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A B S T R A C T

Manufactured TiO2 nanoparticles are widely used in cosmetics as UV blockers. The environmental risk asso-
ciated with these Engineered Nanomaterials (ENMs) strongly depends on their concentration, aggregation state,
and surface chemistry. Controlling these parameters in the sunscreen formulation is crucial in order to optimize
the ENMs content and better understand their fate, transport, and toxicity at the product’s end-of-life.

In the present work, the dispersion in sunscreen oil phase of four nanoparticulate UV filters having different
coating characteristics was studied as a function of the oil composition. All the UV filters had a nano-TiO2 core.
Three of them were coated with a primary layer of aluminum (hydro)oxide and a secondary external layer of
different polymers giving a hydrophobic character. The fourth UV-filter was coated with SiO2 only, giving a
hydrophilic character. The oil phase was composed of emollient oils and an emulsifying agent containing two
surfactant molecules: Octyldodecyl xyloside (ODX) and PEG30 dipolyhydroxystearate (DHS). The ENMs were
dispersed in the oil in the presence or absence of the emulsifying agent. Their aggregates size was evaluated,
together with the speciation of the surface chemistry before and after the dispersion in oil.

We observed that the dispersion in oil of all the UV filters was enhanced by the emulsifying agent, as they
were all more aggregated in the emollient oil free of emulsifier. The ODX surfactant plaid a major role in the
ENM stabilization compared to the other oil phase components. The extent of interaction between nanoparticles
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surface and ODX surfactant appeared to be mediated by the chemistry and the stability of both internal and
external coatings of the ENM. The highest affinity was evidenced with the Al(OH)3 / dimethicone surface.

1. Introduction

Sunscreens provide effective protection against the damage caused
by exposure to ultraviolet radiation (UVR) [1] which is dangerous for
human skin, causing damages such as burns, aging, and even cancer
[2]. These cosmetic products are highly consumed by the worldwide
population as the sun care market constitutes 3% of the overall market
of personal care products [3]. In order to absorb or reflect UVR,
sunscreens contain UV filters, which can be organic (e.g., Avobenzone,
Octocrylene) or mineral (TiO2, ZnO) and are dispersed in the for-
mulation [4].

Contamination of the aquatic environment by UV filters is an in-
creasing public concern due to the secondary effects of pharmaceuticals
and personal care products potentially released in receiving aqueous
systems, which may reach detectable and even toxic concentration le-
vels [5,6]. Among these systems, contamination of the seawater en-
vironment is a crucial issue that needs to be studied [7], especially
considering the increasing coral bleaching concerns in the recent years
[8,9]. Between 6000 and 14,000 tons of sunscreen lotion are estimated
to be released into coral reef areas each year bringing at least 10 % of
the global reefs at risk of exposure, and approximately 40 % of coral
reefs located along coastal areas at risk of exposure [10,9].

Mineral UV-filters are the only type of UV filter accepted in sunsc-
reens labelled as BIO (or Natural) because they are considered safer for
the consumer and the environment [11]. Moreover, the market of mi-
neral-based sunscreens has largely shifted to nano-sized particles, not
only because of their higher efficiency but also because of their trans-
parency on the consumer’s skin [12]. Nevertheless, their environmental
impact still needs further investigation [11].

Some biological models have shown harmful effects in the presence
of pure TiO2 nanoparticles, at nearly field relevant concentrations
[13,14]. The mineral filters used in sunscreens are usually coated with
an internal mineral layer that prevents photocatalytic activity (e.g.
Al2O3; SiO2) and an external layer aimed at enhancing dispersion in the
sunscreen formulation (e.g. PDMS; Stearic acid). Pure TiO2 nano-
particles could thus be considered as analogues of the final aging stage
of the mineral UV filters normally used in sunscreens. Indeed, it was
shown that the external PDMS coating of certain mineral UV filters
undergoes oxidation and desorption soon after contact with water,
causing favored dispersion and thus higher bio-accessibility of the
newly hydrophilic nanoparticles [15–17].

In this context of anthropic impact on the aquatic environment, a
challenge remains in minimizing the risk associated with nanoparticu-
late mineral UV filters, i.e., decreasing their environmental hazard or
exposition. While this could be achieved by modifying the chemistry of
the filters or reducing their content in the formulation, altering the
product efficacy to screen the UVR is not a feasible option. A compro-
mise can be found by optimizing the nanoparticle dispersion in the
formulation, since smaller primary particle sizes and finer particle
dispersions were shown to result in a higher solar protection factor
[18]. Controlling these parameters during the formulation is a crucial
step in optimizing the efficiency of the nanoparticulate UV filters and it
is certainly also an objective of cosmetic companies for economic rea-
sons, because it allows a lower nanoparticle content with no decrease in
the SPF. Following this approach, a lower environmental footprint can
be obtained, and a safer-by-design product is developed. While the
dispersion of nanoparticles in aqueous media has been well described
by the theory of Deryagin, Landau, Verwey and Overbeek (DLVO), it is
still challenging to model and optimize the dispersion of high-con-
centration nanoparticle suspensions in organic media [19]. Although

the coating selection is certainly one of the main strategies to achieve
this, it was also observed that TiO2 ENMs dispersion in organic media
could be modulated by the adsorption of some specific molecules from
the medium that would modify the ENMs interaction with the sur-
rounding medium. This was evidenced for example with TiO2 ENMs
dispersion in a silicone oil, enhanced in the presence of agents bearing a
perfluoroalkyl group [20].

