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In situ determination of engineered nanomaterial
aggregation state in a cosmetic emulsion - toward
safer-by-design products
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Engineered nanomaterials (ENMs) can be used in cosmetics as UV blockers. For these products, the
exposure-driven risk for humans and the environment is related to the ENM release during or after use,
and thus to the original surface properties and aggregation state of the ENMs. Moreover, as the ENM
dispersion in the product also affects the efficiency to screen UV rays, optimizing the formulation can lower
the ENM load. Characterizing the ENM behaviour directly in a cosmetic formulation is thus crucial to better
assess their risk and develop safer-by-design products. However, the complexity of such a multiphasic
system limits in situ characterization using most common analytical tools. Here, we present a novel
methodology based on two-dimensional X-ray absorption (2D-XRA) imaging to characterize the dispersion
state of ENMs directly in a sunscreen product. Two commercial nano-TiO, UV filters, displaying different
surface coatings, were used to prepare contrasting sunscreen formulations at increasing ENM
concentration. Cryogenic scanning transmission electron microscopy (Cryo-STEM) was also used for
comparison to evaluate the advantages and limitations of both methods in this context. 2D-XRA proved to
be a powerful and rapid technique to analyze both UV filter dispersion in the formulation and the overall
product homogeneity. This was enabled by thresholding areas of contrasting ENM densities in the 2D-XRA
image, which reflected ENM aggregates, fine ENM dispersions, or voids with a lower UV protection. Image
analysis also allowed semi-quantitative evaluation of the relative area of each density range, and of the
aggregate size in terms of projected area. In comparison, Cryo-STEM provided a larger magnification than
2D-XRA, which enabled visualisation and sizing of the ENM primary particles, plus the distinction of the
emulsion oil and water phases thanks to EDX coupling, but with a smaller and less representative volume
of analysis and a higher cost in time and energy. This work is a step forward in measuring ENM behavior in
situ in a complex multiphasic matrix constituting a nano-enabled product. Such knowledge at the original
stage of the product life cycle is crucial to better predict the ENM fate along with use and end of life, and
eventually, develop safer-by-design nano-enabled products.

Analysing the nanomaterial (ENM) dispersion state in a cosmetic product, without altering the original matrix, is crucial to assess the exposure driven risk
during and after use. Here, we present a novel methodology based on 2D X-ray absorption imaging to analyse, in situ, the aggregation state of ENM UV
filters in a sunscreen emulsion. Our results demonstrate that this methodology is able to rapidly characterize, semi-quantitatively, the ENM dispersion and
homogeneity in the formulation and can be a useful tool to optimize the UV filter type and concentration with regard to the product efficacy. Eventually,
this can help to develop sunscreens with a lower ENM load, still maintaining an acceptable sun protection factor, but with a lower environmental

footprint.
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1. Introduction

In the last 20 years, nanotechnology has been widely used in
different areas such as cosmetics, painting, drug delivery,
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packaging and food."” Together with the higher efficiency of
the so-called nano-products, increasing concern has been
expressed in the literature regarding the potentially higher
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toxicity of these engineered nanomaterials (ENMs) to
consumers and the environment due to their higher active
surface and bioavailability.>*

Cosmetic products, like sunscreens, often contain
nanoparticulate TiO, or ZnO minerals, used mainly as UV
filters. They are preferred over the corresponding micron-
sized particulate filters because of their better screening
efficiency and transparency on the skin.> During use, these
ENMs may penetrate the human skin,® causing
cytotoxicity,’ '® or be released into aquatic and soil
environments during bathing activities or showering,"" with
potential hazards to the surrounding ecosystems.”'* The
European Commission's regulation program, Registration,
Evaluation, Authorization and Restriction of Chemicals
(REACH), is currently working on the regulation of products
containing nanomaterials. The regulatory process normally
requires basic physico-chemical characterization of the
product (stability; purity; molecular weight; crystal structure)
and, when necessary, a toxicological evaluation (in vivo/
in vitro toxicity tests).'>'*

Since the risk associated with these ENMs is related to the
sunscreen composition and to the ENM content in the
formulation, optimizing the mineral filter performance and
concentration is crucial to anticipate and minimize this
risk.'" One way to obtain a cosmetic product with a lower
ENM content without affecting its efficiency (solar protection
factor - SPF) is to enhance the particle dispersion and
stability in the formulation medium."® It was observed that a
finer nano-UV filter dispersion can be twice as efficient as a
formulation containing aggregated nano-UV filters."
Consequently, the determination of nanoparticle size and
dispersion state (i.e. aggregation; agglomeration) in a
cosmetic formulation is a key step to optimizing the product
efficiency and thus minimizing the UV filter load and
environmental footprint after release. Although the physico-
chemical characterization of raw nanomaterials prior to their
integration into a cosmetic product is relatively
straightforward,'” it is more challenging to characterize the
final nano-enabled product because of the matrix complexity,
which makes many routine approaches unsuitable.

One of the main experimental issues is related to the oily
nature of the product, which impedes the complete drying of
the sample. Therefore, size, structure and chemical analyses
using transmission electron microscopy (TEM) in standard
mode are not possible, because this works under a complete
vacuum, and can eventually lead to sample aspiration which
could damage the instrument.'® Dilution of the cream with
an organic solvent, followed by evaporation of the volatile
components, is often used prior to the analysis in order to
avoid this effect with conventional TEM or SEM."**° Such a
sample preparation changes the ENM dispersion state and its
interaction with the formulation ingredients, which is not
compatible for characterizing the final sunscreen product. To
avoid sample aspiration or drying during TEM analysis, Butler
et al.*" used high-pressure freezing substitution of the creamy
medium with a suitable resin. The resulting images allowed
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the finer characterization of particle size, shape and
aggregation state. However, this experimental set-up is very
time-consuming and the resin addition could likely change
the interaction of the nanoparticles with the surrounding
medium. Recently, Philippe et al.,”> performed a TEM analysis
on different commercial sunscreens in cryogenic mode. This
technique is suitable for obtaining finer electron microscopy
images of nanoparticles in sunscreen formulations without
altering the original composition of the product.*
Nevertheless, although Cryo-TEM is able to give insight on the
size and shape of primary particles and aggregates, the
images cannot be representative of the entire product
structure (i.e. nanoparticle aggregation or agglomeration
state; inhomogeneities), as a high resolution often implies a
limited analyzed area. It is thus crucial to use a methodology
which does not alter the original formulation matrix, gives a
resolution on the order of the UV filter aggregate size, and
enables the analysis of a representative area of the product.

