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A B S T R A C T

In this study, an intra-laboratory assessment was carried out to establish the effectiveness of a method for the
detection of TiO2 engineered nanoparticles (ENPs) present in sunscreen containing nano-scale TiO2 and a higher
nanometer-range (approx. 200–500 nm) TiO2, as well as iron oxide particles. Three replicate measurements were
performed on five separate days to generate the measurement uncertainties associated with the quantitative
asymmetrical flow field-flow fractionation (AF4) measurement of the hydrodynamic radius rh,mode1 (MALS),
rh,mode1 (ICP-MS), rh,mode2 (ICP-MS), and calculated mass-based particle size distribution (d10, d50, d90). The
validation study demonstrates that the analysis of TiO2 ENPs present in sunscreen by AF4 separation-multi
detection produces quantitative data (mass-based particle size distribution) after applying the sample prepara-
tion method developed within the NanoDefine project with uncertainties based on the precision (uIP) of
3.9–8.8%. This method can, therefore, be considered as the method with a good precision. Finally, the bias data
shows that the trueness of the method (ut = 5.5–52%) can only be taken as a proxy due to the lack of a sunscreen
standard containing certified TiO2 ENPs.

1. Introduction

The current EU Cosmetic Products Regulation (EU Regulation (EC)
No 1223/2009) requires the labeling of products containing engineered
nanoparticles (ENPs) (EC, 2009). The characterization of ENPs has to be
carried out not only with the pristine material, but also in the final
cosmetic formulation (EC, 2016). Therefore, reliable and robust ana-
lytical methodologies that are fit-for-purpose and that have successfully
made their way through a tedious and exhaustive validation process
including intra- and interlaboratory comparisons are a prerequisite for
the successful application of the Regulation itself. The major source of
possible ENPs appearance in cosmetics are sunscreens with a high UVA
and UVB protection factor (e.g., TiO2 and ZnO ENPs), long-lasting
make-ups (e.g., TiO2 ENPs), anti-aging creams (e.g., TiO2 and ZnO
ENPs), lipsticks (e.g., TiO2 ENPs), toothpastes (e.g., SiO2, TiO2, and
Al2O3 ENPs), and hair care or coloring products (e.g., TiO2 and Fe2O3

ENPs) (Contado and Pagnoni, 2008). TiO2 ENPs appearing in

sunscreens are among the most studied ones in terms of the sample
preparation method development and particle characterization
(Contado and Pagnoni, 2008; Nischwitz and Goenaga-Infante, 2012;
López-Heras et al., 2014; Müller et al., 2016; Philippe et al., 2018;
Bocca et al., 2018; de la Calle et al., 2018). However, to our knowledge,
most of the studies rely on time-consuming stepwise sample prepara-
tion procedures (Kammer et al., 2012) requiring the extraction of TiO2

ENPs from sunscreen and further characterization in terms of particle
size distribution by separation techniques such as field-flow fractiona-
tion (FFF) (Contado and Pagnoni, 2008; Nischwitz and Goenaga-
Infante, 2012; López-Heras et al., 2014; Müller et al., 2016; Philippe
et al., 2018; Bocca et al., 2018; de la Calle et al., 2018). Although
promising, no thorough standardization and validation of the methods
with respect to both sample preparation and multi-detector asymme-
trical flow field-flow fractionation has been reported up to date (Babick
et al., 2016; Gao and Lowry, 2018).

A quick and straightforward sample preparation method based on
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dilution by a cleaning agent and subsequent particle stabilization step
to directly determine TiO2 ENPs particle size distribution present in
commercial sunscreen was recently reported (Velimirovic et al., 2020).
Minimal alteration of the TiO2 ENPs characteristics were demonstrated
by a combination of asymmetrical flow field-flow fractionation (AF4)
hyphenated to multi angle light scattering (MALS) and inductively
coupled plasma–mass spectrometry (ICP-MS) (Velimirovic et al., 2020).
The correctness of this analytical method was provided by internal
particle size validation and comparison to a standard sample of TiO2

ENPs of known size distribution in a realistic matrix following the
generic sample preparation procedure proposed by Wagner et al.
(Wagner et al., 2015). However, the reported analytical method still
requires standardization in order to be applied in different laboratories.
Therefore, the validation of the analytical method is necessary to
achieve reproducibility, as well as reliability for routine use (Gao and
Lowry, 2018).

