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 15 

Abstract  16 

Sunscreens are an important source of TiO2 nanoparticles in surface waters. The fate and toxicity of those 17 

particles have not been fully addressed due to the gap between model nanoparticles usually used in studies and 18 

the more complex particles found in commercial products. Therefore, mild extraction methods for TiO2 19 

nanoparticles from sunscreens were evaluated for providing more realistic nanoparticles samples for future 20 

studies. We propose two methods based on ultrafiltration and ultracentrifugation, respectively, for extracting 21 

TiO2 nanoparticles from sunscreens using a surfactant solution as solvent. These methods were tested on eleven 22 

commercial sunscreens with differing compositions. The ultracentrifugation variant allows extracting 250 mg 23 

from approximately 5 g of sunscreen in one day. Recoveries for ultrafiltration and ultracentrifugation were 52-24 

96% and 78-98%, respectively. Purification efficiency was determined for the ultracentrifugation variant by 25 

determining the avobenzone concentration in sunscreen extracts using UV-spectrometry and was high for all 26 

tested sunscreens. Transmission electron microscopy and dynamic light scattering revealed a high diversity in 27 

particle shape, although size parameters were comparable (average hydrodynamic diameter: 19-34 nm). 28 
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Isoelectric points were below 4.6 for all sunscreen extracts. Time-of-flight secondary ion mass spectrometry 29 

revealed that probably all TiO2 particles were coated; most of them with PDMS, some others with Al- and Si-30 

based materials. Comparison of images of particles inside the sunscreens using cryogenic transmission electron 31 

microscopy and of extracted particles showed that while the shape of primary nanoparticle was not affected by 32 

the extraction, they were agglomerated inside the sunscreens. These agglomerates could be completely disrupted 33 

using ultrasonication. Therefore, the particles extracted in the present study can be considered as more 34 

environmentally relevant in terms of size, shape, surface charge and coating compared to model TiO2 35 

nanoparticles. 36 

 37 
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 40 

Introduction 41 

The use of TiO2 in sunscreens results in significant release of TiO2 particles directly into surface or sea water by 42 

bathers (1). In addition, a portion of the TiO2 particles released in waste water passes the waste water treatment 43 

plant (2). Therefore, these particles are expected to accumulate in the environment, where they could have toxic 44 

effects towards some organisms at concentrations in the ppm range (3,4). Considering recent estimations, such 45 

concentrations can be expected after accumulation of the particles in the sediments (5). However, many 46 

uncertainties are related to these estimations. One major uncertainty is the transfer of current results from fate 47 

and toxicity studies obtained for model TiO2 particles to the case of complex nanoparticles used in commercial 48 

products. For instance, many studies addressed the fate or toxicity of photocatalytic TiO2, especially P25, 49 

although it is not in use as such in cosmetics (6–8). While some recent studies used starting materials used by the 50 

cosmetic industry such as T-lite (7,9) or NM-103/104 (10), for instance, there is still a lack of studies addressing 51 

the fate and effects of TiO2 nanoparticles after processing into the final product.  52 

In order to fill this gap, studies using particles present in commercial products for studying their fate and effects 53 

in the environment are needed. Recent estimations showed that TiO2 from sunscreen products represents 90 % of 54 

the total income of TiO2 into freshwater (1.6 tons per year) in Denmark (11). Therefore, particles used in 55 

sunscreens are highly relevant for environmental studies. Studies of TiO2 used in cosmetics revealed that specific 56 

aging processes (e.g. coating degradation) can be observed in environmental media (7,9). However, particle 57 
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characteristics can vary strongly from one product to another. Hence, extracting realistic TiO2 particles directly 58 

from commercial products would be highly useful to improve the prediction quality of environmental studies. 59 

Only few extraction methods for nanoparticles from complex matrices have been reported. Ag, Au, and Pt 60 

nanoparticles were extracted from biological tissues and soil using chemical or enzymatic digestions and/or 61 

ultrasonication (12–18). However, enzymatic or acid digestion cannot be used with sunscreens as the former 62 

would be inefficient, whereas particle coating could be damaged by acids. Furthermore, separation techniques 63 

such as field flow fractionation are efficient for size measurement and quality control (19–22), but they are not 64 

practicable for preparative purpose, and would require an instrument solely dedicated to continuous sample 65 

separation (23). More promising approaches involve organic solvents (chloroform, methanol, tetrahydrofuran 66 

and hexane) and in some cases ultrasonication or heating to disperse sunscreen prior to the purification of the 67 

particulate fraction (6,19,21,24). Contado et al.(19,24) used a mixture of three solvents and ultrasound followed 68 

by a phase separation to extracts nanoparticles from one sunscreen prior to flow field flow fractionation. The 69 

extracted particles were 50-200 nm large and maximal recoveries were below 25%. Lewicka and Goenaga-70 

Infante (6,24) used chloroform and centrifugation to extract nanoparticles from 8 sunscreens and characterize 71 

their size, composition and crystalline phase but did not provide recovery or surface characterization. Nischwitz 72 

et al. (21,24) compared two methods using a methanol-water mixture and/or hexane and sonication to disperse 73 

sunscreens before decantation or centrifugation of the particles. Extraction using hexane was shown to be more 74 

efficient and could recover primary particles and recoveries were 68-110%. Addition of hexane was required to 75 

stabilize the final nanoparticle suspensions. Particle sizes determined using flow field flow fractionation were 76 

between 15-40 nm. Bairi et al. (24) extracted TiO2 and ZnO from eleven sunscreens using tetrahydrofuran and 77 

determined their size and crystallinity, recovery and surface characterization were not reported. In all reported 78 

studies, agglomeration after extraction was a challenge for the characterization of the particles in suspension.  79 

However, organic solvents may alter particle coatings. For instance, polydimethylsiloxane can be dissolved in 80 

hexane, tetrahydrofuran and hexane, especially during ultrasonication (25). Furthermore, organic solvents must 81 

be removed prior to biological exposure due to their negative biological effects. This is highly important when 82 

the extracted particles should be used for ecotoxicity test or mesocosm experiments, for instance. However, the 83 

published studies on extraction techniques did not focus on the further use of the extracted TiO2 nanoparticles in 84 

environmental studies which require a large quantity of particles and a minimal alteration of the particle 85 

characteristics. Thus, a dedicated method is needed for extracting nanoparticles form sunscreens without using 86 

organic solvents, acid digestion, oxidative agents or ultrasonication. 87 
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Therefore, this study aimed at evaluating an extraction method for TiO2 nanoparticles directly from sunscreens 88 

with minimal modifications of particle characteristics and test whether the extraction can be applied for the 89 

extraction of several grams of TiO2. The method was evaluated for its recovery and purification efficiency. In 90 

addition, all extracted nanoparticles were characterized for their size, shape, surface charge, coating, and stability 91 

towards aggregation in the extraction medium.   92 

 93 

Material and methods 94 

Sunscreens 95 

Eleven commercially available sunscreen products with differing sun protection factor (SPF), texture (lotion or 96 

cream), and specificities (dedicated to infants, sensitive skins or biological, for instance) were purchased at local 97 

shops (Rewe, Real, Müller, and DM) in Landau in der Pfalz (Germany) and on the internet (sebamed.com) in 98 