Tyner et al.'® compared more than 20 analytical methods
to characterize nanomaterials in sunscreen formulations.
They concluded that four of them were capable of providing
insight on some specific ENM characteristics without
changing the composition of the original product. Laser-
scattering confocal microscopy (LSCM) is able to give insight
on the presence of nanoparticles and their average dispersion
state, but due to the diffraction-limit resolution of optical
microscopy and low optical contrast, the particles cannot be
detected or sized accurately. X-ray diffraction (XRD) is
suitable for characterizing the crystalline structure and size
of the coherent domain of primary particles. Variable
pressure scanning electron microscopy (VPSEM) provides
surface characterization of the sample, and coupling with a
back-scattering detector gives a contrast function of the
atomic number, which leads to a better visualization of Ti or
Zn-based ENMs in the sample. Finally, atomic force
microscopy (AFM) is able to detect nanomaterials in the
formulation and give insight on morphological features, even
though phase imaging is required for bulk characterization.
Because AFM is really sensitive to topographical changes,
height analysis can be complicated due to artifacts arising
from sample preparation.

The present work was aimed at developing a novel
methodology based on two-dimensional X-ray absorption
(2D-XRA) imaging to characterize the aggregation and
dispersion state of nanoparticles directly in a sunscreen
product together with the formulation homogeneity. Different
sunscreen formulations were prepared in-house in order to
obtain contrasting case studies that were analyzed by this
method. The sun protection factor (SPF) of each formulation
was measured in order to evaluate the impact of the filter
dispersion on the SPF and if the latter could be used as a
possible indicator of the formulation homogeneity. Cryo-
STEM was also used to measure the particle size, shape and
dispersion state in the emulsion in order to give insights on
the advantages and limitations of both methods for
sunscreen characterization.
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2. Materials and methods

UV filter properties

Two commercial UV-filters, T-Lite SF (BASF) and Eusolex T-S
(Merck), were used as case studies in this work, hereafter
named T-Lite and T-S. They were directly purchased from the
supplier as dry powders. Chemical speciation of the pristine
powders (NMR; EDX; elemental analysis) together with the
evaluation of the primary particle sizes and shapes has been
reported elsewhere.'® Both are characterized by a rutile TiO,
nanoparticulate core (=76 wt% in T-S and ~84 wt% in T-Lite,
according to the manufacturers) with a similar size (*60 nm)
and rod shape. Both UV filters are coated with a primary
mineral layer of aluminum (hydr)oxide (=10 wt%) and a
secondary hydrophobic polymer layer. The latter is composed
of stearic acid in the T-S UV filter (=9 wt%) and
polydimethylsiloxane in T-Lite (=3.5 wt%).

Formulation of sunscreens

Water-in-oil (W/O) sunscreen emulsions were prepared with
various UV filter characteristics and concentrations, following a
procedure and using products that are typically used in the
cosmetic industry. The formulation ingredients are listed in
Table 1. The emollients and emulsifier and preservative
components used were provided by the suppliers. The
continuous oil phase of the sunscreen was prepared by mixing
the two emollient oils and the emulsifier in a 2:2:1 ratio. It
was gently homogenized for 20 min through magnetic agitation.
Then, an appropriate mass of UV filter (T-S or T-Lite) was
dispersed in 15 g of this oil phase under stirring (1000 rpm) for
10 minutes, using a Heidolph Hei-Torque 400 stirrer equipped
with a four-bladed pitch blade turbine with a blade angle of 45°.
Meanwhile, 70.3 g of Milli-Q Water (p = 18.2 Q m) were mixed
with 3 g of glycerol (Sigma Aldrich) using a bench-top mixer
(Turbotest evo, VMI, France) equipped with a 35 mm
deflocculator turbine, rotating at 400 rpm. 1.2 g of gelling agent
(Sepiplus 400) was added to this aqueous phase while
increasing the agitation speed to 1600 rpm for 10 min. Then,
the aqueous phase was mixed and emulsified with the oil phase
using the bench-top mixer equipped with a 25 mm rotor/stator
emulsifier at a 2000 rpm speed during 10-15 min. Finally, 0.5 g
of the preservative Euxyl PE 9010 was added and the emulsion
was mixed for 10 min at 1000 rpm with the deflocculator.

A total of seven sunscreen formulations were prepared
using this procedure, which include the two UV filters

View Article Online

Environmental Science: Nano

incorporated at three different concentrations (2.8; 5; 10
wt%), and a blank formulation free of UV filter. In the
formulations prepared with 10 wt% UV filter, 10 g of the dry
UV filter powder were incorporated. In the formulations
prepared with a lower amount of UV filter (2.8 and 5 wt%),
the weight difference was balanced by adding the same mass
of ultrapure water.