This paper presents the results of an intra-laboratory assessment
which examines the AF4-MALS-ICP-MS method for the characterization
of TiO2 ENPs. The method assesses the hydrodynamic radius rh,mode1

(MALS), rh,mode1 (ICP-MS), rh,mode2 (ICP-MS), and calculated mass-
based particle size distribution (PSD, d10, d50, d90) present in the
sunscreen consisting of nano-scale TiO2 and submicroscale TiO2 and
iron oxide particles at the higher end of the nanometer size range
(approx. 200–500 nm) after applying the straightforward sample pre-
paration procedure developed within the NanoDefine project and
adapting the AF4-MALS-ICP-MS conditions to some extent (Velimirovic
et al., 2020). The validation of the sunscreen method was based on a
generic approach for the validation of methods for the detection and
quantification of nanoparticles in food samples previously reported by
Linsinger et al. (Linsinger et al., 2013) determining the TiO2 ENPs
particle size distribution and chemical identity. Finally, the method
parameters being working range, linearity and calibration, limit of
detection (LOD)/limit of quantification (LOQ), selectivity, repeat-
ability/intermediate precision, robustness, trueness, and measurement
uncertainty were calculated following the recommendations set out by
IUPAC in “Harmonized Guidelines for Single-Laboratory Validation of
Analytical Methods” (Thompson et al., 2002), the Eurachem Guide
“Fitness for Purpose of Analytical Methods” (Holcombe, 1998) and the
Commission Decision 2002/657/EC on the reliability of methods for
residues and contaminants in food of animal origin (EC, 2002).

2. Materials and methods

2.1. Chemicals

The Milli-Q water (MQ-water) used throughout the study was pre-
pared using a PURELAB® Chorus 3 Ultrapure Water Purification System
(ElgaLab Water, UK). Sodium chloride (analytical grade) and sodium
dodecyl sulfate (SDS, Bio reagent, purity ≥98.5%) were purchased
from Sigma Aldrich. The commercial surfactant mixture Fisherbrand™
FL-70™ Concentrate was purchased from Fisher Scientific (USA, New
Jersey). The cleaning agent (Denk mit Ultra) was purchased from DM,
Germany. For testing the robustness of the method, dishwashing liquid
(Pril) was purchased from Henkel, Austria. The pH values were mea-
sured with a Metrohm 6.0234.100 electrode (Metrohm, Switzerland).
Different concentrations of NaOH solution (0.01, 0.1, and 1 mol/L
NaOH) were prepared from NaOH pellets (Merck, analytical grade,
USA) and MQ-water water which were used for pH adjustment.
Nanosphere™ latex beads of 20 ± 2, 46 ± 2, 81 ± 2.7, 102 ± 3,
147 ± 3, 199 ± 6 and 269 ± 5 nm diameter were purchased from
Duke Scientific (PaloAlto, CA, USA) for the calibration of the AF4
channel. The respective NIST traceable diameters as determined either
by DLS or TEM are given in parenthesis. The TraceCERT® Ti reference
standard of 1000 mg/L in 2–3% nitric acid was obtained from Merck
(Darmstadt, Germany).

2.2. Samples

The complete formulation of sunscreen, containing nano-scale TiO2

and a higher nanometer-range (approx. 200–500 nm) TiO2 (55 ± 1.5 g
TiO2 /kg; N = 4) and higher nanometer-range iron oxide (11 ± 0.4 g
Fe2O3 /kg; N = 4) was selected as the representative test material
within the NanoDefine project for its market relevance. The intra-la-
boratory assessment included the sample preparation procedure and
the AF4-MALS-ICP-MS method. To assess the trueness of the method, a
mixture of well-characterized TiO2-material (NM104, JRC, Institute for
Reference Materials and Measurements) and a blank sunscreen for-
mulation containing no TiO2 ENPs or other inorganic particles were
prepared to obtain a final concentration of 10 g TiO2 /kg (SI1). A pure
suspension of NM104 particles (c (TiO2) = 1%w/v) was prepared ac-
cording to the dispersion protocol provided in SI2 and was used as an
in-house reference sample for assessing the bias of AF4-MALS-ICP-MS
method.

2.3. Sample preparation procedure

The sunscreen sample was prepared by following the stepwise di-
lution of the sunscreen with a cleaning agent suitable to dissolve or-
ganic compounds typically present in sunscreen and particle stabiliza-
tion step using the SDS (Velimirovic et al., 2020). Briefly, 10 mg of
sunscreen sample was weighted in a 10 mL centrifuge glass vial and 1%
(v/v) cleaning agent (Denk mit Ultra from DM) in MQ-water was added
to give a sunscreen concentration of 1 mg/mL. The sample was shaken
for 10 min horizontally until a homogeneous appearance was obtained
and subsequently sonicated for 15 min in an ultrasonic water bath
(Sonorex RK 106, Ø 240 mm, 130 mm high, 120 W effective power,
BANDELIN Electronic GmbH & Co. KG, Germany). 2 mL of the soni-
cated sample were transferred to an empty glass vial and 2 mL of 0.2%
SDS (m/v) solution were added (pH = 8.5–9) in order to avoid particle
aggregation. The sample was sonicated for 5 min and left overnight.
After ultrasonication for 15 min in an ultrasonic water bath, the sample
was diluted 1:4 in 0.1% (v/v) SDS (prepared by diluting 0.2% SDS in
MQ-water by a factor of 2 and filtered through Anodisc 0.02 μm
nominal pore size membrane filters purchased from Whatman, Maid-
stone, UK) and sonicated for 2 min.