Indeed, the interactions with the different sunscreen formulation
ingredients can also influence the UV filter dispersion, as well as the
stability of the entire product through particle-droplet interactions at
the emulsion microstructure scale [21]. The actual extent of ENMs
aggregation or dispersion strongly depends on the affinity of the filter
surface, i.e. the external coating, for the dispersing medium or the
surrounding components inside. Depending on the formulation com-
position and desired properties, sunscreen can be an oil in water (O/W)
or water in oil (W/O) emulsion [22]. For the most common lipophilic
UV filters, an optimal dispersion is normally obtained in the oil phase
where the emollient assumes high chemical affinity for the ENM. Sur-
factants (emulsifying agents) are also present, aimed at stabilizing the
oil-water interface [23].

Although it is well known that certain surfactants are able to sta-
bilize TiO2 particles in aqueous phase [24–26], a knowledge gap re-
mains at the design stage of the sunscreen where the surface interac-
tions between mineral particles and surfactants take place in an oil
medium, and may determine the efficacy of the entire product. As it
was already argued for other types of ENMs [27], such interactions may
also modify the transport and reactivity of manufactured nanoparticles
in the aqueous environment, and thus their exposure and hazard at the
end of product life cycle.

Our work was aimed at studying the dispersion capacity of nano-
TiO2 based UV filters in a common bio-sourced sunscreen oil, in order
to give insights on the role of the emulsifier at the initial stage of the
sunscreen development and on how it may control the nanoparticle
behavior. In order to avoid any interference coming from the interac-
tion with the other sunscreen components, such as water, we decided to
focus on the oil phase, as it represents the first dispersing medium in
which nanoparticles are introduced during the formulation process. We
studied four commercial UV filters characterized by different external
coatings, and analyzed the surface interactions with the components of
the dispersing medium, such as emollient and emulsifier. The disper-
sion state of the filters in the oil was evaluated using Dynamic Light
Scattering (DLS). The chemical characterization of the nanoparticle
surface, before and after interaction with the sunscreen oil phase, was
performed through Solid State Nuclear Magnetic Resonance (13C and
29Si) and Transmission Electron Microscopy equipped with Energy
Dispersive X-ray Spectroscopy (TEM EDS). A novel methodology to
recover and dry the aged nanoparticles after dispersion in the oil phase
is hereby proposed.

2. Material and methods

2.1. Commercial nano TiO2 based UV filters

Four commercial TiO2-based sunscreen UV filters were selected
here, based on contrasted surface coatings. They were provided by the
manufacturers as a dry powder. Scanning Electron Microscopy in high
resolution (HR-SEM) was performed to characterize the primary par-
ticle sizes. 3−4mg of each dry powder were dispersed on a carbon
adhesive tab and analysed using Zeiss Gemini500-Field emission SEM
(see Supplementary information). Images were recorded at low voltage
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(1−5 kV) to be able to obtain surface sensitive image at nanoscale re-
solution. In order to evaluate the primary particle size of the different
filters, the longer side length of 50 particles in the images was measured
using ImageJ software. The primary particle sizes obtained for each
commercial UV filter are reported in Table 1, together with the re-
spective trade name, abbreviation and chemical compositions provided
by the manufacturers. All have a heterogenous but comparable primary
particle size, between 50 and 65 nm in average. They consist of a TiO2

nanoparticulate core, coated with dimethicone (T-dim), simethicone (T-
sim), stearic acid (T-ste) or silica (T-S) as the external layer. An internal
mineral layer made of aluminum (hydr)oxide was also found on the
hydrophobic candidates T-dim, T-sim and T-ste, sandwiched between
the TiO2 surface and the grafted polymer.

2.2. Oil dispersing medium preparation

The components constituting the typical sunscreen oil phase used in
this work are reported in Table 2. They were provided by the respective
suppliers. They consist of two emollient oils: Cetiol LC™ (Coco-Capry-
late/Caprate) and Tegosoft P™ (Isopropyl palmitate) [28], and one
emulsifying agent: Easynov™ [29]. Isopropyl palmitate is broadly used
in cosmetics as a dispersing agent for both organic and mineral UV
filters [30]. The emulsifying agent contains two types of surfactant: one
polymeric, PEG30 dipolyhydroxystearate (DHS), and one glycoside
non-ionic surfactant octyldodecyl xyloside (ODX). It is typically used to
stabilize W/O cosmetic emulsions.

Tegosoft, Cetiol and Easynov were mixed together in a 2:2:1 ratio.
The oil mixture (Phase A) was gently homogenized by magnetic stirring
for 10min. The nanoparticulate UV filter was then added to the oil
phase in order to reach a concentration of 2.5 % w/w and was dispersed
by mechanical agitation at ambient temperature for 10min at 1000 rpm
(which turned out to be the optimal speed in order to break particle
aggregates; see Supplementary Information) using a Heidolph Hei-Torque
400 stirrer equipped with a pitcher blade impeller. For comparison, the
same procedure was repeated in an oil phase free of emulsifier, in which
the two emollient oils were mixed together with a 1:1 ratio (Phase B).

2.3. Elemental carbon analysis

In order to evaluate the % of carbon present in the three hydro-
phobic UV filters, a few milligrams (between 7–16) of the three pristine
powders were placed in tin nacelles and analyzed using a Thermo-
Fisher Scientific FlashSmart™ elemental analyzer. A soil reference and
aspartic acid, both provided by Thermo-Fisher, were used as calibration
standards. The % of organic coating for each ENM was then calculated
knowing the % of carbon and the molecular weight of the respective
organic coating.

