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We  demonstrate  the  use of  inverse  supercritical  carbon  dioxide  (scCO2)  extraction  as  a novel method
of  sample  preparation  for the  analysis  of complex  nanoparticle-containing  samples,  in our  case  a  model
sunscreen  agent  with  titanium  dioxide  nanoparticles.  The  sample  was  prepared  for  analysis  in a simplified
process  using  a lab scale  supercritical  fluid  extraction  system.  The  residual  material  was  easily  dispersed
in an  aqueous  solution  and  analyzed  by  Asymmetrical  Flow  Field-Flow  Fractionation  (AF4)  hyphenated
with  UV- and  Multi-Angle  Light  Scattering  detection.  The  obtained  results  allowed  an  unambiguous
determination  of  the presence  of  nanoparticles  within  the  sample,  with almost  no  background  from
upercritical carbon dioxide
anoparticle separation

nverse supercritical fluid extraction
ield flow fractionation

the  matrix  itself,  and  showed  that the  size  distribution  of  the  nanoparticles  is essentially  maintained.
These  results  are especially  relevant  in  view  of recently  introduced  regulatory  requirements  concerning
the  labeling  of nanoparticle-containing  products.  The  novel  sample  preparation  method  is  potentially
applicable  to  commercial  sunscreens  or other  emulsion-based  cosmetic  products  and  has  important
ecological  advantages  over  currently  used  sample  preparation  techniques  involving  organic  solvents.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Today, a growing number of consumer products make use of
he unique physical and chemical properties of nanomaterials. As
he number of such products increases, the ability to thoroughly
haracterize their properties and functionality becomes critical. In
articular, the recent regulatory efforts concerning the labeling of
anoparticle-containing consumer products, e.g., the EU regula-
ions on cosmetics [1] and food [2], call for the development of
imple and robust sample preparation protocols enabling a reliable

etection and quantification of nanoparticulate ingredients in com-
lex matrices [3–5]. This problem is especially challenging in case of
mulsion-based consumer products such as cosmetics, which often

∗ Corresponding author at: Centre Suisse d’Electronique et de Microtechnique
CSEM), Bahnhofstrasse 1, 7302 Landquart, Switzerland. Fax: +41 81 307 81 00.

E-mail address: david.mueller@csem.ch (D. Müller).

ttp://dx.doi.org/10.1016/j.chroma.2016.02.060
021-9673/© 2016 Elsevier B.V. All rights reserved.
consist of complex multicomponent matrices [6]. Commercially
available sunscreen formulations for example usually contain more
than 20 ingredients with different functions and physicochemi-
cal properties. Moreover, such viscous samples cannot be directly
injected into an analytical system, and need to be liquefied prior to
analysis. Commonly applied sample preparation protocols include
chemical treatments using organic solvents [7–11]. Such complex
processes are both time-consuming and have a considerable envi-
ronmental impact due to the extensive use of organic solvents of
which many are ecologically harmful [12–14]. The generalization
and simplification of sample preparation workflows, as well as the
reduced usage of organic solvents, is therefore likely to have a sig-
nificant impact on the utility of analyses of nanoparticle-containing
samples.
To this end, we  herein report the use of inverse supercritical
fluid extraction (inverse SFE) [14–18], a more ecological and sim-
pler sample preparation method based on the use of supercritical
fluids. For our application we  selected supercritical carbon dioxide