2.4. AF4-MALS-ICP-MS

The experimental conditions for the AF4 experiments and for the
ICP-MS measurements are adapted from Velimirovic et al. (Velimirovic
et al., 2020) and summarized in Table 1. The AF4 system used in this
study consisted of an Agilent 1200 series auto sampler (G1329A), a
quaternary high-performance liquid chromatography pump equipped
with a micro vacuum degasser (G1311C) (Agilent Technologies, CA,
USA), an Eclipse Dualtec flow control module, and a long AF4 separa-
tion channel (Wyatt Technology, Dernbach, Germany) with a 350 μm
spacer and regenerated cellulose membrane of 10 kDa (Millipore,
Darmstadt, Germany). Due to the complexity of the samples the
membranes were changed every second day performing approximately
15 runs on the same membrane. 0.025% (v/v) FL-70™ was used as a
carrier solution and was filtered through an Anodisc 0.02 μm mem-
brane filters (Whatman, Maidstone, UK) prior to use. The AF4 separa-
tion program used a detector flow of 1.0 mL/min and a constant cross
flow rate of 0.6 mL/min. The AF4 system was coupled online with a
MALS detector with 17 + 1 observation angles operated (15 usable in
aqueous medium with online DLS attached to angle 11) and a linear
polarized laser at 658 nm (DAWN® EOS™, Wyatt Technology Europe
GmbH, Dernbach, Germany). The data acquisition interval was set to
2 s. Size calibration of the AF4 channel was performed under similar
run conditions and the hydrodynamic radius (rh) was calculated using
the calibration function determined in fractionations of the 20 ± 2 nm
(0.005% w/v), 46 ± 2 nm (0.001% w/v), 81 ± 2.7 nm (0.001% w/v),
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102 ± 3 nm (0.0005% w/v), 147 ± 3 nm (0.0005% w/v),
199 ± 6 nm (0.0001% w/v) and 269 ± 5 nm (0.0001% w/v) dia-
meter Nanosphere™ standards after subtracting the time of the void
peak (the peak from unretained compounds). An online coupled ICP-MS
(Agilent 8800, Agilent Technologies, USA) has been used to measure
isotopes 47Ti and 56Fe considering that the main spectroscopic inter-
ferences on these masses were removed. The ICP-MS measurements
were calibrated using dissolved Ti. The mass concentration of the Ti has
been converted to TiO2 mass eluting from the AF4. A background so-
lution of 0.025% (v/v) FL-70™ was used during calibration of the ICP-
MS to take into account any possible interferences and matrix effects
arising from the constituents of FL-70™ in the AF4 carrier. The con-
centration of the calibration standards included 0; 1.25; 2.5; 5; 10; 25;
and 50 μg Ti /L. Calibration functions for converting the ICP-MS signals
to concentrations were set up by plotting the averaged intensities of
standard solutions against the standard concentrations, after sub-
tracting the background signal. The signal intensities in the fractograms
were then converted into concentration values. These data were further
processed in Origin9.1 by substitution of every 8 data with an average
value. Finally, advanced baseline processing was done in PeakFit™
v4.12 using 2nd Deriv Zero algorithm with quadratic option (PeakFit™
v4 Users Guide, SeaSolve Software Inc., 2003).

2.5. Experimental set up

A nested design experimental setup was applied (Linsinger et al.,
2013; Thompson et al., 2002; Magnusson and Örnemark, 2014) in order
to evaluate repeatability and intermediate precision of the method.
Measurements were spread over 5 days with 3 replicate analyses per
day by a single test person that performed all the experiments (Fig. 1).

2.6. Uncertainty calculations

The repeatability variance (sr), between-day variance (sday), and the
time-different intermediate precision (sIP) of rh,mode1 (MALS), rh,mode1

Table 1
AF4 and ICP-MS operational parameters used for TiO2 and Fe2O3 ENPs char-
acterization.