2012. This selection is representative of the variety of sunscreen products used in Germany. Relevant 99 

information provided on the packaging for the sunscreen samples used in this study as well as their reference 100 

number is shown in table 1 and the detailed ingredients list can be found in the supporting materials. In this 101 

report, sunscreen samples will be denoted by SX, where X is the number of the respective sunscreen given in the 102 

table 1. TiO2 was the main inorganic component of these sunscreens, except for S10, which contained ZnO as 103 

main component. SiO2 and Al2O3 were mentioned as minor ingredients in several sunscreens. Sunscreen bottles 104 

were vigorously shaken before opening. A small portion of the sunscreen was pushed out of the bottle and 105 

discarded and the rest of the sample was processed further.  106 
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Table 1: Selected information about the sunscreens used in this study and based on their respective 107 

packaging.  108 

Number Trade Name Type Specification SPF TiO2 ZnO SiO2 Al2O3 

1 Rewe Feuchtigkeits-Sonnenspray Lotion 
For sensitive 

skin 
30 yes no no no 

2 
Rewe Feuchtigkeits-

Sonnencreme 
Cream For children 50 yes no no no 

3 Real,-Quality Sonnenmilch Lotion Refreshing  30 yes no yes no 

4 Real,- Quality Sonnencreme Cream Anti-aging  30 yes no no no 

5 Biotherm Lait Solaire Lotion – 50 yes no no no 

6 
Nivea Sun Pflegende 

Sonnenmilch 
Lotion Refreshing  50 yes no no no 

7 Sundance Sonnenmilch Lotion Antiradical 50 yes no yes no 

8 
Garnier Ambre Solaire Resisto 

Sonnenschutz-Milch 
Lotion For children 50 yes no yes no 

9 Alverde Sonnencreme Jojoba Cream 
For sensitive 

skin 
30 yes no no yes 

10 Babylove Sonnencreme Cream For infants 50 yes yes no no 

11 
Baby sebamed 

Sonnenschutzlotion 
Lotion For infants 50 yes no yes no 

 109 

Extraction methods 110 

For S1-7, the following method was applied: 50 mg of sunscreen and 10 mL of 0.1 % Triton X-100 (Alfa Aesar, 111 

Germany) aqueous solution with a pH adjusted to 12 with NaOH (p.a., Sigma-Aldrich, Germany), were stirred in 112 

a glass beaker until a homogeneous suspension was obtained (30 min). The milky suspension was transferred to 113 

ultrafiltration units (Amicon Ultra-15 Centrifugal Filter Tubes, Millipore, Merck, Germany; cut-off: 30 kDa) and 114 

centrifuged at 4 500 r.p.m for 30 min using a centrifuge Universal 320 from Hettich Zentrifugen, Germany. 115 

Filtrate from the tube was discarded and the concentrate was redispersed in 10 mL of the Triton X-100 solution. 116 

In total, the filtration and resuspensions steps were repeated three times.  117 

As S8-11 were not completely dispersed in the surfactant solution, a more lipophilic solvent: n-hexane (Rotisolv 118 

HPLC, Carl Roth, Germany) had to be used instead of Triton X-100 aqueous solution for the first dispersion 119 

step. The sunscreen suspended in n-hexane was centrifuged in glass tubes at 5 000 r.p.m. for 20 min. n-hexane 120 

supernatant was removed using Pasteur pipette and the remaining n-hexane was evaporated under the fume 121 

hood. The residue was redispersed in a 0.1 % Triton X-100 solution (pH = 12), sonicated for 15 min, transferred 122 
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to ultrafiltration unit and centrifuged at 4 500 r.p.m. for 30 min. Two further ultrafiltration steps were carried out 123 

as for S1-7. The sonication step is optional and is for accelerating the dispersion step only. 124 

For isoelectric point and time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements, three 125 

additional ultrafiltration and redispersion steps were performed using pure water instead of Triton X-100 126 

solution. This additional purification was required to reduce the pH of the solution and the surfactant 127 

concentration since a high initial pH would have required the addition of a high amount of acid for the titration 128 

during isoelectric point determination, whereas the presence of surfactant results in a high background in 129 

ToF-SIMS.    130 

S1, S2, S5, and S6 were chosen as a representative set of sunscreens for testing an extraction procedure on a 131 

larger scale. Using ultracentrifugation instead of ultrafiltration allowed separating larger volumes at once. 0.5 g 132 

of sunscreen and 200 mL of 0.1 % Triton X-100 solution with pH = 12 were stirred and homogenized as 133 

previously described. The suspension was transferred to one 250 mL ultracentrifuge tube made of PTFE, bath 134 

sonicated for 15 min in an ultrasonic cleaner (VWR, USA) and centrifuged at 20 000 r.p.m. for 30 min using a 135 

WX Ultra Series Centrifuge from Thermo Scientific, Germany. The supernatant was carefully removed by 136 

Pasteur pipette and the solid residue was redispersed using 200 mL of Triton X-100 solution. The 137 

ultracentrifugation step was repeated three times in total. For S8 and S11, the same procedure was followed for 138 

larger scale extraction with n-hexane for the first extraction step instead of Triton X-100 solution. All extraction 139 

samples were done in triplicates. 140 

 141 

Digestion procedure for determination of total Ti content 142 

In a 15 mL glass beaker, 5 mL of hydrogen peroxide (30 %, Rotipuran®, Carl Roth, Germany) were added to 143 

50 mg of sunscreen and let stand for 10 min before 10 mL of sulfuric acid (95 %, Rotipuran®, Carl Roth, 144 

Germany) were then added dropwise to the mixture. After standing for 15 min, the beaker was covered by a 145 

watch glass and progressively heated until a strong ebullition was observed (approximately at 225°C). After one 146 

hour of ebullition, the mixture was cooled to room temperature, quantitatively transferred into a 100 mL 147 

volumetric flask and diluted with ultrapure water (resistivity 18.2 MΩ·cm, Reinstwassersystem EASYpure II™, 148 

Werner, Germany). A sample of this solution was further diluted in pure water prior to ICP-MS analysis. For 149 