dx.doi.org/10.1016/j.chroma.2016.02.060
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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scCO2), as many of the chemical excipients found in large numbers
n emulsion-based cosmetic products are of a fatty and non-polar
ature and therefore exhibit a high solubility in CO2. Furthermore,
cCO2 is chemically inert [18], nontoxic, nonflammable [19], and
t is well-known for its application in SFE processes, where it is
ommonly used to extract small and/or non-polar molecules from
atural materials under very mild conditions [20–23]. Besides the
xtraction of essential oils from herbs and spices [24,25], the most
rominent application of SFE is the removal of caffeine from cof-
ee beans [26,27]. The process has also been employed for the
xtraction and analysis of antioxidants, preservatives and sun-
creen agents in cosmetics [28,29]. In these applications, however,
he SFE is used to dissolve and extract the analyte from the matrix.
n this work, inverse SFE is used as a sample treatment to sim-
lify the matrix by removing unwanted components, thus keeping
he target nanomaterials in the residual sample. Inverse SFE has
lso been studied for over twenty years. To date, it has primarily
een used for the isolation of non-polar pharmaceutical formula-
ions from polar analytes [14,16,17] and not for the pre-treatment
f nanoparticle-containing samples. The minimal surface tension,
ow viscosities and gas-like diffusivities of scCO2 allow for thor-
ugh sample penetration whilst maintaining the structure of the
esidual material [14]. Once the sample treatment is completed,
he CO2 is simply removed by lowering the pressure to below
he critical threshold and returning to ambient conditions. The
emaining material consists of the polar components (thickening
gents) along with the nanoparticles that accordingly, can easily
e rewet and subsequent dispersed in a direct manner. To demon-
trate the potential utility of such a sample preparation process
n the analysis of nanoparticle containing sunscreens, we  inte-
rated the scCO2 treatment with Asymmetrical Flow Field-Flow
ractionation (AF4) hyphenated with UV and Multi-Angle Light
cattering (MALS) detection, and tested the method with a model
unscreen sample. The obtained findings were verified by Scanning
ransmission Electron Microscopy (STEM) and Energy-Dispersive
-ray (EDX) analysis. Although the method is demonstrated using a
odel sunscreen matrix, we expect it to be applicable to commer-

ial sunscreens or other emulsion-based cosmetic products, which
nclude fatty additives with a high solubility in scCO2.

. Materials and methods

.1. Chemicals

.1.1. Titanium dioxide nanoparticle samples
A titanium dioxide (TiO2)—nanoparticle dispersion, AERODISP®

 740 X (40% w/w, EVONIK Industries, Hanau, Germany) was
iluted with ultrapure water (MilliQ, Billerica, USA). This was  fol-

owed by addition of 0.2% (v/v) NovaChem (Postnova Analytics
mbH, Landsberg, Germany) to yield a final particle concentra-

ion of 0.2 mg/mL. NovaChem is a mixture of non-ionic and ionic
etergents that helps to prevent particle agglomeration. Prior to
nalysis, the sample was placed in an ultrasonic bath (Sonorex Dig-
tal 10 P, Bandelin, Berlin, Germany) and sonicated at maximum
ower (320 W,  35 kHz) for 30 min  to further reduce eventual par-
icle agglomerates.

.1.2. Model sunscreens
The novel sample preparation method was tested on two

omplex sunscreen model samples, one with and one without
anoparticles. The creams were produced separately, although

oth consisted of the following excipients: Avicel® PC611 (FMC
iopolymer, Brussels, Belgium), glycerin (Thai Oleochemicals Ltd.,
angkok, Thailand), KELTROL® T (Bronson & Jacobs Pty Ltd., Villa-
ood, NSW, Australia), potassium sorbate (APAC Chemical Corp.,
r. A 1440 (2016) 31–36

Arcadia, CA, USA) and ultrapure water (MilliQ, Billerica, USA) in
the water phase and AntaronTM V216 (ISP Ltd., Tadworth, UK),
ArlacelTM 165 (JEEN, Fairfield, NJ, USA), capric/caprilic triglycerine
(HENKEL KGaA, Düsseldorf, Germany), cyclomethiocone (Momen-
tive Amer Ind., Waterford, NY, USA), Emulsiphos® (Symrise,
Holzminden, Germany), isostearyl isostearate (UNIQEMA Corp.,
New Castle, DE, USA), octyl palmitate (Eigenmann & Veronelli,
Milano, Italy), stearyl alcohol (Temix International, Milano, Italy),
TEGO® Care 450 (EVONIK Industries, Essen, Germany), Finsolv® TN
(Innospec, Englewood, CO, USA) and tocopheryl acetate (BASF SE,
Ludwigshafen, Germany) in the oil phase. Both phases were mixed
independently for 15 min  using a L4R Mixer (Silverson Machines
Inc., East Longmeadow, MA,  USA) at 6000 rpm before they were
homogenized together for another 15 min  using again the L4R
at 6000 rpm. In the last step, Dow Corning® 1503 (Dow Corning
Corporation, Midland, MI,  USA), Euxyl® PE 9010 (Schülke & Mayr
GmbH, Norderstedt, Germany) and 12.5% w/w of a AERODISP® W
740 X TiO2 nanoparticle dispersion (40% w/w, EVONIK Industries,
Essen, Germany) were added to one cream, resulting in a TiO2 par-
ticle concentration of 5.0% w/w,  a concentration typically found in
commercial sunscreens [9,30]. In the blank cream, the AERODISP®

nanoparticles were replaced with corresponding amounts of ultra-
pure water (MilliQ, Billerica, USA). Both creams were homogenized
again for 5 min at 4000 rpm, before they were filled into tubes and
stored at room temperature.