Contact angle measurements and surface free energy
calculations

Although both UV filters are commercially labeled as lipophilic,
their actual dispersion in the sunscreen formulation is expected
to depend on the affinity of the outermost coating for the oil
dispersing medium. In order to characterize the surface polarity
of both UV filters, contact angle measurements were conducted
with the oil phase used to prepare the sunscreen emulsions,
and with three reference liquids characterized by different
polar/dispersive components: ultrapure water; diiodomethane
and formamide. Stable and compact pellets with a perfectly flat
surface were obtained from solid dispersions by mixing and
grinding manually 20 wt% pure T-Lite or T-S ENMs with 80
wt% KBr powder (Sigma-Aldrich), and then compacting under 3
tons using a high-pressure press. KBr was used here as a binder
in order to maintain the strength of each pellet during
manipulation and a similar structure. Of note, due to the much
higher specific surface area of the TiO, nanomaterial compared
to that of the micronized KBr, it is assumed that the whole
pellet surface consists of the nanomaterial and that KBr does
not affect the contact angle.®® The sessile-drop method was
conducted on each pellet with a portative goniometer PGX+
(ScanGaule, Gravigny, France) connected to the PGPlus
software.”> The goniometer was equipped with a high-
resolution camera and a specific lighting system coupled to a
mirror to visualize liquid droplets deposited onto the surface. A
syringe (@ = 0.77 mm) was used to deposit a droplet on the
pellet surface and an image was recorded 4 seconds after
droplet deposition. The advanced contact angle was determined
on the identified triple point at the intersection of the liquid,
solid and vapor phases using the software. The surface energy
components (dispersive and polar) were then calculated using
the van Oss-Chaudhury-Good equation.”®*” The measurements
with each liquid were performed in triplicate and 9 replicates of
the pellet were made for each solid dispersion.

Table1 Commercial name, function and composition of the ingredients used to formulate the sunscreen emulsions

Commercial name Supplier Composition Function
SEPIPLUS 400 SEPPIC Polyacrylate; polyisobutene polysorbate 20; Gelling agent
water; sorbitan; isooctadecanoate
EASYNOV SEPPIC Octyldodecanol; octyldodecyl xyloside; Emulsifier
PEG30 dipolyhydroxystearate
CETIOL LC AMI CHIMIE Coco-caprylate/caprate Emollient
TEGOSOFT P EVONIK Isopropyl palmitate Emollient
EUXYL PE 9010 SCHUELCKE Phenoxyethanol; ethylhexylglycerin Cosmetic preservative

3548 | Environ. Sci.: Nano, 2021, 8, 3546-3559
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Sun protection factor (SPF) measurements

The SPF of each sunscreen formulation was measured in vitro
using the method of spectral transmittance defined by eqn (1):

400
E;s;d,;
SPF — _J 200742480 (1)

T 400
200E1 181 er

where E; is the spectral irradiance of a “standard sun”
corresponding to the COLIPA “SPF method™; s; is the erythema
action spectrum (CIE 1987) at wavelength A and 7; is the
spectral transmittance of the sunscreen. E; and s, are tabulated
values, while 7, is calculated by transmittance measurements
performed as follows.

UV transmitting poly(methyl methacrylate) (PMMA) plates
(50 x 50 mm) with a 5 um medium roughness were used as a
substrate that mimics skin. Between 1.2 and 1.4 mg cm > of
cream was spread on the substrate, accurately weighing the
amount deposited before and after evaporation occurred. By
using light finger pressure, the cream was spread over the
entire surface until a homogeneous distribution was achieved
and the sample was left to settle for 15 min at room
temperature to ensure self-leveling of the formulation. A bare
PMMA plate was used as a blank for UV transmittance. The
transmittance of each sample was measured in the UV range
(400-290 nm) using a spectrophotometer (Kontron UVIKON -
UVK lab) equipped with an integrating sphere. For each
sunscreen sample, the measurements were repeated 9 times
at different locations of the PMMA plate.*®

2D X-ray absorption imaging

2D X-ray absorption (2D-XRA) imaging analysis was
performed using an UltraXRM-L200 X-ray tomograph (Zeiss
Xradia). The instrument is equipped with a copper rotating
anode X-ray source (E = 8.048 keV) running at 40 kV and 30
mA. The UltraXRM-L200 is a lab based ultra-high-resolution
computed tomography scanner usually used for structural
analysis of microscopic sample volumes via 3D visualization.
It was used here in 2D projection mode in order to attempt
rapid assessment of the aggregation and dispersion state of
nanoparticles directly in the sunscreen product together with
the formulation homogeneity. Each sunscreen formulation
was aspirated into a 249 pm diameter Kapton capillary, using
a disposable syringe fitted with a needle. The portion of the
capillary not filled with the sample was cut-off and the
extremities were closed with epoxy glue to avoid sample
evaporation. A mosaic of 5 X 5 images was recorded in a large
field of view (64.5 x 64.5 um®), to be able to cover the entire
sample area, with a pixel resolution of 60 x 60 nm” Each
sample measurement took only 25 min, which likely avoided
any aging of the sample structure. As the extent of X-rays
absorbed by the sample depends on the electronic contrast of
its summed components, 2D X-ray absorption imaging is
theoretically able to distinguish the TiO, based ENMs (high
electron density) from the rest of the sunscreen formulation.

This journal is © The Royal Society of Chemistry 2021
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Semi-quantitative image treatment

The original 2D-XRA images (8bit) were treated with Image]
software in order to achieve a 256-level greyscale, in which
black (maximum X-ray absorption) equals 0 and white (no
X-ray absorption) equals 256. In order to compare sample
portions of the same thickness (249 pm), the areas
corresponding to capillary edges or the cream-air interface in
the image were avoided, and only the central bulk area of the
sample was taken into consideration. To distinguish the
nanoparticle contribution accurately and compare the
greyscales between samples at different ENM concentrations,
the image from the blank sunscreen formulation was
subtracted from those of sunscreens containing ENMs, using
the subtract function available on Image].

In addition to this qualitative characterisation, the local
ENM concentration in each area of the sample image could
be quantitatively determined, using the calculated X-ray
transmission through the sample, as follows. The
transmission of X-rays through a slab of thickness d is given
by eqn (2):*°

T = exp(-nu.d) (2)

where n is the number of atoms per unit volume, g, is the
atomic photo-absorption cross section at a given wavelength
and d is the beam path length through the sample. The factor
n was calculated based on the sunscreen formula, considering
the respective proportion of each component. The factor x,
can be obtained from the relation with the imaginary
component of the scattering factor f, given by eqn (3):*°

ﬂa = ZrO}:fZ (3)

where r, is the classical electron radius, and 4 is the wavelength
of the incident beam. The factor f, can be obtained, knowing
the refractive index 7, of the sample, from eqn (4).