TiO2 particle suspensions, 10 mL of undiluted suspension was dried at 95 °C in a beaker before following the 150 

same digestion procedure as for sunscreens.  151 

A X-Series 2 system (Thermo, Germany) was used for ICP-MS measurements. The system was equipped with a 152 

quadrupole mass spectrometer, a platinum sample cone, a PTFE spray chamber thermostated with a Peltier 153 



7 
 

cooler and an autosampler equipped with a FAST system (ESI, Germany). The isotopes 46Ti and 47Ti were 154 

monitored as strong interferences from the diluted digestion media were observed with other isotopes. A 155 

rhodium solution (Peak Performance, California, USA) was used as an internal standard. Calibration was carried 156 

out using TiO2 (P-25, Degussa, Germany) particles, which were digested following the same procedure than 157 

used for the samples. The recovery of the method was determined using standard addition in S5 and was 95 %. 158 

No significant matrix effect could be observed from the sunscreen (see supporting materials for more details). 159 

 160 

Determination of 1-(4-Methoxyphenyl)-3-(4-tert-butylphenyl)propane-1,3-dione (avobenzone) concentration 161 

Avobenzone concentration in the sunscreen and in the supernatant of the extracted suspension was measured as 162 

an indicator of the purification efficiency of the extraction method using ultracentrifugation. 163 

For the sunscreen extracts: 5 mL of the sunscreen extracts were ultracentrifuged for 35 minutes at 50 000 rpm in 164 

order to remove the particulate fraction. Calculations based on technical data provided by the ultracentrifuge 165 

manufacturer showed that spherical 5 nm TiO2 nanoparticles would sediment from the top to the bottom of the 166 

tube in 27 min under those conditions. 2 mL of the supernatant were mixed with 1 mL of acetonitrile (>99.9%, 167 

HPLC grade, Sigma Aldrich, Germany) and transferred to a quartz cuvette for UV-absorbance measurements. 168 

For the first supernatant: sunscreens were suspended as described above. S1-7 were centrifuged at 50000 r.p.m 169 

for 30 minutes and 0.1 mL of the supernatant were diluted in 5 mL of a 1:2 acetonitrile-Triton X-100 extraction 170 

solution mixture and transferred to a quartz cuvette for UV-absorbance measurements. S8-11 were centrifuged in 171 

glass tubes at 5000 r.p.m. for 20 minutes. 0.1 mL of the supernatant were evaporated and diluted in in 5 mL of 172 

the 1:2 acetonitrile-Triton X-100 mixture and transferred to a quartz cuvette for UV-absorbance measurements. 173 

 UV-absorbance were measured using a Specord50 spectrometer (Analytik Jena, Germany) at the wavelength of 174 

355 nm (absorbance peak of avobenzone) and with an integration time of 2 s. UV measurements were repeated 175 

five times. Calibrants were prepared in the same eluent than the nanoparticle suspension using pure avobenzone 176 

(Fluka, pharmaceutical secondary standard, Germany).  177 

 178 

Transmission Electron Microscopy (TEM) 179 

Undiluted dispersions of nanoparticle suspensions were nebulized using an ultrasonic generator (proprietary 180 

system developed at the Karlsruhe Institute of Technology) onto a 3 mm copper grid covered with a combined 181 

holey and ultrathin carbon film (Ted Pella, Inc., Redding, USA). Measurements were done using a Leo 912 182 

OMEGA TEM (Carl Zeiss, Germany). Images were acquired at beam intensity of 120 kV and magnification of 183 
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20 000×. For each sample, approximately 10 images were acquired in order to obtain more than 200 measurable 184 

particles. Obtained images were analyzed for size and shape manually using the software ImageJ. 185 

 186 

Cryogenic Transmission Electron Microscopy (cryo-TEM) 187 

A drop of sunscreen was deposited on a “Quantifoil”® (Quantifoil Micro Tools GmbH, Germany) carbon 188 

membrane. The excess of sunscreen on the membrane was absorbed with a filter paper and the membrane was 189 

quickly quench-frozen in liquid ethane to form a thin vitreous ice film. Once placed in a Gatan 626 cryo-holder 190 

cooled with liquid nitrogen, the samples were transferred in the microscope and observed at low temperature 191 

(-180 °C). Cryo-TEM images were recorded on an ultrascan 2k CCD camera (Gatan, USA), using a LaB6 JEOL 192 

JEM2100 (JEOL, Japan) cryogenic microscope operating at 200 kV with a JEOL low dose system (Minimum 193 

Dose System, MDS) to protect the thin ice film from any irradiation before imaging and to reduce the irradiation 194 

during the image capture. Particle elemental composition was analyzed using an X-ray energy dispersive 195 

spectroscopy (XEDS) detector mounted on the microscope (JEOL Si(Li); resolution: 140 eV). XEDS analyses 196 

were always carried out in regions where particles were on the carbon film since ice can melt in holes of the 197 

carbon film during spectra acquisition. 198 

 199 

Dynamic light scattering 200 

Two milliliters of particle suspension diluted 1:200 with 0.1 % Triton X-100 solution at a pH value of 12 were 201 

transferred into polystyrene cuvettes, bath sonicated for 15 min, and analyzed with a Delsa™ Nano C particle 202 

analyzer (Beckman Coulter, USA) using a laser with a wavelength of 658 nm and at a scattering angle of 165°. 203 

A CONTIN algorithm was used for calculating the particle size distribution from the autocorrelation function. 204 

The accumulation time was 60 s and each measurement was triplicated. Instrument performance was verified 205 

using standard polystyrene nanoparticles supplied by the instrument manufacturer. Dilution and sonication time 206 

were optimized for obtaining reproducible results, even with unstable suspensions (for details see SI-tables 2-3). 207 

Stability of extracted particles in terms of size was investigated by measuring the hydrodynamic diameter of 208 

extracted particles with DLS directly after the extraction and after two weeks kept at room temperature.  209 

 210 

Isoelectric point 211 

The extracted particle suspension in pure water was sonicated for 5 min and 1 mL was sampled and diluted in 10 212 

mL of a solution containing 0.1 % Triton X-100 (Alfa Aesar, Germany) and 10 mM NaCl (p.a., Roth, Germany). 213 

ζ-potential measurements of the surfactant solution without sample confirmed that possible micelles did not 214 
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affect the ζ-potential measurements. The addition of surfactant aimed at reducing the size of agglomerates, thus 215 

improving the accuracy of ζ-potential measurements. The diluted suspension was sonicated for 5 min. The final 216 

pH values of the suspensions were between 5-6. The suspension was transferred to a 50 mL polypropylene tube 217 

which was positioned in an MPT-2 autotitrator (Malvern Instruments, Germany) connected to a Zetasizer Nano 218 