2.2. Sample treatment

2.2.1. Extraction equipment
Extraction was performed using a lab scale supercritical fluid

extraction system (Lab SFE 100 mL,  Separex, Champigneulles,
France). The system was  equipped with a high-pressure CO2 pump,
a pressure/flow regulating system, and a horizontally mounted
100 mL  extraction vessel housed in a thermostated oven.

2.2.2. Supercritical CO2 sample treatment
The model sunscreen (Fig. 1A) was  placed on a Teflon car-

tridge surrounded by a stainless steel holder (Fig. 1B). The Teflon
part contained a small recess resulting in a cavity with dimen-
sions of 60 × 10 × 0.2 mm.  To ensure that a reproducible sample
volume was assayed, excess sunscreen was removed each time
using a spatula. The Teflon cartridge was then removed from its
holder (Fig. 1C) and placed in the extraction vessel (100 mL,  Sepa-
rex, Champigneulles, France). The sample was then subjected to a
constant scCO2 flow of 100 g/min for 30 min  at 40 ◦C and 131 bars.
The optimum parameters were selected by performing a series
of measurements with varying processing times, temperatures
and pressures. Less aggressive conditions (such as shorter pro-
cessing times, lower temperatures and lower pressures) resulted
in reduced extraction efficiencies of the fatty components, lead-
ing to reduced solubility in water, whilst harsher conditions led
to more extensive particle aggregation and reduced reproducibil-
ity. The treated sample (Fig. 1D) was  then removed from the
cartridge (Fig. 1E) and dissolved in ultrapure water (MilliQ, Bil-
lerica, USA), to which 0.2% (v/v) NovaChem (Postnova Analytics
GmbH, Landsberg am Lech, Germany) was  added until a concen-
tration of less than 0.2 mg  TiO2 (related to a recovery of 100%)

per mL  of solvent (Fig. 1F). Sample dilution is necessary to prevent
overloading effects, which cause peak shifts and further advanced
particle aggregation. Extractions for both creams (with and without
nanoparticles) were performed in triplicate.
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Fig 1. Model sunscreen at different stages before (A–C) and after (D–F) the supercritical CO2 treatment. Scale bars are 25 mm.  (A) The cream after being freshly dispensed
from  the tube. (B) Cream after deposition on the Teflon cartridge, held within the stainless steel holder. Excess cream is removed with a spatula to ensure a reproducible
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ample amount. (C) Teflon cartridge after being removed from the holder. The left sid
eposited cream. (D) After being processed by supercritical CO2, the residual mater
tored  in a plastic tube. (F) Before being processed by hyphenated AF4-UV-MALS, th

.3. Multi-detector asymmetrical flow field-flow fractionation

.3.1. Instrumentation and carrier liquid
Sunscreen samples were analyzed using a commercially avail-

ble AF4 system (AF2000 MF,  Postnova Analytics GmbH (PN),
andsberg am Lech, Germany) incorporating an autosampler
PN5300), channel thermostat (PN4020), UV (PN3211) and Multi-
ngle Light Scattering MALS (PN3621, 21 angles) detectors. The
torage temperature in the autosampler was set to 4 ◦C and the
hannel thermostat was set to 25 ◦C. UV detection was  performed at
54 nm and the MALS detector provided the gyration radius of the
articles exiting the AF4 separation cartridge (calculated with ran-
om coil model). The eluent was prepared using filtrated ultrapure
ater (MilliQ, Billerica, USA), to which 0.2% (v/v) filtered NovaChem

Postnova Analytics GmbH, Landsberg am Lech, Germany) was
dded. An analytical AF4 cartridge (S-AF4-CHA-611) incorporating

 10 kDa regenerated cellulose membrane (Z-AF4 MM-612-10KD)
nd a 350 �m thick Mylar spacer was used for all measurements
nd the injection volume was always set to 20 �l. Separations
nd analysis were performed in triplicates for each of the sam-
le. In order to compensate the baseline drifts, the UV data was
orrected by subtracting a blank run signal measured after an injec-
ion of pure eluent. Data acquisition and MALS calculations were
erformed using the AF2000 Control Unit software (Postnova Ana-

ytics GmbH, Landsberg am Lech, Germany) and further evaluations
such as curve normalization) were performed using OriginPro
015 (OriginLab Corporation, USA).