M= 1 NT 2 (f, + i) @

where N is the number of atoms per unit volume in the slab.
As the contribution of the blank sunscreen components was
subtracted from the signal of the samples containing ENMs,
the refractive index of the sunscreen sample, ie. the
corresponding f, value, was derived for the TiO, ENMs only,
using the calculation tool provided by the Center of X-ray
Optics (CXRO/ http://www.cxro.lbl.gov).**° , was then derived
as a function of the ENM nominal concentration in the
sunscreen (2.8, 5, and 10 wt%). The corresponding theoretical
X-ray transmitted intensities were calculated and used as
references to threshold the 2D-XRA map. Using the trapezoid
approximation rule, the extent of UV filters occurring behind
each pixel of the map could be categorized with regard to the 3
theoretical intensities. This enabled mapping, in each
sunscreen sample, the UV filter concentration into 4
concentration domains: <2.8; 2.8-5; 5-10; and >10 wt%.
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To further quantify the ENM aggregation and dispersion
state of the samples, when some large aggregates were revealed
as discrete units in the 2D projection map, their average area
(1-25 um?) was determined using the particle size calculator
feature of Image]. For this analysis, only the concentration
domains higher than the expected nominal concentration in
the sample were considered. In samples with 5 or 10 wt%
nominal concentration, we considered the domains >10 wt%,
while in samples with 2.8 wt% nominal concentration, we
considered both domains 5-10 and >10 wt%.

Finally, the standard deviation of the greyscale
distribution histogram was also calculated for each sample,
after blank subtraction, and tested as a possible indicator of
the sunscreen homogeneity.

Cryogenic microtome/cryogenic transmission electron
microscopy

Scanning-transmission electron microscopy (STEM) in
cryogenic mode was used to characterize the sunscreen
formulations, in order to compare the advantages and
limitations with regard to 2D-XRA imaging. A droplet of
either T-S or T-Lite sunscreen at 2.8% w/w was allowed to
settle on a metallic support and frozen at -100 °C in the
cryochamber of a Leica EMF-UC7 ultramicrotome. Once the
sample was homogeneously frozen and stable on the support,
the temperature was raised to —80 °C to soften up the sample
and ease the cutting procedure. Under such conditions, the
diamond blade of the microtome should be able to perform a
clean cut on the sample without altering the ENM
distribution in the frozen sunscreen matrix. The samples
were cut into thin slices of 80 nm thickness and 1-2 mm
length (cut-speed = 1 mm s™'; FEED = 80 nm) using a
diamond cutting-knife. The slices were placed in a suitable
sample holder and stored in liquid nitrogen overnight. The
frozen samples were placed on an Agar C-166-3 lacey carbon

Qil phase Water

NP pellet

6=18.43£0.05

6 =106.87 £ 2.22
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grid, inside a cryo-holder (Thermo Fisher) filled with liquid
nitrogen. The samples were then transferred into a
microscope (Thermo Fisher Tecnai Osiris) and analysed at an
operating voltage of 200 kV. STEM mode was chosen instead
of standard TEM to record the images, as it allowed for a
clearer detection of the nanoparticles due to higher contrast.
To attempt to distinguish more precisely the different phases
of the formulation (oil; water; TiO,), elemental chemical
analysis of the samples was performed using the energy
dispersive X-ray (EDX) detector mounted inside the
microscope. The EDX images were then processed with
ESPRIT software (Bruker), in order to treat and minimize the
background.

3. Results and discussion
Surface free energy of the nanoparticles

The contact angles (6), obtained with the different liquids,
for the T-S and T-Lite pellets are reported in Fig. 1. Both
T-Lite and T-S ENMs displayed a high affinity for the
sunscreen continuous oil phase, with values of § < 90°.
Nevertheless, the higher 05, for T-S (25°) suggests a slightly
less effective interaction with the oil compared to T-Lite
(OrLite-p = 18°). This observation is further supported by the
results obtained using the three standard liquids (ultrapure
water, diiodomethane and formamide) to calculate the
surface free energy components (Table 2).

The interfacial Lifshitz-van der Waals component of the
surface free energy (y"") describes the likelihood of a
compound surface to establish apolar interactions,®" while
the Lewis base component value (y~) describes the likelihood
to interact with polar components. y** is lower for T-S ENM
(21 mN m™) compared to that for T-Lite ENMs (35 mN m ™),
while y~ is lower for T-Lite ENMs (0.1 mN m™'). These
differences can reasonably be ascribed to the respective
organic coatings of the two ENMs. The carboxylic groups of

Diiodomethane Formamide

6=48.27+3.44 6=78.27 +5.53

(b)

6=24.83+0.82

6=93.9+0.82

6 =68.93 +3.64 6=77.8%3.63

Fig. 1 Contact angle measurements (6) between different liquids and the T-Lite (a) or T-S (b) nanoparticle pellets, using the sessile drop method

(3 replicates).
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Table 2 Surface free energy component values calculated using the van Oss-Chaudhury-Good equation

Nanoparticulate UV Interfacial Lifshitz-van der Waals

Lewis base Lewis acid Surface free energy

filters component (y*V) component (y°) component (") (v%) (mN/m)
T-S 21.3£2.0 3.9+1.5 0404 23.1+1.8
T-Lite 353+14 0.1+0.1 0.4+0.2 35.7+ 1.5

the T-S ENM stearic acid coating can likely act as an electron
donor (Lewis base) and favor interactions with polar
molecules. The T-Lite ENMs, instead, contain a dimethicone
(polydimethyl siloxane) coating free of any electron donor (or
acceptor) moiety, which does not favor polar interactions.
Although we do not have any information about the stearic
acid chain orientation or the nature of interactions with the
nanoparticle surface, Paunov et al.** estimated that a stearic
acid coating on calcium carbonate particles brings
intermediate surface hydrophobicity, which enables stable
dispersion in both water-in-oil and oil-in-water emulsions.
These relative polarities agree with the slight differences in
affinity for the ultrapure water, or the oil phase, observed
between the two ENMs. Due to their more polar aspects, the
T-S ENMSs, although still maintaining a hydrophobic
character, showed a slightly higher affinity for ultrapure
water (frs_w = 93.9°) compared to the T-Lite ENMs (Orpite-w =
106.9°). In contrast, the wettability with the oil phase was
likely favored by the apolar interactions present at the T-Lite
ENM surface.