2.4. UV filter size distribution and UV absorbance in oil phase dispersions

Dynamic Light Scattering (DLS) intensity distributions of each UV
filter suspension in oil were recorded right after the agitation step, in
order to minimize any potential reaggregation before size measure-
ment. A Malvern Zetasizer Nano (Malvern Instrument) was used. A 2mL
volume of the dispersion was analysed in a standard plastic disposable

cuvette. The measurements were performed in triplicates at 25 °C with
11 runs per measurement and 0.01 cumulant fit error tolerance. The
viscosity used in the Stokes – Einstein relation, to calculate the hy-
drodynamic size of the UV filters dispersed in oil were measured as
follows. Phases A and B were analysed through rheology measurement
using an Advanced Rheometer 1000 (TA Instrument) equipped with a
60mm steel cone with 2° angle tip. The measurements were run in
continuous speed rate from 0 to 100 s−1 in 3min. The measured visc-
osities were 7.45 ± 0.42mPa for Phase A and 8.71 ± 0.24mPa for
Phase B,

The UV absorbance of each oil dispersion was also evaluated using
the following methodology: ≅ 60mg of the oily dispersion were de-
posited on a UV transmitting PMMA plate (50×50 cm; 5 μm medium
roughness) and spread by light finger pressure all around the surface
until a homogenous distribution was achieved. Absorbance spectra
were then recorded in the UV range (270−400 nm) using a Jasco v650
spectrophotometer equipped with an ISV-922 60 mm diameter
Integrating Sphere. Each sample was analysed 4 times, rotating the
PMMA plate a quarter turn between each replicate.

Single absorbance values at the fixed wavelength of 270 nm are
presented in the results for each oily dispersion. Even-though these
values do not equal the exact Solar Protection Factor (SPF), they give a
rapid indication of the UV-screening efficacy of the nanoparticle-in-oil
dispersion, since the SPF is proportional to the absorbance in the UV ray
range [31].

2.5. Nanoparticle recovery after aging in the oil phase

Within dispersion in the oil, any component from the dispersing
medium having high affinity for the UV filter surface may likely adsorb
to it. In order to investigate such change in the ENM surface chemistry,
an extraction protocol, adapted from Rowenczyk et al. [32], was de-
veloped to recover and dry the nanoparticulate UV filters after aging in
oil. The ENMs in oil dispersion was centrifuged at 11,200 g for 30min
(Jouan BR4i, Thermo). The pellet was separated from the oil super-
natant and re-dispersed in 10mL cyclohexane (Sigma Aldrich) in order
to wash the oil components not strongly attached to the ENM surface.
The ENMs were then centrifuged again for 30min at 11,200 g. The
pellets were separated from the supernatant and dried for 48 h using a
Thermo Fisher freeze dryer. This drying procedure was required to have
a particle powder enough withered to be suitable for a solid-state (ss)
NMR analysis. Washing the ENMs with cyclohexane was essential, as
the freeze-drying procedure alone was not able to remove the excess of
oil phase from the pellets.

2.6. Chemical characterization of the oil and UV filters

Nuclear Magnetic Resonance (NMR) was used to characterize both
the oil phases (13C NMR) and the nanoparticle coating before and after
aging (13C and 29Si NMR). For all the characterizations, ∼100mg of
nanoparticle powder was placed in the rotor and analysed using a
Bruker Advance III WB 400 solid state NMR spectrometer. In order to
verify the chemical composition of the oil phases, 13C NMR spectra
were recorded using low power decoupling sequence (lpdec) with
d1= 10 s, number of scans (NS)= 2k, 3 kHz spin rate. 29Si CPMAS

Table 1
Product name and chemical composition provided by the manufacturer for each of the four mineral UV filters together with their respective primary particle size
measured by HR-SEM.

Product Name Abbreviation Manufacturer Chemical composition Primary particle size (nm)

T-Lite SF T-dim BASF TiO2 (79−89%)/Al(OH)3/Dimethicone 58.3 ± 10.8
Eusolex T-AVO T-sil Merck TiO2 (79.6%)/SiO2 51.0 ± 10.6
Eusolex T-2000 T-sim Merck TiO2 (80.3%)/Al2O3/Simethicone 65.5 ± 12.8
Eusolex T-S T-ste Merck TiO2 (73−79%)/Al2O3/Stearic Acid 64.4 ± 11.4
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were recorded at 79.5 MHz, 10 kHz spin rate. 13C Cross-Polarization
Magic Angle Spinning (CPMAS) spectra were recorded at 100.7MHz,
10 kHz spin rate, 20k NS. Spectra simulations of oil phase components
and particles organic coatings, together with peak integrations and
gaussian fits of the experimental spectra, were performed using Mest-Re
NOVA software (see Supplementary Information).

2.7. Elemental mapping and composition of the UV filters

The TiO2 nanoparticles were examined by transmission electron
microscopy (TEM) and scanning transmission electron microscopy
(STEM) using a Talos F200X analytical electron microscope (Thermo
Scientific, Waltham, MA, USA), operated at 200 keV and equipped with
a four-element silicon drift detector (SDD)-based EDS system for
quantitative chemical composition analysis and elemental distribution

mapping. Sample preparation was performed by dipping lacey carbon
grids (Ted Pella, Redding, CA, USA) in 100mg/L suspensions of na-
noparticles previously sonicated for 15min at maximum amplitude
using a Misonix S-4000 cup-horn sonicator (Newton, CT, US) to ensure
the optimal dispersion of the nanoparticulate powders.