ZS light scattering apparatus (Malvern Instruments, Germany) equipped with a folded capillary cell. The pH was 219 

adjusted using the autotitrator with 0.25 M or 0.025 M HCl (Rotipuran, Roth, Germany) and 0.25 M NaOH 220 

(puriss. p.a., Sigma-Aldrich, Germany) solutions by decreasing the pH from the initial pH to approximately 1.6 221 

with an increment of 1 (tolerance of 0.4). For each pH value, three ζ-potential measurements (30 data points per 222 

measurements) were performed. The Smoluchowski approximation was used for converting electrophoretic 223 

mobility values into ζ-potential. The sample cell was recirculated after each measurement. Isoelectric point 224 

determination was repeated two times for each sunscreen extract. 225 

 226 

Time-of flight secondary ion mass spectrometry (ToF-SIMS) 227 

A ToF.SIMS5 instrument (ION-TOF GmbH, Münster, Germany) equipped with a Bi cluster primary ion source 228 

and a reflectron type time-of-flight analyzer was used for ToF-SIMS measurements. Base pressure was lower 229 

than 5×10-9 mbar. For high mass resolution, the Bi source was operated in the “high current bunched” mode 230 

providing short Bi3
+ primary ion pulses at 25 keV energy, a lateral resolution of approximately 4 μm, a target 231 

current of 0.25 pA at a repetition rate of 4.4 kHz. The short pulse length of 1.1 ns allowed for high mass 232 

resolution. Two measurements were performed for each sample consisting of an air-dried droplet of all 233 

sunscreen extracts deposited onto a gold coated silicon wafer: 234 

 Static SIMS analysis to determine the surface compositions: the primary ion beam was rastered across a 235 

500×500 µm2 field of view on the sample, and 128×128 data points were recorded. Primary ion doses were 236 

kept below 1011 ions cm-2 (static SIMS limit). Spectra were calibrated on the omnipresent C-, C2
-, C3

-, or on 237 

the C+, CH+, CH2
+, and CH3

+ peaks. Based on these datasets the chemical assignments for characteristic 238 

fragments were determined. 239 

 Surface erosion / depth profiling with an argon cluster beam to reduce surface contaminations and organic 240 

layers on the inorganic nanoparticles. Hereto, a dual beam analysis was performed in non-interlaced mode: 241 

the primary ion source was again operated in “high current bunched” mode with a scanned area of 200 × 242 

200 µm2 (4 frames with 64 × 64 data points) and a sputter gun (operated with Ar1200
+ ions, 2.5 keV, scanned 243 

over a concentric field of 400 × 400 µm2, target current 0.9 nA) was applied to erode the sample for 4 scans 244 

(6 s) followed by a 0.5 s pause to reduce surface charging from the sputter process. Argon cluster ions are 245 
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eroding the softer organic layers faster as compared to the harder mineral particles underneath. The total 246 

sputter time was set to 500 s corresponding to a sputter dose of 1.75×1015 ions cm-2. Presented spectra are 247 

integrated over time. 248 

 249 

Results and discussion 250 

Extraction procedure: method development 251 

The dispersion of sunscreens had to be optimized prior to separation using ultrafiltration or ultracentrifugation. 252 

Several aqueous and non-aqueous solvents were tested for their ability to disperse sunscreens at room 253 

temperature without using ultrasonication. 1 % (w/w) aqueous solutions of sodium dodecyl sulfate (SDS), Brij 254 

L35 and Triton X-100 surfactants and n-hexane were tested to investigate the ability to suspend each of the 255 

sunscreen samples. Triton X-100 solution was the most efficient aqueous dispersant for all tested sunscreens 256 

based on visual aspect of the suspension after 30 min stirring. Pictures of suspensions obtained after 30 min 257 

stirring can be found in the supporting information (SI-figure 1). The efficiency of the suspension step varied 258 

from one sunscreen to the other. While S1-7 formed homogeneous suspensions in aqueous solutions and were 259 

not dispersed in n-hexane, S8-11 were not completely suspended in aqueous solvents, whereas a milky 260 

suspension was obtained with n-hexane. Therefore, Triton X-100 solution was selected for dispersing S1-7. For 261 

S8-11, n-hexane was used for the first dispersion step in order to obtain a complete dispersion. After a first 262 

centrifugation step, the remaining pellets could be easily dispersed in the Triton X-100 solution for further 263 

purification. Thus, this method minimizes the use of n-hexane but ensures a complete dispersion of the sunscreen 264 

and made possible to use ultrafiltration membranes, which are not compatible with organic solvents, for further 265 

purification. 266 

As concentrated surfactant solutions can damage ultrafiltration membranes (information from the supplier), 267 

lower Triton X-100 concentrations were tested. A concentration of 0.1 % was chosen as it was harmless for the 268 

ultrafiltration membrane and could completely dispersed S1-7 (SI-Figure 1). In addition, neutral (without acid or 269 

base addition), acidic (pH = 2, HCl), and basic (pH = 12, NaOH) Triton X-100 solutions were tested. The basic 270 

solution was the most efficient dispersant for sunscreen and extracted particles based on visual aspect (SI-Figure 271 

1). Most probably, hydroxide ions can induce the partial hydrolysis of ester groups presents in several sunscreens 272 

major components (e.g. octocrylene, alkyl benzoates, 2-ethylhexyl salicylate) resulting in more hydrophilic 273 

products and, therefore, in more efficient dispersion of the sunscreen. Therefore, a basic solution of 0.1% Triton 274 

X-100 was used to disperse and purify the sunscreens tested in this study.  275 
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Ultrafiltration is advantageous for extracting lower amounts (15 mL per tube in this study) of sunscreens as the 276 

cut-off is more accurate and depends mainly on the geometrical size of the molecules or particles to be retained, 277 

whereas ultracentrifugation separates particles based on their size and density. On the other side, the cut-off of 278 

ultracentrifugation can be adapted by changing the rotation speed. In addition, this technique was more adapted 279 

for separating large amounts of dispersed sunscreen. Therefore, a larger scale separation method using 250 mL 280 

ultracentrifugation tubes was tested. This method allowed preparing 1 L of final isolated TiO2 nanoparticles 281 

suspension (approximately 250 mg L-1, based on average final concentrations obtained in this study) can be 282 

prepared in one working day. This is an improvement compared to a recently reported extraction method (21,24) 283 

in which tetrahydrofuran was used as a solvent, since the reported procedure took more than one day to be 284 

completed. The absence of organic solvent in the final suspension and of ultrasonic treatments are advantages of 285 

the method evaluated in this study compared to other previously reported methods (19,21). 286 

