 h, both UV-filter concentrations remained between 

99% and 102%, compared to a reference sample. This confirms that adsorption does not contribute to 

the removal of the UV-filters. In general, TiO2 particles show a strong affinity for highly polar or 

ionisable groups [31], which are not present in either of the chemical UV-filters. 

3.2. Photostability Studies 

This study investigated the influence of the particle size and surface coating of TiO2 on the 

photostability of BMDM, OC and their combinations. Following the ICH Guideline Q1B, the UV-filters 

were irradiated separately and in combination, in the absence or presence of TiO2 in a solar simulator. 

Recovery percentages of BMDM and OC after an irradiation time of 14.6 h are listed in Table 1 and 

shown in Figure 3. All experiments showed excellent reproducibility as the SD (standard deviation) 

did not exceed 5.97%. In general, the recovery of BMDM was lower than that of OC, in particular 

when irradiated individually, confirming that OC is the more stable UV-filter [2]. The generation of 

ROS for the coated TiO2 is reported to be reduced compared to uncoated TiO2 [12]. In this study, this 

protective effect was confirmed as the presence of silica coated TiO2 resulted in no significant 

difference in UV-filter degradation (entries 2, 6 and 10) compared to experiments conducted in the 

absence of TiO2 (entries 1, 5 and 9). The small variations observed most likely resulted from the 

scattering of light by the TiO2 particles [32]. 

Table 1. % Recovery ± SD (standard deviation) of butyl methoxy dibenzoylmethane 

(BMDM) and octocrylene (OC) after irradiation in the solar simulator. 

Entry UV-filter combination 
% Recovery ± SD 

BMDM OC 

1 BMDM 3.81 ± 1.15 – 
2 BMDM + coated TiO2 3.43 ± 0.83 – 
3 BMDM + micro-TiO2 2.05 ± 0.73 – 
4 BMDM + nano-TiO2 0.00 * – 
5 OC – 98.54 ± 2.35 
6 OC + coated TiO2 – 99.98 ± 4.26 
7 OC + micro-TiO2 – 96.71 ± 2.78 
8 OC + nano-TiO2 – 88.33 ± 0.77 
9 BMDM + OC 16.08 ± 2.04 101.57 ± 1.37 

10 BMDM + OC + coated TiO2 16.00 ± 1.32 98.23 ± 5.97 
11 BMDM + OC + micro-TiO2 12.59 ± 3.13 94.98 ± 1.96 
12 BMDM + OC + nano-TiO2  0.64 ± 0.52* 92.45 ± 3.86 

* measured concentration below limit of quantification (LOQ). 
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Figure 3. % Recovery ± SD of BMDM and OC after irradiation in the solar simulator. 

 

Irradiations of BMDM alone resulted in less than 4% recovery without TiO2, with coated and 

micro-TiO2 (entries 1–3). The documented photolability of BMDM was thus confirmed in the 

microemulsion [33]. TiO2 further accelerated photodecomposition, despite the light scattering effects 

of its particles. Following this trend, complete photodegradation of BMDM occurred in the presence of 

nano-TiO2, with no BMDM detected after irradiation (entry 4). 

In combination with OC, the photostability of BMDM generally improved and recovery without 

TiO2 and with coated and micro-TiO2 was increased to more than 12% (entries 9–11). Despite this 

improvement, this percentage recovery does not lie within the acceptable range (90%–120%) required 

for the UV-filter concentration in a sunscreen product [6]. Photostability again decreased in the 

presence of nano-TiO2 and less than 1% of BMDM remained after the irradiation period (entry 12). 

In contrast, OC remained largely photostable, with recoveries of >96% on irradiation (entries 5–7). 

A significant decrease to approximately 88% was however observed in the presence of nano-TiO2 

(entry 8). The same trend was observed in combination with BMDM (entries 9–12), although the 

effect of nano-TiO2 was less pronounced in this case. 

Under the experimental conditions chosen, two photodegradation processes are possible, direct 

photolysis and TiO2 photocatalysis and these will be discussed separately. 

The complete irradiation dose after 14.6 h in the solar simulator was 21 MJ/m2, which is in the 

range of the daily solar exposure in summer in Australia. Between October 2013 and March 2014 the 

average daily solar exposure in about 90% of Australia was between 20 and 28 MJ/m2, while between 

October 2012 and March 2013 the average daily solar exposure in the whole country was between 20 

and 30 MJ/m2 [19]. 