3. Results and discussion

3.1. Emulsifying agent stabilizing UV filters dispersion

The size distributions of the nanoparticulate UV filters dispersed in
Phase A are reported in Fig. 1 (solid lines). In all cases, they are rela-
tively large and above the primary particle size, indicating polydisperse
aggregation of the nanoparticles. The ENMs coated with stearic acid (a)
or silica (b) are more aggregated than those coated with dimethicone

Table 2
Trade name and chemical composition provided by the manufacturer for each component of the oil phase.

Product name Manufacturer Function Chemical composition

Tegosoft P Evonik Emollient oil Isopropyl Palmitate
Cetiol LC BASF Emollient oil Coco-Caprylate/Caprate
Easynov SEPPIC Emulsifying agent Octydodecanol; Octyldodecyl Xyloside; PEG-30 Dipolyhydroxystearate

Fig. 1. Average hydrodynamic size distributions of the UV filters dispersed in Phase A (solid line) and Phase B (dashed line) for: (a) T-ste; (b) T-sil; (c) T-sim; (d) T-
dim. Measurements were realised by DLS and are shown in intensity weight. The respective UV absorbances at 270 nm of the colloidal suspensions are reported inside
the boxes for each distribution.
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(c) or simethicone (d). The T-ste distribution appears bimodal at 220
and 1100 nm and the T-sil gives one peak at 800 nm, while the T-sim
and T-dim distributions are centered on lower sizes around
100−200 nm. Significant aggregation was expected with the silica-
coated nanoparticle, due to its hydrophilic surface, since in the oil
dispersing medium there is no amphoteric surface charge driving any
electrostatic inter-particle repulsion. However, the large aggregation of
the T-ste UV filter is more surprising since the stearic acid coating is
hydrophobic and was expected to have high affinity for the emollient
components present in the oil (Isopropyl Palmitate; Coco-Caprylate).

The size distributions in the oil free of emulsifier (Phase B) (Fig. 1,
dashed lines) clearly showed a general increase of the aggregate sizes
for all the 4 UV filters compared to phase A. The narrower distributions
in phase B suggest a more homogeneous aggregated state where the
finer dispersed units around 100 nm have been totally incorporated into
the larger ones of up to 1−2 μm in size. However, the aggregate sizes
approached the nano-DLS detection limit, and the distribution widths
are less trustworthy and thus impede an accurate signal interpretation.

Based on the Intensity mean values in the four DLS distributions, the
shift of the aggregate size between Phase A and Phase B seems to de-
pend on the UV filter type. The size shift is more pronounced in the case
of T-sim (from 370 nm to 1719 nm) and T-dim (from 170 nm to 647 nm)
while it is less evident for T-sil (from 1000 nm to 2700 nm) and T-ste
(from 857 to 1437 nm). It is worthwhile noting that the presence of the
emulsifier leads to a finer dispersion of the ENMs coated with si-
methicone or dimethicone (T-sim and T-dim) than for T-ste or T-sil,
while without the emulsifier agent the four ENMs show similar ag-
gregation states. The large aggregate size in phase B for all the four
ENMs, suggests a relatively weak affinity of their respective surface
coatings for the emollient oil used here. Yet, isopropyl palmitate is
particularly recommended by the suppliers as a good dispersant oil
phase for hydrophobically coated pigments in cosmetics preparations
[28]. It should be noted that the agitation speed used to prepare the oil
dispersion (1000 rpm) was high enough to break down the aggregates
and bring most of the nanoparticles in contact with the solvent. As
clearly shown by the UV absorbance (at 270 nm) values reported in
Fig. 1, a loss of UV absorption is associated to the increasing ENMs
aggregation state in all the Phase B formulations. The most important
loss in UV absorbance with regard to values in Phase A, is measured for
T-dim ENMs (- 45 % UV abs.), while for the other three filters the
average loss is around 18 %. T-dim showed the best UV protection
performances in Phase A formulation, likely because of their finest
dispersion in this medium. These greater performances in Phase A could
eventually explain the singular loss of screening efficacy of T-dim in
Phase B medium compared with the other three UV filters. Nonetheless,
the general trend of ENMs aggregation and UV absorbance of the for-
mulations are in line with the previous findings of Tyner et al. [18].
Moreover, the large variability range in UV absorbance up to 45 %,
confirms the need for optimal component coupling in the sunscreen
formulation in the aim of minimizing the ENM aggregate size for
maximizing the solar protection factor.

3.2. Characterization of the oil phases components

The oil phases A and B and the emulsifier used in this work were
analysed using 13C NMR spectroscopy, as shown in Fig. 2. The peak
assignment was performed by comparing the experimental spectra with
the predicted spectra of each component generated with Mest-Re NOVA
software (see Supplementary Information).