.3.2. Elution profile
An optimized focusing and elution method was developed to

nsure reproducible analysis. The focusing step of the selected
lution profile was commenced with a 7 min  long injection flow
f 0.2 mL/min and with a cross-flow of 1.4 mL/min. After a 30 s
ong transition time, elution started with a constant cross-flow
f 1.4 mL/min for an additional 5 min, followed by an exponen-

ially decreasing crossflow (exponent: 0.2), reaching a final value
f 0.1 mL/min after 40 min, which was then maintained for 25 min.
o ensure a stable signal, the detector flow rate was  maintained at
.5 mL/min, with the other flows adjusted accordingly.
ws the handle of the cartridge, while the right (slightly shinier) side is the untreated,
s a darker, slightly beige color. (E) The sample is scraped off from the cartridge and
dual material is re-dispersed in 0.2% NovaChem solution.

2.3.3. Recovery rate and limit of detection/quantification
In addition to the size determination by MALS, quantitative data

about the recovery of TiO2 was gathered by measuring the area
under the curve of the UV detector signal. With eight injections
of different amounts of the pure AERODISP® dispersion over 1.5
orders of magnitude, a value of 642.0 A.U. per �g TiO2 was deter-
mined (intercept: 0.58 (SE: 1.20), Slope: 642.01 (SE: 9.89), adj. R2 of
0.998). To further focus on nanoparticulate TiO2 and particles in the
smaller sub-micron regime, a time range of 15–50 min  of elution
time was selected, corresponding to particles having their radius of
gyration roughly between 20 and 160 nm.  For the pure AERODISP®

dispersion only 89.4 ± 3.6% (n = 3) of its content was measured in
that time frame. This results in an expected signal of 574.0 ± 23.2
A.U. for this time frame per injected �g of TiO2.

To only measure the TiO2-related UV-absorption of our samples,
a blank run with pure eluent was subtracted from the AERODISP®

run, whereas the separation of a nanoparticle-free sunscreen was
subtracted from the runs with the nanoparticle-containing sun-
screens. The recovery rate was then calculated based on the
expected absorption corresponding to the amount of sunscreen
originally deposited on the Teflon cartridge.

Determination of the signal-to-noise (S/N-) ratio was performed
by comparing measured signals from the nanoparticle-containing
sunscreens with those of nanoparticle-free cream samples (blank
eluent runs were subtracted from both) and establishing the mini-
mum  concentration at which the analyte can be reliably detected.
To mainly focus on nanoparticulate TiO2, a fraction with an elu-
tion time between 15 and 35 min  was  selected, corresponding to
particles having their radius of gyration roughly between 20 and
60 nm.  A S/N-ratio of 3 is used for the limit of detection (LOD) and
a S/N-ratio of 10 is used for the limit of quantification (LOQ).

2.4. Electron microscopy

A droplet of sample was  deposited on a copper grid covered
by a thin carbon layer. The pure nanoparticle dispersion was

then observed using a Transmission Electron Microscope (CM200
TEM, Philips, Eindhoven, The Netherlands). The scCO2 treated
samples were further analyzed with a Scanning Electron Transmis-
sion Microscope (Talos F200X, FEI, Hillsboro, OR, USA) equipped
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Fig. 2. Elugrams of the model sunscreens with and without nanoparticles. The black
solid line reports the analysis of the re-suspension of the scCO2 treated sample with
5%  TiO2 nanoparticles. A wide peak, indicating particles with a broad size distri-
bution and hence eluting over an extended separation period, is evident. For the
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Fig. 3. UV curves (black) and MALS measurements (red) of the pure nanoparticle
dispersion and the scCO2 processed model sunscreen with nanoparticles. For both
measurements, the dashed lines represent the data from pure AERODISP® disper-
sion,  whereas the data from triplicate measurements of the scCO2 treated samples
are  combined in a band. The UV signal of the AERODISP® nanoparticle dispersion
elutes slightly earlier and with a narrower peak profile than the scCO2-treated
counterparts. Besides this, the main difference between the measurements is the
presence of large agglomerates in the treated samples, having gyration radii in
the  range of several hundred nanometers (mainly between 40 and 60 min). Such
anoparticle-free sample (black dotted line, also treated with scCO2), no significant
ignal is detected over the complete separation cycle.

ith an X-FEG and a Super-X EDS system for spectroscopic map-
ing.