 287 

Recovery and purification efficiency determination 288 

Average total TiO2 concentrations were determined using ICP-MS after sunscreen digestion in a mixture of 289 

sulfuric acid and hydrogen peroxide. This method has the advantage of being simple and avoiding using HF, 290 

while dissolving all sunscreen components including TiO2. We assumed that all detected Ti was particulate TiO2. 291 

This assumption is reasonable considering the information provided by the sunscreen suppliers and Ti chemistry 292 

(26). Total TiO2 concentrations were in the range of 4-6% (w/w) except for S9 which has a concentration of 13% 293 

(w/w) (table 2). These values are in the range of expected concentrations in sunscreens and similar to values 294 

reported elsewhere (19). TiO2 concentrations of the purified suspensions were between 200-350 mg L-1 (table 2). 295 

Recoveries in terms of TiO2 particles were determined by dividing the TiO2 concentrations in extracted particles 296 

suspensions by the TiO2 concentration in the sunscreen and ranged between 72-98% for all methods and samples 297 

except for S9 with a value near 51% (table 2). Considering TiO2 content and recovery, S9 seems to be an 298 

exception. The producer claimed that this sunscreen contained mainly plant extracts and TiO2. Therefore, the 299 

matrix of this sunscreen strongly differed from the rest of the tested sunscreens. Nonetheless, recoveries are 300 

overall highly satisfying, since they are comparable to recoveries obtained by Nischwitz et al. (64-110%)(21). 301 

Recoveries for the methods using ultracentrifugation and ultrafiltration were comparable.  302 
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Table 2: total TiO2 contents in sunscreens and concentrations of TiO2 particles in the suspensions obtained 303 

after extraction from sunscreens using ultrafiltration (10 mL of purified suspension: small scale) or 304 

ultracentrifugation (200 mL of purified suspension: large scale) and the corresponding extraction 305 

efficiencies. Ti concentrations were determined using ICP-MS. The given errors denote the standard 306 

deviation determined using values from three replicated extractions. The stars on the sunscreen numbers 307 

indicate that these sunscreens were extracted using n-hexane instead of Triton-X 100 solution for the first 308 

purification step. 309 

N° 

TiO2 content in 

sunscreens  

(% (w/w)) 

TiO2 concentration 

ultrafiltration 

(mg L-1) 

Recovery (%) 

TiO2 concentration 

ultracentrifugation 

(mg L-1) 

Recovery (%) 

1 4.1 ± 0.3 231 ± 31 96.0 ± 7.2 240 ± 17 90.6 ± 5.3 

2 6.1 ± 0.7 256 ± 19 73.2 ± 6.7 375 ± 31 94.4 ± 9.2 

3 5.5 ± 0.4 272 ± 17 88.2 ± 8.6   

4 4.0 ± 0.5 210 ± 20 83.0 ± 7.4   

5 4.1 ± 0.2 209 ± 21 87.3 ± 6.0 213 ± 26 94.5 ± 7.6 

6 5.2 ± 0.8 281 ± 24 88.2 ± 7.8 212 ± 12 78.0 ± 4.0 

7 6.0 ± 0.9 312 ± 37 73.7 ± 12.3   

8* 5.5 ± 0.1 272 ± 10 95.7 ± 2.3 270 ± 33 98.0 ± 6.2 

9* 13.1 ± 0.7 342 ± 9 51.7 ± 5.6   

10* 5.9 ± 0.2 251 ± 11 83.5 ± 7.9   

11* 6.4 ± 0.5 239 ± 25 72.8 ± 6.3 308 ± 27 98.2 ± 5.4 

 310 

For ultrafiltration, the final volume of the particulate fraction in the concentrate can be controlled by setting the 311 

time or the speed of the centrifugation step. Therefore, the concentration of the non-particulate compounds 312 

relative to TiO2 would be decreased by a factor of 1000-6000 after three successive filtration steps considering 313 

the final volume of the concentrates (0.5-1 mL for our samples).  314 

A similar estimation of purification rate could not be achieved for ultracentrifugation, since the removal of the 315 

supernatant was difficult to reproduce. Indeed, pellets were not observed for all samples tested in this study after 316 

ultracentrifugation. Thus, the volume of the removed supernatant had to be adapted for each sample. Therefore, 317 

the efficiency of the ultracentrifugation technique in terms of removal of the molecular matrix was tested in 318 

order to quantify the variation of the purification efficiency for different samples. This can be achieved by 319 

determining the concentration of the non-particulate fraction before and after purification by ultracentrifugation.  320 

As sunscreen compositions are diverse and complex, a systematic measurement of all compounds in the 321 

suspension of extracted TiO2 would be especially tedious and inefficient. Therefore, we used 1-(4-322 

Methoxyphenyl)-3-(4-tert-butylphenyl)propane-1,3-dione (avobenzone), as a representative of the non-323 
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particulate fraction. Avobenzone was selected because it is a widely used UV-A blocker and was one of the main 324 

ingredient in all tested sunscreens except S9 and S10. In addition, avobenzone has an absorption peak at 355 nm 325 

which renders possible a selective quantification in the presence of Triton-X (absorption peak at 280 nm) using 326 

UV-spectrometry. We assumed that avobenzone was the only compound absorbing at that wavelength in our 327 

sunscreen extracts despite the possible interferences of other organic UV blockers in the sunscreens such as 328 

octocrylene (absorbance peak at 305 nm). This an acceptable working hypothesis since the determination of 329 

absolute concentration of avobenzone was not required for determining the purification rate.  330 

The concentrations of avobenzone in the sunscreen extract were between 0.1 and 25.1 mg L-1 (table 3) and were, 331 

therefore, much lower than the concentrations measured in the first supernatant (before the first centrifugation 332 

step). In this study, we defined the purification rate as the ratio between the TiO2/Avobenzone mass to mass ratio 333 

calculated in the first supernatant and the TiO2/Avobenzone ratio in the final TiO2 extracts. Purification rates 334 

ranged from approximately 8 to 2002 (table 3). In other words, the concentration of avobenzone relative to TiO2 335 

was divided by 8 to 2002 after purification. This values can be compared to the purification efficiency 336 

determined for S11 using the ultrafiltration method (table 3) which were 5417 and, thus, in the range of the 337 

efficiency estimated from the remaining volume after filtration (see above).  338 

The complexity of the matrix and the multiple possible interactions between the various dissolved compounds 339 

(e.g. sorption, macromolecular assemblies) during the centrifugation process could explain the differences 340 

observed between the sunscreen extracts. The observed variations between samples in terms of purification 341 

efficiency indicates that great care has to be taken when using ultracentrifugation for purifying nanoparticles 342 

extracted from complex mixtures. We also recommend to, at least, estimate the purification rate for applying this 343 

method to further sunscreens. It has to be noted that it is always possible to increase the purity of the 344 

nanoparticle extracts by carrying out further purification steps, if the target experiments require a high purity.  345 