The fingerprints of the two surfactants constituting the Easynov
emulsifier are clearly seen in Fig. 2 (top). The signal at 100 ppm is at-
tributed to the resonance of the anomeric carbon of the sugar moiety
present in the ODX molecule. The small peak at 105 ppm is probably
due to the resonance of the same anomeric carbon in a different con-
formation. The signal at 173 ppm is attributed to the resonance of the
carboxylic carbon of the polymeric surfactant DHS. The other signals

between 75 and 60 ppm are due to the resonance of hydroxyl or ether
groups present in both surfactant structures. The signal at 65 ppm is
likely attributed to the hydroxyl group of the octyldodecanol, which is
the solvent of the emulsifier agent. The ratio between the peak area of
the anomeric carbon and the sum of the area of all the peaks of the
emulsifying agent was used to determine the ratio of the ODX in the
mixture. The same procedure was used to determine the ratio of the
DPH, using the signal of its carboxylic carbon. This analysis revealed
that the two surfactants and the octyldodecanol solvent, in the emul-
sifying agent, are in a ratio 1:1:8.

The 13C NMR spectrum of the Phase B, containing only the two
emollient oils, is reported in Fig. 2 (middle). The resonance of the
carbonyl carbon is at 172.2 ppm for the caprate (Cetiol LC) and at 171.8
for the isopropyl palmitate (Tegosoft). The peak at 67 ppm could be
assigned to both the secondary CeOH group of the caprate and to the
carbon next to the oxygen of the ester group isopropyl palmitate. The
two signals at 64 ppm and 60 ppm are respectively assigned to the
carbon next to the oxygen of the ester group and to the terminal CeOH
group of the caprate oil. The spectrum of the Phase A, which is the
mixture between the two emollient oils and the emulsifier, is reported
in Fig. 2 (bottom). The region between 75 and 50 ppm is dominated by
the two peaks at 67 and 64 ppm, which are likely associated to the
isopropyl palmitate and caprate emollients. The other prominent signal
at 70 ppm is assigned to octyldodecanol hydroxyl group (see Supple-
mentary Information). The signals associated to the emulsifier are less
intense and visible than in the top spectrum (Fig. 2 top), which is un-
derstandable as the Easynov constitutes 20 % w/w of the entire Phase
A. Considering that each surfactant constitutes approximately 10 % of
emulsifier, the concentration of each surfactant in the Phase A should
be around 2% w/w. That is probably the reason why the ODX finger-
print at 100 ppm is barely visible in the Phase A spectrum.

3.3. Characterization of the pristine nanoparticulate UV filters

13C NMR spectra of the pristine UV filters are shown in Fig. 3 a–d
(bottom). For T-ste (Fig. 3 a), the presence of the stearic acid coating
was confirmed by comparing the experimental spectra with the simu-
lated Stearate spectra. The signal at 182 ppm is attributed to the car-
boxylic carbon resonance of the stearic acid molecule, together with the
6 peaks in the alkyl region associated to CH2 and CH3 groups of the
stearate chain. The PDMS coating of T-sim and T-dim (Fig. 3 c,d) is

Fig. 2. 13C NMR spectra of the Phase A oil (bottom); the Phase B oil free of
emulsifier (middle); and the Easynov emulsifier (top).
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confirmed by a clear signal at -0,9 ppm associated to the methyl groups
bound to the SiO2 units. In the T-sim spectra, the presence of two small
signals at 70 and 30 ppm, could be due to propanol pollution. As ex-
pected, no carbon resonance signal was detected in the original T-sil
spectra (Fig. 3 b), as they do not contain any organic coating.

29Si NMR spectroscopy was performed on the UV filters containing
silicon either in the form of silica or of PDMS (T-sil; T-dim; T-sim) and
provided further characterization (Fig. 4). For T-dim filters (Fig. 4b),
the resonance at 0 ppm corresponds to Si(CH3)3 terminal group and the
resonance at -22 ppm is associated with SiO-(CH3)2 main chain units of
the PDMS polymer, while at -44 ppm the resonance signal is attributed
to Si-O-Al linkages with the underlying Al(OH)3 coating. These results
are in accordance with the findings of Auffan et al. on the same TiO2

based UV filters [16]. For T-sil (Fig. 4c), the presence of the silica
coating is confirmed by the resonance at -100 ppm associated to SiO2

units. Surprisingly, the signal at -100 ppm of SiO2, which is a claimed
component of commercial simethicone (PDMS+ SiO2), is missing in
the spectrum of T-sim (Fig. 4a). Such absence of any SiO2 signal was
also confirmed using ATR-FTIR which provides a lower detection limit
(data not shown). Furthermore, the signal at -44 ppm attributed to Si-O-
Al linkages is missing, suggesting that the simethicone coating is not
covalently bound to the ENM surface, but more likely weakly adsorbed.

3.4. The roles of emulsifier components and particle coatings

The 13C NMR spectra for the four UV filters after aging in Phase A
are reported in Fig. 3 (a,b,c,d) (middle). For each of the four ENMs,
some signals related to organic molecules adsorbed to the ENM surface
are clearly visible. These compounds were strongly attached to the
nanoparticle surface considering that they remained bound through the
treatment with cyclohexane followed by 48 h freeze drying. However,
not all of the components of the phase A were visible in the spectra of
the aged nanoparticles. Mainly the ODX molecule fingerprints was
clearly distinguished, with the signal at 100 ppm of the anomeric
carbon of the sugar moiety.