Solar protection efficacy and sunscreen formulation
character

The sun protection factors (SPFs) of the different sunscreens,
formulated with T-S or T-Lite ENMs, were measured in vitro
and are reported in Fig. 2. Overall, at every tested UV filter
concentration (2.8, 5, and 10 wt%), the sunscreens
formulated with the T-Lite UV filter showed greater
protection performance than those formulated with the T-S

30

28% 5%
NPs concentration

UV filter. Moreover, this difference increased with the ENM
concentration (Fig. 2, dashed line).

As the SPF value is proportionally correlated to the UV
absorbance,** this trend cannot be biased by the calculation
method. Furthermore, it is unlikely that this trend was due
to differences in the T-S and T-Lite ENM primary particle
sizes, because this would not lead to such a dependence on
the ENM concentration. We assume that such a difference in
SPF arises from various aggregation states of the
nanoparticulate UV filters in the formulation. It is well-
known that particle aggregation increases with particle
concentration and leads to a lower sunscreen screening
efficacy.®® Aggregation phenomena can indeed cause
inhomogeneities in the UV filter distribution in the
formulation, creating voids with low filter content that are
more transparent to UV radiation. As such, T-S aggregation at
the highest UV filter load resulted in an SPF 25% lower
compared to that of T-Lite. With the aim to test the ability of
2D-XRA to evidence such contrasting formulation structures,
the seven samples were analysed using this technique. The
large field of view images are presented in Fig. 3 through the
unmodified 8bit mosaics.

In each greyscale image, darker shades correspond to
regions with higher X-ray absorption, while brighter shades
correspond  to X-ray absorption zones. Denser
materials, like TiO,, are stronger X-ray absorbers compared
to the aqueous or oily sunscreen components. The black dots
with a size of a few micrometers (red circles) in sunscreens
(b-g) can thus be easily associated with ENM aggregates, as
they are not detected in the blank sunscreen free of ENMs

lower

mmm T-Lite Sunscreens
wem T-S Sunscreens
— -SPF difference

SPF difference

10 %

Fig. 2 SPF values of sunscreens as a function of the UV filter nature and concentration. The dashed line represents the SPF differences between
the T-Lite and T-S sunscreens at each concentration. Error bars correspond to standard deviations from 9 measurement replicates.
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(b)

Meniscus

Fig. 3 2D X-ray absorption imaging (raw data) of sunscreens: blank sunscreen (a); T-Lite sunscreens 2.8; 5; 10 wt% (b-d); T-S sunscreens 2.8; 5;
10 wt% (e-g). Red circles highlight particle aggregates. The green square indicates the bulk zone focused on for semi-quantitative analysis of the
images. Pixel size = 60 x 60 nm?2. Each mosaic results from the stitching of 9 separate analyses realized in neighboring volumes of the same

sample.

(a). Based on these images, at each ENM concentration, the
T-Lite sunscreens contain less micro-sized aggregates than
the T-S sunscreens. The darker regions are more
homogeneously dispersed in the T-Lite formulation than in
the T-S formulation, indicating a finer dispersion of the
ENMs in the former. Meanwhile, for a given UV filter nature,
the particle distribution observed at 2.8 and 5 wt% appeared
similar, and at the highest concentration tested, 10 wt%, the
homogeneity of the dispersion was dramatically affected. In
TS-10 (g), this is associated with increasing particle
aggregation. In TLite-10 (d), although the presence of discrete

micron-sized aggregates was not observed at this
magnification, the dispersion itself appeared less
homogeneous compared to those with lower T-Lite

concentrations, with a marbling-like aspect in the center of
the sample and nanoparticle accumulation along the
meniscus. This nanoparticle accumulation at the air-cream
interface was also observed in TLite-5 and in all the T-S
samples. This suggests a higher affinity of the ENMs for the
air phase than for the sunscreen medium. Such surface
accumulation was already observed in aqueous colloidal
dispersions with hydrophobic particles, usually accompanied
by particle aggregation/coagulation,® and this accumulation
would likely increase at higher particle concentrations. The
fact that ENM aggregation and concentration at the meniscus
were already observed at the lowest particle concentration in
TS-2.8 suggests that this ENM is less stable in the
formulation compared to the T-Lite ENM. These qualitative
observations are in accordance with the contact angle and
SPF measurements obtained (Fig. 1 and 2), which attests to
the utility of 2D-XRA as a rapid screening method to assess
both the dispersion state of mineral UV filters in a sunscreen
formulation and, indirectly, the emulsion homogeneity.

3552 | Environ. Sci.: Nano, 2021, 8, 3546-3559

Nanoparticle dispersion state and aggregate size

The possibilities of 2D-XRA are not limited to this qualitative
aspect, as quantitative information can also be obtained from
image analysis, including the greyscale variance, the
projected size area of the ENM aggregates, and the local ENM
concentration in different areas of the sample. For this
purpose, the greyscale distributions of the raw images were
analyzed, considering only the central bulk portion of the
capillary to avoid side effects. The results are reported in
Fig. 4. The blank sample image was subtracted from the 6
raw images of samples containing ENMs. Then, three
greyscale thresholds were applied, corresponding to the
theoretical X-ray absorption values calculated for each of the
three ENM nominal concentrations applied in the sunscreen
formulation. Therefore, 4 different domains of ENM density
can be distinguished in the map and compared to the
expected nominal concentration (<2.8; 2.8-5; 5-10; >10
wt%).