3.2.1. Direct Photolysis 

In the absence of TiO2, BMDM recovery was higher when irradiated in combination with OC than 

without, and this photoprotective nature of OC is well documented [34–36]. Upon continuous 

irradiation, triplet states of BMDM are increasingly populated via UV-absorption and subsequent 
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intersystem crossing. Thermal deactivation processes, through the release of heat (internal conversion) 

or emission of light (fluorescence or phosphorescence) return the UV-filter to its ground state, thus 

maintaining its photoprotection. The generally low photostability of BMDM confirms that its triplet 

excited state is unstable. Competitive decomposition operates instead and a number of photodegradants 

have been identified [30,37–39]. In contrast, the triplet excited state of OC is significantly more stable 

and reverts back to its ground state via phosphorescence or internal conversion. Photodecomposition of 

OC can thus not compete with physical deactivation and a similar behaviour was found in solution [34,35]. 

In the presence of OC, the triplet state of BMDM is effectively quenched, thus returning BMDM to its 

ground state and elevating OC to its corresponding triplet state [40]. While the triplet energy level of 

BMDM has been reported (TBMDM = 59.19 ± 0.76 kcal/mol) [41–43], the triplet energy level of OC 

could not be determined directly, as OC is non- or only weakly phosphorescent. Recently, however, 

experimental evidence for a triplet-triplet energy transfer was provided by measuring the 

phosphorescence decay of the energy donor, BMDM [40]. 

3.2.2. TiO2 Photocatalysis 

In the presence of TiO2, photocatalytically induced degradations by various ROS may compete with 

direct photolysis. Upon absorption of light, electrons are transferred from the valence band to the 

vacant conduction band of TiO2, thus generating electron-hole-pairs (eCB
−/hVB

+) (Equation (1)). ROS, 

mainly hydroxyl radicals (OH•) and superoxide radical anions (O2
•−) can be formed through 

subsequent oxidation and reduction reactions (Equations (2) and (3)) [11,44,45]. Other oxidizing 

species such as hydrogen peroxide H2O2 or singlet oxygen 1O2 may also be generated [45,46]. These 

ROS are known to react readily with organic molecules, thus causing degradation and ultimately 

mineralisation [47]: 

Electron-hole-pair: (λ 400nm)
2TiO ehv

CB vBh< − +⎯⎯⎯⎯⎯→ +  (1)

Reduction: 2 2e O OCB
− −+ →   (2)

Oxidation: 2H O OH HvBh+ ++ → +  (3)

The photoreactivity of micro- and nano-TiO2 can be compared directly as they are both uncoated 

anatase particles differing only in their particle size. Nano-TiO2 showed a greater photoreactivity than 

micro-TiO2, which is attributed predominantly to its larger surface area, reduced eCB
−/hVB

+ 

recombination and faster charge transfer [48]. These small-sized particles also enable an even 

dispersion throughout the microemulsion, thus allowing for competitive absorption of light. ROS are 

subsequently generated on the surface of the TiO2 particles and induce degradation of the UV-filters. 

Smaller particle size and greater surface area thus result in reduced photostability [49]. In comparison, 

micro-sized TiO2 does not initiate any substantial photocatalytic degradation, with the larger particle 

size preventing light-absorption by TiO2. Instead, the UV-filters predominantly absorb light and 

photodegradation is dominated by direct photolysis. In the presence of micro-TiO2, the protective 

nature of OC on BMDM was largely maintained. Coated TiO2 showed no significant impact on the 

photostability. Coating is thus an effective measure to limit photodegradation by photocatalysis, 

although the long-term stability of these coatings has been questioned [50]. 
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4. Conclusions 

In conclusion, this study has demonstrated that nano-TiO2 induces photodegradation of the  

UV-filters BMDM and OC. UV-filter recovery was significantly higher in the presence of micro-TiO2 

indicating that photocatalysis played only a minor role in their photodegradation. The reduction in  

UV-filter content and the subsequent formation of photodegradants may thus result in the 

photoprotection of sunscreen products containing these UV-filters being compromised. Coating is an 

effective measure to prevent photocatalytic processes, although ageing of these materials should be 

given further consideration. These findings clearly show that caution should be exercised when 

formulating sunscreen products containing combinations of chemical UV-filters and nano-TiO2. This 

is currently important since nano-TiO2 is not only becoming more commonly used in sunscreens, but 

also in other cosmetic products. This study clearly highlights the need for standardized photostability 

testing of sunscreen products as no mandatory procedures currently exist. 
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