On the other hand, the missing signals in the carbonyl region of the
NMR spectra, could exclude the presence of the other surfactant DPH as
well as the two emollient oils. As all the oil phase components contain
similar alkyl chains, with similar chain length and chemical structures,
it is probable that the higher affinity for the nanoparticle surface of the
ODX surfactant could come from its particular xyloside sugar moiety. In
the aged T-sil spectrum, Fig. 3 (b – middle), the two narrow peaks at 70
and 30 could also be associated to propanol contamination as in the
pristine T-sim spectrum, Fig. 3 (c – bottom). This presumable con-
tamination is covering part of the signals in the hydroxyl/ether region
between 60 and 80 ppm and prohibited a quantitative analysis of the

Fig. 3. 13C NMR spectra for T-ste (a); T-sil (b); T-sim (c); and T-dim (d) UV filters; recorded on pristine ENMs (bottom), after aging treatment in Phase A (middle), or
after aging treatment in Phase B (top).
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spectra. This was however performed on the three other aged UV filters.
The peak integration in T-sim and T-dim aged spectra, Fig. 3 (c; d)

(middle), enabled further understanding of the underlying mechanisms.
The number of carbons associated to each peak was estimated based on
the hypothesis that the signal at 100 ppm is only due to the resonance of
the single anomeric carbon of the ODX sugar moiety attached to the
ENM surface. This resulted in a number of carbons not related to the
coating estimated at 20 in T-sim spectrum and 22 in T-dim spectrum.
Even if we assume that all these carbons are only related to the sur-
factant molecule, this quantity is below the 25 carbons of the original
ODX surfactant. We thus hypothesize that the surfactant molecule was
partially degraded into smaller units.

It was not possible to clearly determine the mechanism that caused
such degradation during the aging time or the extraction procedure.
However, it is very unlikely that the addition of hexane during the
washing procedure could have caused such type of reaction, as it is
considered an inert solvent. It is instead more likely that the reaction
could take place at the surface of the ENMs during the initial dispersion
in oil. Further speculation about this hypothesis are handled after-
wards.

In the spectrum of the T-ste UV filters aged in phase A, the stearic
acid coating signal in the alkyl region partially covers the pattern of the
organic molecules from phase A attached to the ENMs surface. It was
thus impossible to determine the number of carbons associated to these
compounds.

The 13C NMR spectra for the ENMs aged in Phase B are shown in
Figs. 3a–d (top). The two small peaks between 70−60 ppm are most
likely due to the resonance of the alkyl carbons bound to the oxygen of
the ester group of the two emollient oils: coco-caprylate and isopropyl
palmitate. Even though, the signal associated to the resonance of the
ester carbons itself was never present in all the four spectra. The reason
could be that the quantity of emollients oils adsorbed on the ENMs
surface was probably so low that ester signal could not be seen. Also,
the similar shape and the intensity of these two peaks in all the 4
spectra suggest that the interaction does not change as function of the
particle coating. This is in accordance with the size distribution of the
ENMs in Phase B (Fig. 1) which showed similar aggregation state for the
4 types of nanoparticles and a larger size than in phase A. Nevertheless,
the persistence of the emollient oil signals even after the recovery
procedure, indicates that the interaction with the ENM surface is strong

enough to resist the recovery and drying procedure. This was not ob-
served through aging in phase A, where only surfactant was added
compared to phase B, but which resulted in a net ODX signal in the aged
nanoparticles Fig. 3 (middle). This further supports the hypothesis that
the prevalence of ODX signals in the spectra of the ENMs aged in Phase
A, is due to a higher affinity of this surfactant for the ENM surface at the
expense of the other component of the Phase A and not to a procedural
artefact.

The resonance of the anomeric carbon of the octlyldodecyl xyloside
(100 ppm) was more pronounced in the T-sim and T-dim spectra, while
it was less detected in the T-ste spectrum and barely visible in T-sil
spectrum. In the spectra of the three hydrophobic UV filters aged in
phase A, (Fig. 3 a, c, d middle), which did not contain any impurity
signal, the area of each peak was determined using a gaussian fit. In
each spectrum, the peak area of the anomer carbon was then divided by
the total peak area in order to get the ratio of anomer signal and to
compare its respective weight between the three candidates. The % of
anomer signal ratio was 5.1 for T-sim, 3.8 for T-dim, and 3.2 and T-ste.
The coating signal ratio, on the other hand, showed the opposite trend.
The dimethicone signal ratio was 6.2 % in T-sim spectrum and 34 % in
T-dim spectrum while the stearic acid ratio should be around 58 % in T-
ste spectra, based on the signal ratio of the carboxylic carbon at
182 ppm. Thus, as the coating ratio decreases, the anomer ratio in-
creases. This suggests that the interaction of the sugar moiety of the
ODX may occur in the internal surface layer of the ENMs rather than
over the organic outermost coating.

It is thus our hypothesis that the sugar moiety of the ODX interacts
with the Al(OH)3/Al2O3 coating of the nanoparticles. Vilgé-Ritter et al.
already observed that aluminum polychlorosulfate PACS could selec-
tively remove polysaccharide molecules from river waters [33]. Yang
et al. and Chang et al. showed that Al3+ ions could strongly bind to the
polysaccharide motifs of cell wall in pectin from Tobacco and Rice
plants [34,35]. Efficient adsorption behavior of different mono-
saccharides onto Alumina surface were seen by Singh & Mohan [36,37]
in aqueous solution. They reasoned that different types of interactions
between the monosaccharides and the alumina surface could occur
during the adsorption process, such as: electrostatic attraction (or re-
pulsion) and hydrogen bonding. They also hypothesized that sucrose
molecules can coordinate to Al atoms of “water coordinated” AlOH2

+

groups by substitution of a water molecule, forming an organometallic
complex.