346 
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Table 3: Avobenzone concentrations in the first supernatant and after purification using 347 

ultracentrifugation measured by UV-spectrometry performed after removing the particulate fraction. 348 

Standard deviations were determined from 5 replicates. The given purification rate is here defined as the 349 

ratio between the TiO2/Avobenzone mass to mass ratio calculated in the first supernatant and the 350 

TiO2/Avobenzone ratio in the final TiO2 extracts. The asterisk denotes the results obtained for 351 

ultrafiltration for comparison purposes. 352 

Sunscreen 

N° 

Avobenzone concentration in the 

first supernatant in mg L-1 

Avobenzone concentration in the 

final extract in mg L-1 

Purification 

rate 

1 282.4 ± 0.2 0.16 ± 0.01 2002 

2 165.0 ± 0.4 25.09 ± 0.06 8 

5 117.1 ± 0.2 1.63 ± 0.01 76 

6 145.5 ± 0.3 1.86 ± 0.01 60 

8 268.3 ± 0.7 8.37 ± 0.01 32 

11 338.6 ± 0.4 0.24 ± 0.01 1420 

11* 338.6 ± 0.4 0.049 ± 0.007 5417 

 353 

Characterization of particles in sunscreen 354 

In order to evaluate possible modifications of particles structure induced by the extraction process, nanoparticle 355 

imaging inside four sunscreens with differing particle morphology and including one “lipophilic” sunscreen 356 

(which could not be dispersed in the Triton X-100 solution) was carried out. As TEM measurements require high 357 

vacuum and the main component of sunscreens is water, drying artefacts are expected to occur. Therefore, cryo-358 

TEM was used to avoid drying artefacts by imaging the sample in the frozen state. The samples were cooled 359 

down to -180°C fast enough for allowing amorphous ice to form, thus, immobilizing instantaneously sunscreen 360 

constituents. Thus, we can exclude drying artefacts and observation of the actual particle structures and 361 

organization inside the sunscreens was facilitated.  362 

TiO2 particles used in sunscreens were very diverse. Two main types of shapes were observed: spherical, 363 

irregular, and elongated (figure 1). Energy dispersive X-ray spectroscopy confirmed that the particles contained 364 

Ti (SI-figure 2). Almost all particles observed were agglomerated in the sunscreens 1 and 7, whereas some 365 

isolated primary particles were observed in sunscreens 5 and 9. Nonetheless, most of the observed particles were 366 

agglomerated. Therefore, we can assume that most of the nanoparticles present in the sunscreen were 367 

agglomerated prior to extraction. 368 

Interestingly, TiO2 nanoparticles were frequently observed agglomerated on large (several hundreds of 369 

nanometers) spherical particles (figure 1). The weak contrast compared to the water background suggests that 370 
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these particles were composed of organic materials. We suppose that these spherical objects are organic 371 

components of the sunscreens in the form of emulsion in water. As the water is frozen, these lipophilic drops 372 

would be trapped in the ice matrix (27). The fact that TiO2 nanoparticles were often attached on their surfaces 373 

suggests that their coating is lipophilic. Cryo-TEM images suggest a high concentration (especially in S5 and S9) 374 

of these organic particles in the sunscreen. Therefore, we can exclude that these particles are hard polymer 375 

sphere, since they would be concentrated with the inorganic particles during ultrafiltration. In fact, this is not 376 

reflected by the TEM and DLS analyses of the extracted fractions (see below). Indeed, cryo-TEM pictures 377 

suggest a high concentration of these organic particles in the sunscreens, especially in 5 and 9 (figure 1), which 378 

should strongly influence the DLS results and being observable in classical TEM. 379 

 380 

Characterization of the extracted particles 381 

The size and the shape of TiO2 particles extracted from sunscreens were determined using classical TEM and 382 

DLS.  On the TEM pictures particles appear strongly agglomerated due to the drying of the suspension (figure 2 383 

and SI-figure 3). Agglomeration due to drying effects using classical TEM was not of concern, since the shape 384 

and the size were determined for the primary particles only. The same shape variety of the primary particles as in 385 

the cryo-TEM pictures was observed with irregular, angular (e.g. triangular, rectangular), spherical, ellipsoidal or 386 

elongated particles. While some S2, S4, S5, and S8 were homogeneous in terms of shape, S7 and S9-11 were 387 

highly heterogeneous. Some similarities were found in the particle shape and size between different sunscreens 388 

suggesting that particles of different types were mixed on purpose in some sunscreens. Shape and size of 389 

extracted nanoparticles was conserved after extraction as shown by comparing pictures from cryo-TEM and 390 

TEM experiments. Therefore, we can assume that there is no other structure disruption due to the extraction 391 

process, except disagglomeration. Disagglomeration was obvious when comparing average hydrodynamic 392 

diameter measured in the sunscreen extracts suspensions using DLS with the size of agglomerates in the 393 

sunscreen before extraction observed with cryo-TEM (table 4).  394 

 395 
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 396 

Figure 1: Representative images of TiO2 particles in sunscreens obtained using transmission electron 397 

microscopy in cryogenic mode. The sunscreen number is given on the upper right corner.  398 
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 399 

Figure 2: Representative images of extracted inorganic nanoparticles from eleven commercial sunscreens 400 

obtained using transmission electron microscopy. The sunscreen number is written on the upper right 401 

corner. TEM pictures of the other sunscreens extract can be found in the supporting information (SI-402 

figure 3). TEM images from S2, S6, and S10 and were similar to S1, whereas images from S3 and S8 were 403 

similar to S7 and S5, respectively.  404 
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Table 4: Arithmetic mean size parameters and shape description of extracted nanoparticles measured 405 

using TEM, average hydrodynamic diameter measured using DLS, isoelectric point determined from acid 406 

titration and electrophoretic mobility measurements, and surface coating as suggested by ToF-SIMS 407 

results and by information on the formulation. The mean parameters measured with TEM correspond to 408 

the size of more than 200 primary particles for each sample. Length denotes here the longest distance 409 

between two points belonging to the particle, whereas widths denotes the corresponding shortest distance. 410 

TEM values are given with the standard deviation of the corresponding size distribution. DLS values are 411 

given with the standard deviation determined from three measurement replicates. Isoelectric points were 412 

determined using values from two titrations for each sample. PDMS: polydimethylsiloxane. 413 

N° 
Average length 

(nm) 

Average width 

(nm) 
Particle shape 

Average 

hydrodynamic 

diameter (nm) 