It is important to underline that the images obtained by
2D-XRA are 2D projections of a 3D sample, where each pixel
thus results from the sum of the projected voxels. The TiO,
ENMs are the most X-ray absorbing components in the
formulation. Moreover, the other components constituting
the blank formulation were subtracted. Thus, the greyscale
distribution obtained in 2D reflects the ENM concentration
and aggregation state in the total volume analysed, so that
any local ENM large aggregation generates an increase of
X-ray absorption, leading to a map region with an ENM
density higher than the nominal sample concentration.
Conversely, any map regions with lower X-ray absorption can
be interpreted as containing a low ENM density, ie. voids
with under-protection against UV-rays.

This journal is © The Royal Society of Chemistry 2021
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>

-
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Fig. 4 Local TiO, concentration maps in T-Lite and T-S sunscreens at each ENM nominal concentration studied. The concentration domains were
the threshold according to the theoretical X-ray absorption at 2.8, 5 and 10 wt% respectively, so that the actual concentration can be compared to

the expected nominal concentration.

From the 6 maps obtained as shown in Fig. 4, the
respective area ratios of each ENM concentration domain
were quantified and are reported in Fig. 5a. The greyscale
distribution plots after blank subtraction are also reported in
Fig. 5b, together with the thresholds used. The ENMs in
TLite-2.8 and TLite-5 appear the most finely dispersed,
making it difficult to distinguish between concentration
domains. In the TLite-2.8 map, a majority (71%) of the area
corresponds to the domain 2.8-5 wt% (Fig. 5a), which is in
good agreement with the nominal concentration of the
sample. The whole greyscale distribution actually lies around
the theoretical X-ray absorption value for TiO, at 2.8 wt%

Nominal ENMs concentration (w/w)

(a)

T-S

TiO,<2.8% 2.8 % <Ti0,<5%

(Fig. 5b). In TLite-5, still in line with the ENM nominal
concentration, the greyscale distribution is shifted close to
the theoretical TiO, X-ray absorption at 5 wt% concentration
(Fig. 5b). The 2D map indicates that the ENMs occur
essentially in the adjacent concentration domains 5-10%
(61% area) and 2.8-5% (32% area) (Fig. 4 and 5a).

On the other hand, the T-S samples do not follow the
same trend. TS-2.8 and TS-5 do not show significant
differences in their ENM distributions (Fig. 4 and 5b) in spite
of their contrasting nominal concentrations. This is
evidenced in Fig. 5, showing very similar distributions of the
ENM concentration and greyscale plot for these two T-S

Greyscale (pixel)

Fig. 5 Area quantification of each ENM concentration domain in the 2D-XRA map after thresholding (a), and greyscale distribution plots
superimposed to the threshold values (b), as a function of the ENM nature and nominal concentration in the sunscreen.
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samples. Moreover, in both maps, some large and discrete
units appear, showing local areas of ENM concentration
much higher than expected, as well as some large UV filter
voids (16-17% of area <2.8 wt%). This is the result of the T-S
ENM aggregation, which prevents homogeneous distribution
in the sunscreen, even at the lowest concentration. This can
be related to the lower Lifshitz—van der Waals component of
T-S ENM (Table 2), which implies a lower affinity with the
apolar oil phase of the sunscreen formulation, and leads thus
to a lower ENM dispersion stability. Sizing of these projected
aggregate areas was attempted and the values are reported in
Fig. 6a. For the 2.8 and 5 wt% nominal concentrations, the
T-S aggregate projected areas range between 10 and 15 pm?,
while for T-Lite, much lower values are measured at around 2
um?.

At the highest ENM nominal concentration of 10 wt%,
both T-S and T-Lite sunscreens show a lack of homogeneity
in the ENM distribution, including the presence of highly
concentrated ENM areas (>10 wt%) and voids (<5 wt%). In
both cases, the greyscale distributions lie below the
theoretical value of X-ray absorption for the 10% TiO,
concentration. This means that most of the sunscreen area is
under-concentrated with regard to the expected 10 wt% value.
Indeed 71 and 41% of the map areas correspond to the 5-10
wt% concentration domain, while only 8 and 6% correspond
to the >10 wt% domain, in the T-Lite and T-S samples
respectively. For the TS sunscreen series, this comes in line
with the observations made at lower nominal concentrations,

Projected area (um?)

Standard deviation (pixel)

5%
ENMs concentration (w/w)

2.8%

Fig. 6

View Article Online

Environmental Science: Nano

showing already a lack of homogeneity due to ENM
aggregation. Here, the average projected aggregate area
increases to around 25 um?, together with a larger deviation
of the size value, i.e. sample heterogeneity, compared to the
T-S samples with lower concentrations (Fig. 6a). However, for
the more performing T-Lite series, this observation at 10 wt%
contradicts the relatively high affinity of the ENMs for the oil
dispersing medium. This suggests that saturation of the
sunscreen formulation takes place at a high ENM load, which
leads to particle aggregation and loss of dispersion
homogeneity. Nevertheless, the projected aggregate area for
TLite-10 still remains much smaller, around 3 pm?, than
those for the T-S samples (Fig. 6a). Indeed, the TLite-10 map
shows a finer distribution of the highly concentrated units
on its whole area than that for TS10, which shows larger
units not homogeneously dispersed.