How Al(OH)3/Al2O3 surfaces dispersed in oil here differ from the
Al3+ ions and Al(OH)3 studied elsewhere in aqueous solution is not
clear, as a knowledge gap remains on this latter systems. It is fair to say
that electrostatic interactions (dipolar or ionic) would be more difficult,
as an oil medium is less capable to allow acid-base equilibrium and ion
stabilization. Hydrophobic bonding could also occur, but does not ex-
plain why the other components of the oil phase, which do contain
hydrophobic tails, did not interact efficiently with the alumina surface.
We thus hypothesize that complexation interaction between the alu-
minum oxide surface and the sugar moiety of ODX will be more prob-
able in this oily system. Such type of bonding would also be more in
accordance with the hypothesis of a partial breakdown of the surfactant
molecule previously mentioned.

Moreover, considering the persistence of the signal at 100 ppm in
Fig. 3 (middle), we assume that the rupture in the surfactant molecule
should occur in the octyldodecyl chain. This would keep the OeCeO
group intact, even if it is not certain whether the xyloside moiety was
preserved or whether the pentose ring was successively opened gen-
erating an acetale group, which has similar chemical shift of anomer
carbons.

Although proposing a mechanism for the surfactant break-down
reaction was not the goal of this study, some hypothetical reactions are
proposed here. The rupture of the molecule could be caused by a het-
erogenous reaction at the Al(OH)3/Al2O3 surface. Organic reactions at
the alumina surface are well established in literature and are very

Fig. 4. 29Si CPMAS NMR spectra of the pristine T-sim (a) ; T-dim (b); T-sil (c)
UV filters.
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useful in lab-scale synthesis because of their high selectivity and mild
reaction conditions (ex: ambient temperature) [38]. While no specific
studies on mono/di-saccharides degradation on aluminum oxides sur-
faces was already described, the formation of monosaccharides due to
acetaldehyde polymerization (formose reaction) catalysed by Al2O3 was
observed by Gabel & Ponnamperuma in aqueous medium [39]. It is still
unclear if alumina can also catalyse breakdown reactions of sugars,
even if Reid & Orgel observed sugar degradation right after the formose
reaction in similar conditions but using a carbonate-apatite catalyst
[40].

Concerning the stabilization mechanism of the colloids in Phase A,
we suppose that the ODX surfactant can act as charge control agent
(CCA) on the ENM surface. CCAs increase the ionic conductivity of the
system by creating free charges in solution or at particle surfaces.
Surfactants are indeed capable of acting as charge control agents, af-
fecting the interparticle interactions and the stability of the suspension
in a non-polar system [41–43]. Yet, the mechanism leading to the
particle charge stabilization is ambigous [44]. In our system, particle
aggregation being prevented by electrostatic repulsion should be the
more realistic scenario considering the surfactant molecule breakdown
at the Al2O3 surface, which would eventually reduce the alkyl tail
length and minimize its hydrophobic stabilization within the oily
medium or any steric hindrance between particles.

Due to the presence of propanol impurities in the aged T-sil 13C
NMR spectrum, it was not possible to perform a quantitative analysis
that would define the potential break-down of the surfactant molecule
on the silica surface. Nevertheless, such reaction was not expected here,
since heterogeneous catalysis with pure SiO2 has not been evidenced in
the literature. Although the anomer carbon peaks in the spectrum of T-
sil aged in phase A (100 ppm) appear feeble and less resolved, it is fair
to say that the ODX molecule interacts with the silica surface, since a
finer aggregation state of T-sil ENMs was measured in Phase A com-
pared to Phase B (Fig. 1 b). Kwon et al. [45] studied the adsorption
behavior of polysaccharide polymers (dextran) on silica and alumina
surfaces. They observed that the mass of retained dextran was higher
with alumina (83 ng/cm2) than with silica (9 ng/cm2), suggesting a
higher affinity for the alumina. This agrees with our results showing
ODX surfactant less detected on the T-sil surface than on T-dim or T-sim
after aging in phase A.

The three UV filters T-dim, T-sim and T-ste all have an aluminum
oxide coating which could likely favor such interaction with the sugar
moiety of the ODX surfactant. Nevertheless, they displayed contrasted
fates. This could be related to the stability of the respective polymer
coatings. As previously mentioned, aged T-sil filters showed the lower
coating signal ratio (6.2 %) compared to aged T-dim (34 %) and T-ste
(58 %). This can be associated to a loss of the simethicone coating from
the ENM surface during the dispersion stage. Indeed, the simethicone
coating was not strongly bound to the particle surface, as seen from 29Si
NMR results (Fig. 4a) where no covalent linkage between the simethi-
cone coating and the underlying alumina coating was detected, leading
most likely to a lower stability of this external coating that could be
partially removed during the dispersion procedure. Of note, even if a
potential involvement of the cyclohexane washing procedure in the
coating removal could not be excluded here (further investigation are
needed to clarify this aspect), such effect would take place after the
ENM aging in oil, and the preferential surface interaction with the ODX
observed here would not be affected. The same process may take place
in a lower extent with the T-dim ENMs, for which part of the di-
methicone coating was covalently bound to the Al(OH)3 layer (Fig. 4b)
constituting a more stable external layer. The stearic acid coating of T-
ste probably constituted a denser and more stable surface layer, cor-
roborated by its higher organic coating/TiO2 ratio (Table 3). This may
prevent the surfactant molecules from diffusing and reaching the un-
derlying Al(OH)3 surface. Higher steric hindrance may likely occur in
the case of T-ste ENMs, because of the longer and bulkier C18 chains of
the stearic acid coating in comparison with dimethicone single methyl

groups, although we do not have any information about the orientation
of the different external coatings on the ENMs surface. In turn, the T-ste
ENMs dispersion was less affected by the presence of the emulsifier
agent (Fig. 1) and the pattern of this latter was less detected in the 13C
NMR spectra after aging in Phase A.