Isoelectric 

point 

Proposed 

surface coating 

1 19.9 ± 6.7 14.2 ± 5.0 spherical, irregular 23.2 ± 1.2 2.6 PDMS 

2 23.4 ± 7.2 15.0 ± 4.8 
spherical and 

angular 
28.0 ± 1.0 2.2 PDMS 

3 35.5 ± 12.0 15.9 ± 3.9 
ellipsoidal and 

angular 
35.5 ± 2.0 1.7 PDMS 

4 13.4 ± 3.1 7.5 ± 1.7 spherical 19.3 ± 0.8 1.9 PDMS 

5 36.6 ± 11.6 7.3 ± 2.5 elongated 24.8 ± 0.8 1.9 PDMS  

6 24.2 ± 6.6 15.0 ± 4.3 spherical 34.3 ± 0.6 < 1.8 SiO2 

7 32.5 ± 12.1 13.9 ± 3.7 ellipsoidal 30.8 ± 1.0 < 1.8 PDMS 

8 29.3 ± 10.0 9.3 ± 3.7 
elongated, spherical 

and ellipsoidal 
22.3 ± 0.8 2.1 PDMS 

9 42.0 ± 12.5 22.7 ± 7.5 
spherical, angular 

and elongated 
35.6 ± 0.6 4.5 Al2O3 

10 48.8 ± 16.6 31.5 ± 12.6 spherical 37.6 ± 1.5 4.4 Al(OH)3 

11 27.0 ± 11.4 12.4 ± 3.9 
ellipsoidal and 

spherical 
27.4 ± 1.7 3.1 Al2O3 + SiO2 

 414 

The range of average primary particle sizes determined from TEM pictures was surprisingly narrow (length: 20-415 

50 nm, width: 7-32 nm, table 4). Furthermore, low standard deviations indicate that particles used in sunscreen 416 

are fairly monodisperse. It was not possible to image any coating at the surface of nanoparticles using TEM or 417 

HR-TEM due to the low contrast between the coating and the carbon from the grid and the thinness of the 418 

coating layer.  419 

Average hydrodynamic diameter obtained using DLS after sonication and dilution were measured for all 420 

extracted sunscreens (table 4). Sonication time and dilution ratio were optimized for obtaining primary particle 421 

size and, thus, obtaining reproducible size measurements (SI-table 2-3). Despite particle shape differences, there 422 
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is a good correspondence between the sizes of primary particles determined using TEM and the average 423 

hydrodynamic diameter obtained using DLS. This indicates that the extracted particles were in the form of 424 

primary particles or small agglomerates after extraction and sonication. Thus, extracted particles are 425 

disagglomerated during the dispersion processes. If it is required to obtain agglomerated particles, it is still 426 

possible to replace the surfactant based solution with pure water by further ultracentrifugation of ultrafiltration 427 

steps and, hence, induce re-agglomeration of the particles if the agglomerated form is crucial for the targeted 428 

investigations. However, extracting the particles from sunscreens without modifying their original agglomeration 429 

structure is still challenging as it would imply to avoid introducing any shear forces or stabilizing agent, which 430 

would not result in the dispersion of most sunscreens.  431 

Determination of the isoelectric points is a classical approach to qualitatively estimate the surface charge 432 

behavior of colloids in aqueous media (28). Furthermore, particles are expected to agglomerate faster at pH near 433 

the isoelectric point due the lack of electrostatic repulsion (29). Therefore, we determined isoelectric points by 434 

measuring ζ-potentials at several pH values. The complete ζ-potential-pH curves can be found in the supporting 435 

information (SI-figure 4), while the isoelectric points measured for each sunscreen are summarized in table 4. 436 

The presence of the surfactant in the solution could influence the absolute ζ-potential value by shifting the shear 437 

plane on the particle surface. However, the isoelectric point is not affected as Triton X-100 is a neutral surfactant 438 

and the formation of micelles did not affect the measurements as verified with a blank sample. While S9-11 had 439 

an isoelectric point between 3 and 4.5, other extracts had an isoelectric point lower than 3. Nanoparticle 440 

extracted from sunscreens were thus all negatively charged at pH > 4 in NaCl aqueous solution. ζ-potential at pH 441 

= 5 were varying between 0 and -30 mV (SI-figure 4). Thus, particle stability in terms of agglomeration in 442 

aqueous media can be expected to vary strongly depending on the sunscreen used.  443 

ToF-SIMS measurements allowed a deeper insight into the nature of the nanoparticles’ coating. It has to be 444 

noted that the most part of the surfactant present in the extraction media was removed before ToF-SIMS 445 

measurements since its high concentration would have resulted in a thick layer of surfactant over the particles 446 

and would have disturbed the surface analysis. Fragments characteristic for typical coating materials (Al+, 447 

SiOH+, Zn+, polydimethylsilane (PDMS): SiC3H9
+ at 73.05 m/z, and Si2C5H15O+ at 147.08 m/z) used in 448 

sunscreens (7,9,30) and TiO+ as a marker of the bulk material were monitored before and after sputtering with Ar 449 

clusters. Several Zr+ isotopes signals were monitored in addition but were insignificant for all samples measured. 450 

A decrease in signal intensity for a given fragment during sputtering combined to an increase of TiO+ signal 451 

intensity indicates that the observed fragment originates from the very surface layer, which is removed during 452 

sputtering (31). As an example, ToF-SIMS measurements for S1 (figure 3) are quite clear in that respect. The 453 
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TiO+ signal intensity increased with sputtering, indicating an increased exposure of the bare TiO2 surface. On the 454 

other hand, signal intensity of characteristic PDMS fragments dramatically decreased during sputtering 455 

suggesting the absence of PDMS in the deeper layers. Therefore, we can conclude that PDMS is most probably 456 

present on the surface layer of the TiO2 nanoparticles extracted from S1. In this case, the weak SiOH+ signal 457 

more probably originates from the fragmentation of PDMS than from an additional underlying silica based 458 

coating layer as the SiOH+ signal intensity decreased after sputtering. Signal intensities of others ions were not 459 

significant (lower than for the blank sample).  460 

 461 

Figure 3: ToF-SIMS signal intensities obtained without (full line) and with (dashed line) Ar-clusters 462 

sputtering for S1. Vertical lines indicate the exact mass expected from the respective expected ions or 463 
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fragments; from left to right: 27Al+, 28SiOH+, 48TiO+, 68Zn+, (CH3)3Si+, and (CH3)3SiOSi(CH3)2
+. The two 464 

latter are characteristic fragments for PDMS (30).  465 

The other sunscreen extracts were analyzed following the same procedure (SI-figure 5-15). Absolute intensities 466 

for TiO+ varied strongly between samples despite efforts made in selecting a scanned area completely covered 467 

with particles. This is probably due to visible differing topologies of the particle layer due to different 468 

agglomeration and deposition behavior during the drying process and to particle shape diversity. However, ToF-469 