The standard deviations of each greyscale distribution
after blank subtraction are reported in Fig. 6b, as a possible
rapid indicator of the global formulation homogeneity. Here,
we assume that a lower standard deviation, i.e. a narrower
greyscale distribution width, would indicate a more
homogeneous sunscreen emulsion, containing less high
density aggregates and/or less voids. As expected, at every
ENM concentration studied, the values for the T-Lite samples
indicate a narrower greyscale distribution, ie. a more
homogeneous sunscreen emulsion, than those for the T-S
samples. Nevertheless, the standard deviation for the T-Lite
samples also increases linearly with the ENM concentration,

10 %

Image analysis of the 2D-XRA map as a function of the sunscreen ENM nominal concentration and type - (a): average projected areas of

the ENM aggregates. Error bars correspond to the standard deviation of the area distribution; (b): standard deviation of the greyscale distribution

after blank subtraction.
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indicating a progressive decrease of the sample homogeneity.
This is certainly the effect of increasing ENM load that favors
the formation of aggregates and voids, as already discussed.
For the T-S samples, the greyscale standard deviation
remains unchanged at 2.8 and 5% w/w, whereas it increases
strongly at 10% load, indicating a dramatic decrease in
homogeneity. This trend is in good agreement with the
aggregate projected area plotted in Fig. 6a and with the
dramatic loss of SPF value in the TS-10 sunscreen (Fig. 2).
This confirms the relationship between these three
characteristics, and thus, that the greyscale standard
deviation could be used as a preliminary indicator of the
emulsion dispersion.

Sunscreen samples were also analyzed using scanning-
transmission electron microscopy in cryogenic mode, in
order to compare the information provided by this analytical
method to that from 2D-XRA. Cryo-STEM has already been
used successfully to detect ENMs in sunscreen formulations
and to provide additional information such as their primary
particle size and shape.””

Here, only the TLite-2.8 and TS-2.8 samples were analyzed
with Cryo-STEM, because higher ENM loads would lead to
image saturation by the nanoparticles and prevent qualitative
analysis. Of note, this constitutes a primary limitation of
Cryo-STEM with regard to 2D-XRA. EDX analysis allows for
the distinction and mapping of the three main sunscreen
components: ENMs, oil and water. In both samples (Fig. 7
and 8), the presence of TiO, ENMs is confirmed by the EDX
mapping of titanium in the corresponding areas (images in
Fig. 7c and f and 8c and f). Also, EDX analysis highlighted
the carbon and oxygen distribution in the sample. We
assume that the areas dominated by the presence of carbon
are associated with the sunscreen oil phase while the areas
dominated by the presence of oxygen are associated with the
aqueous phase. Superimposition of different emulsion
phases, which can affect the data interpretation of the STEM
images, was minimized here by analyzing ultrathin sample
slices (~80 nm thickness) that allowed for a more accurate
distinction of the emulsion phases. Of note, the lacey carbon
background of the support grid superimposes with the
carbon signal from the oil, due to the thin sample
transparency, but distinction of the two contributions
remains possible.

In the TS-2.8 sample (Fig. 7), the presence of brighter
contrasting areas is attributed to nanoparticle aggregates of
=2 um size, which are clearly visible in Fig. 7a, and
evidenced in the Ti map in Fig. 7b. In the second slice
(Fig. 7c¢) the ENM dispersion appears finer with the presence
of smaller aggregates of <1 um size. In both slices, the water
and oil phases constituting the emulsion are clearly
distinguished in the EDX maps (Fig. 7b and d) by the
distinction of high carbon signal areas (oil) and high oxygen
signal areas (water). The detection of titanium from ENMs
only inside the areas with high carbon content
(Fig. 7b and d) suggests that UV filters are concentrated in
the oil phase, which is in accordance with the hydrophobic

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (a and c) Cryo-STEM images on TS-2.8. (b and d) Related EDX
analysis of titanium, oxygen and carbon.

property of the ENMs. It is worth noting that in the areas (1)
and (2) of the images in Fig. 7c and d, the ENMs appear more
concentrated at the interface between the water and oil
phases (blue arrows). ENMs may compete here with some
other oil phase components (e.g. surfactants) to interact at
the oil-water interface, eventually stabilizing the emulsion.*®
However, confirming this mechanism would require
additional analysis. Two types of T-S ENM distributions in
the formulation were evidenced by Cryo-STEM, with some
larger aggregates remaining stuck in their original oil
dispersing medium, and some finer particles reorganized in
local areas with respect to their surface affinity, i.e. at the oil/
water interface.

The Cryo-STEM images for the TLite-2.8 sample are shown
in Fig. 8. In order to facilitate the interpretation of the EDX
analysis, the C and O signals are mapped together to
highlight the emulsion structure (Fig. 8b and e), and the O
and Ti signals are mapped together to visualize the ENM
dispersion (Fig. 8c and f). Compared to TS-2.8, the ENMs
appear more dispersed with most of the aggregates observed
being <1 um. This results in a lower detection of Ti in the
EDX map, due to a lower contrast in the image compared to
the O and C contributions. Some titanium agglomerates
however remain visible in Fig. 8c.

Regarding the emulsion structure, the EDX maps of the
two TLite-2.8 slices show that the oil and water phases are

Environ. Sci.: Nano, 2021, 8, 3546-3559 | 3555
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Fig. 8

barely distinguishable and poorly reproducible, while they
were clearly separate in the TS-2.8 sample. Here, one TLite-
2.8 slice (Fig. 8a and c) shows a carbon signal prevailing over
the oxygen one, which is attributed to the oil phase, except in
the area (1) where the presence of oxygen could correspond
to a water droplet. The EDX map of the other slice
(Fig. 8d and e) shows a prevalence of oxygen over carbon,
suggesting an excess of the water phase with regard to the
oil. Unlike what was seen in the TS-2.8 sample (Fig. 7c), it is
not evident in TLite-2.8 whether the ENMs are preferentially
concentrated at the O/W interface. See e.g. areas (1) and (2)
(Fig. 8d and e). This is in line with the difficulty in
distinguishing the particles and the emulsion phases

(Fig. 8e(2)).