HR-TEM images of pristine and aged ENMs are presented in Fig. 5
(a;b;c;d). No significant differences in the size and shape are observed
between the samples. T-sim ENMs aged in oil phase (Fig. 5 d), however,
show a peculiar layer surrounding the particle surface that is not de-
tected in the T-dim sample aged in Phase A. We do not have enough
data to tell the nature and the origin of this layer even-though its
thickness, and the fact that it is present just in the aged samples sug-
gests that it could be an oil phase residue remaining attached to the
particle surface. EDX characterization map of titanium, oxygen and
aluminum on T-dim and T-sim ENMs before and after aging are pre-
sented in Fig. 5 (a1; b1; c1; d1). The mass ratio of aluminum in the
sample areas analysed is reported in the red framed boxes. For both T-
dim and T-sim ENMs, it remained unvaried before and after aging in
Phase A (Fig. 5a1-b1 and Fig. 5c1-d1), suggesting that the aluminum
oxide was not degraded during the whole aging and recovery processes.
These results corroborate our previous hypothesis on the preferential
interaction of the sugar moiety of the ODX surfactant with the alu-
minum oxide coating of the ENMs, which eventually constitutes a stable
surface of interaction.

A sketched dispersion mechanism in Phase A medium is proposed in
Fig. 6 for the four TiO2 UV filters studied, based on these assumptions.
Simethicone and Dimethicone coated ENMs (Fig. 6 (red)) showed the
finer dispersion capacity. During the dispersion in oil, they could lose
part of their coating, leaving a higher aluminum oxide surface available
to interact with the ODX sugar moieties, which leads to a higher ENM
dispersion stability. On another hand, the stearic acid coating on the T-
ste ENMs (Fig. 5 (blue)) is more stable and remains mostly intact at the
ENMs surface during the dispersion in oil. This leads to a lower extent
of ODX surfactants reaching the alumina surface, and to a weaker
particle dispersion stability in Phase A, i.e. larger aggregation. In T-sil
ENMs (Fig. 6 (green)) there is no aluminum oxide but a SiO2 coating. In
absence of a secondary organic coating in the pristine material, this
surface is fully accessible to the ODX molecules, nevertheless a weaker
affinity takes place with silica compared to the aluminum oxide surface,
resulting in a limited amount of adsorbed ODX and in a low dispersion
stability, i.e. large aggregation.

4. Conclusions

The emulsifying agent Easynov™ favored the dispersion of four
different commercial nanoparticulate UV filters in a realistic sunscreen
oil phase. The extent of dispersion was shown to be influenced by the
surface coating properties of the nanoparticles. Specific interaction
between the octyldodecyl xyloside molecule and the four UV filters
among the other oil phase components were observed, suggesting a key
role of this surfactant in the stabilization of the colloidal system. This
stabilization happened to be more efficient with mineral UV filters
containing simethicone/dimethicone external coatings. After aging in
the oil of the hydrophobic coated nanoparticles, an inverse relation was
observed between the amount of external coating remaining at the
ENMs surface and that of xyloside adsorbed. Thus, a specific interaction

Table 3
% of carbon and % of organic coating in the three UV filters T-dim, Tsim and T-
ste.

Product name % of carbon % of organic coating

T-dim 1.11 3.42
T-sim 1.08 6.35
T-ste 7.38 9.21
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with the internal Al2O3/Al(OH)3 coating was proposed.
In this work, surfactants normally used to stabilize W/O emulsions

were highlighted to be also fundamental in stabilizing the nanoparti-
culate UV filters dispersions. A compromise needs to be considered
between the stability of the mineral UV filter’s external coating and its
capability to let the surfactant molecules diffuse into the inner spheres
of the nanoparticle. In this light, T-dim ENMs showed the best

performance, given that the external PDMS coating was stable and not
significantly degraded during the dispersion procedure but permeable
enough to allow the diffusion of the ODX surfactant through the sur-
face, leading to a finer ENMs dispersion and to an enhancement of the
UV absorbance almost by a factor 2. This work brings light on the ne-
cessary step to optimize the use of nanomaterials in sunscreen product.
Decreasing the amount of nanoparticulate UV filters in a sunscreen

Fig. 5. HR TEM images of T-dim and T-sim pristine powders before (a; b) and after aging in Phase A (c; d). The respective EDX maps of oxygen; aluminum and
titanium elements are reported in the images with a “1″ label. The mass ratio (%) of aluminum in each area analysed is reported in the red framed boxes. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 6. Schematic representation of the dif-
ferent dispersion behaviors for the four tested
UV filters: T-sim and T-dim (red); T-ste (blue);
T-sil (green). The external coating is re-
presented with blue blocs while the alumina or
silica coating are the dark grey ovals.
Differences on the quantity of blue pales be-
tween PDMS and stearic acid coated pristine
ENMs, are used to emphasize the different
capability of the two types of coating in
shielding the inner spheres on the nanoparticle.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article).
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formulation and better predicting their environmental fate and toxicity
are key levers in the approach of minimizing the associated risk.
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