. Results and discussion

.1. Hyphenated AF4-UV-MALS measurement

After sonication, the re-dispersed samples were directly
njected into the AF4 system. As shown in Fig. 2, the resulting
V curve allows an unambiguous distinction between the cream

hat contains nanoparticles (solid black line) and the nanoparticle-
ree sample (dotted black line). To investigate whether the sample
reparation method induces a change in the size distribution of
he nanoparticles, we compared the elugram and MALS data from

 diluted dispersion of the pure AERODISP® nanoparticles to those
btained from the cream with nanoparticles after scCO2 treatment
nd resuspension. To remove possible matrix effects, the UV sig-
al of the scCO2 treated blank cream was subtracted from that of
he spiked cream. The resulting comparison (Fig. 3) shows that the
riginal nanoparticle dispersion (dashed black line) elutes slightly
arlier and with a narrower peak profile than the scCO2-treated
ounterparts (gray band). At peak-maximum of the UV curve, this
orresponded to an increase in radius of gyration from 32.9 nm
SD: 0.3 nm)  in the pure dispersion to 34.0 nm (SD: 1.2 nm)  in
he scCO2-treated model cream. Beside the slight shift of the UV
eak, the main difference between the signal of the treated and the
ntreated nanoparticles are some large agglomerates with gyration
adii in the range of several hundred nanometers (mainly between
0 and 60 min), that were observed in the scCO2-treated sample
nly. It is known that the presence of organic acids can diminish
he suspension stability of TiO2 nanoparticles [31] and that such
cids can be formed in the presence of water and scCO2 [32]. How-
ver, it is also possible that the agglomeration occurred during
ne of the preceding steps in the sample life cycle (manufactur-
ng/homogenization or storage) and is not necessarily due to the
cCO2 sample treatment. The particle radii of gyration extracted
rom the MALS measurements of the three scCO2 treated samples
re all within the red band in Fig. 3 and, considering the expected

easurement uncertainty, are consistent with the data from the

ure AERODISP® nanoparticles (red dashed line). This confirms
hat the scCO2 treatment does not have a significant impact on the
verall relationship between size and elution time, indicating that
agglomerates might occur during the sample pre-treatment or during one of the
preceding steps in the sample life cycle.

the interaction between the particles and the membrane/eluent has
not been significantly altered.

3.2. Electron microscopy and particle analysis

To confirm that the detected signal in the processed model
sunscreen originates from titanium dioxide nanoparticles, a sam-
ple fraction (taken at the maximum of the UV-peak) was further
investigated using Transmission Electron Microscopy (TEM). Fig. 4A
shows titanium dioxide nanoparticles from a diluted AERODISP® W
740 X TiO2 dispersion. The nanoparticles have a distinct, particle-
like morphology with a relatively broad size distribution consistent
with the data obtained from MALS. The contrast between the par-
ticles and the amorphous carbon sample grid is strong and allows
for easy imaging using classical TEM. The nanoparticles that remain
after the scCO2 sample treatment however could not be imaged
with classical TEM, likely due to remaining water-soluble cream-
components significantly decreasing the overall contrast. Using an
Energy-Dispersive X-ray (EDX) detector, we specifically mapped
the sample for the spectroscopic signal of titanium (Fig. 4B). Fur-
ther mapping for the oxygen content resulted in an overlapping
signal (Fig. 4C), confirming the presence of TiO2. While the tita-
nium mapping shows a distinctive particle boundary, the oxygen
signal appears to be more diffuse, extending beyond the particles.
This may  partially originate from polar organic materials in the
cream that remain after the scCO2 extraction process. However,
the main contribution to this background signal in the oxygen map
is caused by the thin carbon-layer of the TEM grid, which is slightly
oxidizing under ambient air conditions. This is a known contami-
nation that cannot be prevented in a simple manner. To retrieve
the morphological form of the scCO2-treated particles, a High-
Angle Annular Dark-Field (HAADF) detector was used, which is
especially sensitive towards elements with a high atomic number.
Employing this detector with the Scanning Transmission Electron
Microscope (STEM) for imaging, the particles could be imaged as