4. General discussion

The determination of the primary size, shape and
aggregation state of nanoparticulate UV filters in a cosmetic
formulation like sunscreens is essential to evaluate the
product efficacy in absorbing UV rays, and to anticipate and
minimize the potential risk related to the ENMs. 2D X-ray
absorption imaging proved to be a powerful technique in this

3556 | Environ. Sci.: Nano, 2021, 8, 3546-3559

(a and d) Cryo-STEM image on TLite-2.8. (b and e) EDX analysis of oxygen/carbon and oxygen/titanium images (c and f).

context, as it enabled in situ characterization of ENM
distributions in a complex multiphasic system without
altering the original characteristics of the emulsion. Not only
qualitative but also quantitative information on the ENM
distribution could be obtained from 2D-XRA image analysis
by using greyscale thresholding. The respective proportions
of the areas with high, low or optimal UV filter concentration
could be measured, so a finer evaluation of the formulation
homogeneity was achieved with a precise estimation of the
sample surface giving appropriate protection or under-
protection from UV-rays. Projected areas containing large
ENM aggregates (roughly >300 nm) could be easily
distinguished from the rest of the emulsion and measured.
Smaller aggregates could not be distinguished, due to lower
contrast to X-rays, and were even more attenuated in 2D
projection analysis. However, the absence or low detection of
such aggregates could be used as an indication of fine UV
filter dispersion.

The sensitivity to X-rays of the higher density of the
mineral UV-filters dispersed in the formulation makes 2D-
XRA imaging a powerful tool to provide more precise
information compared to techniques such as multi-photon
tomography (MPT) and laser scanning confocal microscopy

This journal is © The Royal Society of Chemistry 2021
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(LSCM) used in previous studies’®>' to characterize similar
colloidal systems. Although these methods are capable of
providing qualitative information on the dispersion state of
ENMs in a formulation at the micrometer scale, due to
resolution limits, they could not provide a quantitative
description of the particles or aggregate sizes and of the
homogeneity of the formulation.
Ultramicrotome/Cryo-STEM  analysis of  the
concentration sunscreens provided a larger magnification
and thus a clearer visualization of particle aggregates and
primary particles, complementing the observations made
with 2D-XRA imaging. The preparation of ultrathin (80 nm)
sample slices obtained using a cryogenic ultramicrotome,
and coupling to EDX analysis, allowed a finer distinction of
the emulsion phases and of the ENM dispersion
characteristics. Notably, any eventual ENM concentration in
particular areas, such as the oil/water interface, as known in
Pickering-like emulsions, can be evidenced with this
approach. However, due to the smaller observation field
compared to that in 2D X-ray absorption imaging, Cryo-STEM
could not give insight on the dispersion state and
homogeneity of the overall product nor the presence of large
micrometric aggregates that give evidence of a non-optimal
formulation. Indeed, any variability of the ENM aggregate
size when a heterogeneous sample is analyzed leads to a lack
of reproducibility at this scale of observation. All these
considerations taken together with the time-consuming
sample preparation and imaging (2D-XRA: 2-3 h; Cryo-STEM:
~2 days), as well as the expensive cost, suggest that Cryo-
STEM should be employed only when the determination of
the primary particle size and shape and precise ENM
localization in an emulsion is required. However, the two
techniques seem to be complementary and could be thus
employed together in order to have a larger picture of the
ENM fate and behavior in sunscreen formulations.

lower

Conclusions

This work showed for the first time the capability of 2D X-ray
absorption imaging to analyze and quantify both the
distribution and dispersion behavior of ENMs in a sunscreen
formulation, without altering its original structure. Such a
methodology could eventually be employed in the future to
analyze ENMs in other suitable multiphasic media
(cosmetics; paintings; drugs).

The determination of ENM UV filter aggregate size in a
cosmetic formulation is essential not only for the biological/
environmental risk assessment of the product, but also to
optimize the product design. The relationship between the
aggregation state of the ENMs in the formulation and the
solar protection efficiency that was observed in the present
work confirmed that more finely dispersed nanoparticles lead
to a sunscreen with a higher SPE."> In contrast, aggregation
of the UV filters leads to a more heterogeneous formulation
that eventually results in protection voids against UV-rays on
the user's skin, which can be quantified by this method.

This journal is © The Royal Society of Chemistry 2021
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Two hydrophobic ENM UV-filters were selected and
formulated here as case studies. They showed different
affinities for the cosmetic oil dispersing medium, which was
associated with contrasting dispersion states in the final
formulation. The UV filter with a low polar character and
higher Lifshitz—van der Waals component was better
dispersed in the W/O sunscreen formulation at every
concentration tested, which eventually led to more efficient
UV screening compared to the formulation containing the
more aggregated UV filter. In the case of 10 wt% ENMs, a
concentration typically found in mineral sunscreens labeled
with SPF 20, the gain in SPF reached 6 units in the sunscreen
with less aggregated UV filters. Meanwhile, we could evidence
that this high mineral load tended to decrease the
formulation homogeneity, due to the ENMs favoring
aggregation and/or over-saturation of the formulation, even
with the most stable UV filter (T-Lite). These results illustrate
the crucial effects of particle aggregation and formulation
homogeneity on sunscreen performance. The 2D-XRA
imaging methodology discussed herein is capable of rapidly
quantifying these aspects inside a sunscreen, with no
particular need for sample preparation. Moreover, this tool
does not require any particular knowledge of the product or
any calibration. Such quantitative structural analysis can be
obtained simply by providing the nominal concentration of
the mineral UV filter used in the product, the latter being
used to calculate the theoretical X-ray absorption
corresponding to an optimal UV filter dispersion.

This provides a powerful tool to fabricate sunscreens
using a safe(r)-by-design approach, helping to select the most
appropriate mineral UV-filter in a given matrix and its
optimal concentration. Indeed, lowering the UV filter
concentration and maximizing the formulation homogeneity
while the product SPF is kept as high as possible would
eventually allow the fabrication of sunscreens with a lower
impact on consumer health and on the environment because
a lower amount of active ingredient would be applied to the
skin, thus reducing consumer exposure as well as the amount
potentially released into the environment.
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