SIMS results from S1-5, S7, and S8 had similar patterns and may have, therefore, similar surface chemistry; 470 

except for S2 and S5, for which the PDMS signals were dominating. This can be explained by the presence of a 471 

PDMS layer thicker than other samples for which the surface coating was almost completely removed after the 472 

first erosion step. The erosion of a thick PDMS layer would take more time and, therefore, the signal integrated 473 

over time can become higher than the signal obtained from the first measurement (static SIMS).  Therefore, we 474 

concluded that particles extracted from S1-5, S7, and S8 were most probably all coated with PDMS although 475 

with most likely differing coating thicknesses. Estimation of the coating thickness was not possible due to the 476 

above mentioned irregularities of the surface topology. Al+ signals higher than the blank were observed for S5 477 

and S8-11 indicating an Al-based coating such as Al2O3 or Al(OH)3; in accordance with the formulation 478 

mentioning “alumina” for S10 and S11 and “aluminum hydroxide” for S5 and S10. No Al-containing 479 

compounds were mentioned in S8 and S11. However, the Al concentration in these sunscreens may be too low 480 

for being mentioned on the packaging as suggested by the weak Al+ signals compared to TiO+. As no other 481 

significant signals were observed for S9, we conclude that the nanoparticles are coated solely with Al2O3. Zn 482 

was detected in S10 and S11. This was expected for S10 since it contains ZnO nanoparticles in addition to TiO2 483 

nanoparticles. It has to be noted that, due to the presence of two types of nanoparticles in S10, it should remain 484 

undecided to which type the observed alumina coating belongs. Zn signal from S11 most probably results from 485 

residual sorption of Zn2+ ions on the TiO2 nanoparticles from “Zinc stearate” present in the formulation. SiOH+ 486 

was significant for S6 and S11, which is noticeable because the PDMS signals were weak for both samples. This 487 

suggests the presence of a silica based coating. Since amorphous SiO2 could be partly dissolved under alkaline 488 

condition (pH > 10) (32), it cannot be completely excluded that S9 and S11 originally contained SiO2 as a 489 

surface coating. The types of coating which are expected from the ToF-SIMS measurements are summarized in 490 

the table 4. 491 

Since it is highly challenging to characterize surface coatings inside sunscreens due to the high organic 492 

background present in the matrix, it was impossible to quantify to which extent the surface coating is altered 493 
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during the extraction procedure. Nonetheless, the fact that we could detect several coatings typical for TiO2 494 

particles used in sunscreens indicates that the proposed extraction method does not alter the surface coating or, at 495 

least, partially preserve it. Furthermore, the characterization of the nanoparticles extracted in this study suggests 496 

some similarities in terms of size, shape and surface composition between the extracted nanoparticles and 497 

ingredients used in the cosmetic industry. For instance, S1-4, S7 and S11 are similar to the NM-103, reported in 498 

other studies, which has an average length of 22 nm and a broadness of 34 nm and a spherical to elongated shape 499 

(10,33). On the other side, S5 and S8-9 match the description of the T-liteTM SF from BASF with an elongated 500 

shape and lengths between 50-200 nm and broadness of 5-10 nm (7,9). NM-103 and T-liteTM SF are coated with 501 

PDMS as most of the sunscreen extracts in the present study. However, NM-103 had an isoelectric point of 8.2, 502 

which is much higher than the isoelectric points measured in our study and for T-liteTM SF (7,9). Therefore, we 503 

recommend using more than one single reference material for environmental studies in order to cover a broad 504 

range of nanoparticle characteristics as encounter in commercial products. 505 

 506 

Colloidal stability of the extracted particles 507 

A white sedimentation layer was visible after several days in the sunscreen extracts. This indicates particle 508 

agglomeration, since primary TiO2 nanoparticles smaller than 50 nm are not expected to sediment under these 509 

conditions (34). In order to determine if the agglomeration in the extraction medium after several days under 510 

quiescent conditions is reversible, we measured the hydrodynamic diameter using DLS directly after the 511 

extraction procedure and two weeks later (figure 4). It has to be noted that samples were diluted and sonicated 512 

before each DLS measurements in order to increase the reproducibility of the size determination. As no clear 513 

increase in size was observed over this period of time, we concluded that the extracted particles are stable 514 

towards aggregation (irreversible agglomeration) in the Triton X-100 solution. Therefore, the observed 515 

sedimentation layer corresponds to the agglomerates which could be easily disrupted during ultrasonication prior 516 

to DLS measurements. This seems to be an advantage of the proposed method, for which the dispersing agent is 517 

also taking the role of the stabilizer, over previously reported methods for which agglomeration of the particles 518 

in the final medium could not be controlled without adding stabilizers after the extraction procedure (21,21,24).  519 
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 520 
Figure 4: Hydrodynamic z-average diameter of the particles extracted from sunscreens (ultrafiltration) 521 

determined using DLS directly after the extraction (black bars) and two weeks later (white bars). The 522 

error bars denote two times the standard deviation determined from 3 replicates.  523 

 524 

Conclusion 525 

The tested extraction method is efficient, environmental friendly and scalable for obtaining large amount of 526 

complex TiO2 particles at low cost. Considering the average TiO2 content in sunscreens, it is technically possible 527 

to extract up to 10 g TiO2 from 200 mL (one bottle) of sunscreen. These particles are extracted from commercial 528 

products and could, therefore, be used for fate and ecotoxicity studies. If the presence of surfactant in the 529 

extraction medium is expected to induce bias in such studies, the surfactant solution can be replaced by pure 530 

water by further ultrafiltration/ultracentrifugation steps. However, the suspension in the surfactant solution has 531 

the advantage to stabilize the nanoparticles which could be advantageous in some study design provided a 532 

control experiment with the corresponding surfactant solution is performed. Considering size, shape, surface 533 

charge, and coating, these particles are more environmentally relevant than pure TiO2 nanoparticles often used as 534 

model nanoparticles. However, it remained challenging to determine if the coating is damaged during the 535 

extraction due the lack of surface characterization method for particles in their native state inside the sunscreen.    536 

Furthermore, the proposed method can also be used as a quality control method for commercial products, 537 

especially in combination with separation techniques such hydrodynamic chromatography or flow field flow 538 

fractionation for fast particle characterization. In addition, this study provides a representative overview on 539 

which types of TiO2 nanoparticles are present in commercial sunscreens and is, therefore, informative for future 540 

risk assessment of nanoparticles in surface waters.  541 
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