shown in Fig. 4D. An overlay of both EDX-maps and the HAADF-
image (Fig. 4E) therefore confirmed that the particles detected in
the processed sunscreen are indeed titanium dioxide nanoparticles,
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Fig. 4. Transmission electron microscopy images of the untreated suspension (A) and STEM-EDX chemical mapping as well as HAADF images of the scCO2-treated TiO2

nanoparticles (B–E). Scale bars are 50 nm.  (A) TEM micrograph of the diluted AERODISP® dispersion, indicating a broad particle size distribution. The STEM-EDX maps show
the  elemental content of (B) titanium and (C) oxygen. (D) STEM image of the scCO2-treated nanoparticles, taken with a high-angle annular dark field (HAADF) detector. (E)
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verlay  of the STEM-EDX maps of oxygen and titanium with the STEM-HAADF ima
re  indeed titanium dioxide nanoparticles. The main contribution to the backgroun
lightly oxidizing under ambient air conditions.

nd that their morphological structure is preserved throughout the
nalytical procedure.

.3. Recovery rate and limit of detection/quantification

For the evaluation of the recovery rate, the eluting TiO2 of the
hree scCO2-treated samples with nanoparticles was  quantified
sing the conditions described in the materials and methods. The
ercentage recovery based on the mass of cream deposited on the
artridge, the dilution of the sample during resuspension and the
otal injection amount at the separation, was calculated. Recov-
ries (n = 3) of the three samples were 51.2 ± 2.1%, 48.0 ± 2%, and
2.2 ± 2.3%, resulting in an overall recovery of 50.2 ± 4.2%.This cer-
ainly leaves room for improvement, but is also significantly higher
han what has been previously reported, e.g. for the extraction with
rganic solvents and tip sonication (8.14–21.47% in case of Ref. [9]).

The LOD for a single injection of 20 �L was found to be 0.6 �g of
iO2 (30 �g/mL), corresponding to a LOQ of 2.0 �g (0.1 mg/mL). The
atter approximately corresponds to a TiO2 content of 0.5% (w/w)
n the original sunscreen. These limits are well below the TiO2 con-
entrations typically used in commercial sunscreen samples [9,30].

. Conclusions

Prior research has demonstrated a variety of different sample
re-treatment methods for sunscreens and other consumer prod-
cts containing nanoparticles, which are used to prepare them
or subsequent analysis of the nanoparticle characteristics. Regret-
ably, most of these techniques suffer from the need to involve
everal working steps, which may  impact the accuracy of the
anoparticle analysis. Furthermore, these techniques use large
mounts of commonly aggressive and expensive chemicals, which
ave consequences for both operator safety and environmental
ustainability.

In this work, we have presented a sample preparation method
ased on an inverse supercritical fluid extraction treatment that can
e executed in a simple manner, and where the safe and non-toxic

roperties of CO2 result in the elimination of ecological drawbacks,
ealth hazards and associated disposal costs [14]. After treatment,
he residual material can be easily re-dispersed in an aqueous
olution and directly analyzed. Using AF4-UV-MALS, we confirmed
 the same section. The precise overlay clearly demonstrates that the nanoparticles
al in the oxygen map is caused by the thin carbon-layer of the TEM grid, which is

the applicability of the scCO2 method for the analysis of multicom-
ponent and fatty samples in order to determine their nanoparticle
content. The measurements were verified by STEM and EDX analy-
sis. The results demonstrated that the presence of nanoparticles in
a model sunscreen can be precisely determined, that a good recov-
ery rate of roughly 50% of the particles of interest can be achieved
and that the size distribution of those nanoparticles is essentially
maintained. Compared to the original nanoparticle dispersion,
an increase in larger particles/agglomerates was  observed in the
scCO2-treated samples. This slight agglomeration might be caused
by the sample treatment itself, but might also have occurred pre-
viously, e.g., during homogenization or storage. Overall, however,
the size and morphology of the treated nanomaterials are found to
be very similar to the original suspension, which is especially rele-
vant in view of the recent regulatory requirements for nanoparticle
containing cosmetics. Although the method is demonstrated using
a model sunscreen matrix, we  expect it to be applicable to com-
mercial sunscreens or other emulsion-based cosmetic products.
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