AF4 Unit Value

Tip to tip chancel length [cm] 27.5
Spacer [μm] 350
Focus flow rate [ml/min] 0.60
Injection flow [ml/min] 0.2
Injection time [min] 8
Focus time [min] 2
Elution time [min] 50
Detector flow rate [mL/min] 1
Cross flow rate [mL/min] 0.6
Membrane Regenerated cellulose (RC), 10 kDa,

Millipore
Carrier 0.025% (v/v) FL-70™
Injection volume [μL] 100

ICP-MS
RF power [W] 1600
Sample depth [mm] 10
Gas flow rates
-Carrier gas [L/min] 1.06
-Make up gas [L/min] 0.35
- He [mL/min] 4.5
- O2 [mL/min] 0.4
Sample uptake rate [mL/min] 0.3 (established by split flow)
Nebulizer MICROMIST (Glass Expansion)
Spray chamber Scott double-pass
Isotopes monitored 47Ti and 56Fe
Integration time per isotope [ms] 1500

Size calibrations of the AF4 channel were performed under similar run condi-
tions.
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(ICP-MS), rh,mode2 (ICP-MS), and mass-based PSD (d10, d50, d90) and the
respective uncertainties associated to repeatability (ur), to day-to-day
variation (uday), and to intermediate precision (uIP) were calculated
from the nested design experiments (3 repeats on 5 separate days). The
approach followed IUPAC and Eurachem guidelines (Thompson et al.,
2002; Holcombe, 1998) and the European Commission Decision on the
reliability of methods for residues and contaminants in food of animal
origin (2002/657/EC) (EC, 2002). The combined measurement un-
certainty (uc) included contributions due to repeatability (ur), day-to-
day variations (uday), and trueness (ut). In order to calculate ut, the
uncertainty due to bias (ub) was calculated. Finally, the expanded
measurement uncertainty U (k = 2) was calculated. Details of the
calculations are described in SI3.

3. Results and discussion

3.1. Calibration, linearity and working range

3.1.1. TiO2 ENPs size
The particle size range of AF4 method is typically from 1 nm up to

1 μm (de la Calle et al., 2018; Kammer et al., 2011). The working range
of the applied AF4 method is defined by the lower and upper size limits
of analyzed polystyrene reference materials as up to date different TiO2

particle size reference materials are not available. The size calibration
of the AF4 channel with the reference material other than the sample is
acceptable as already addressed extensively in the literature (Wagner
et al., 2015; Neubauer et al., 2013; Loeschner et al., 2015), as long as
the ideal elution behavior for standards and the sample is achieved. A
size-retention time calibration curve was established based on the
analysis of 7 calibration materials (polystyrene reference materials)
with assigned diameters ranging from (20 ± 2) nm to (269 ± 5) nm.
The calibration curves were established by plotting the retention times
(tr) for 90° MALS signal (i.e. modal values of the largest peak in frac-
tograms) against the assigned diameters (dh) on three different days
(SI4). The linear least squares fitting model was used to mathematically
determine the degree of correlation between tr and dh and to provide
linear regression. The slope coefficients of the calibration curve were
0.1482 (series 1), 0.1539 (series 2), and 0.1425 (series 3). The corre-
lation coefficient (r) of the linear fits of polystyrene reference materials
calibration curves were 0.9997 (series 1), 0.9991 (series 2), and 0.9997
(series 3). The coefficient of determination (R2) was 0.9990 (series 1),
0.9971 (series 2), and 0.9995 (series 3). The regression analysis of the
calibration curves for the polystyrene reference materials showed a
linear relationship between tr and dh (the r value obtained after cali-
bration must be equal or higher than 0.990).

3.1.2. TiO2 ENPs mass concentration
The use of the conventional Ti standard for the quantification of

TiO2 ENPs by AF4-ICP-MS was reported previously (Nischwitz and
Goenaga-Infante, 2012; López-Heras et al., 2014). Therefore, the ICP-
MS measurements were calibrated using matrix matched dissolved Ti
standards. The off-line matrix matched Ti calibration was established
using Ti solutions of different concentrations on five different days
before AF4-MALS-ICP-MS analysis. A Ti mass calibration curve was
established based on the analysis of 6 calibration points from 1.25 μg/L
to 50 μg/L of dissolved Ti using the method of least squares (SI5) re-
presenting the working range in terms of Ti concentration of the
method. The calibration curves (the ICP-MS 47Ti signal intensity vs. Ti
concentration in μg/L) were linear with r and R2 values ≥0.9990. The
slope coefficients of the calibration curve were 111.30 (series 1),
109.92 (series 2), 132.99 (series 3), 133.31 (series 4), and 136.07
(series 5). The difference between slope coefficient for series 1 and 2
compared to series 3–5 can be explained by possible minor clogging of
the nebulizer pointing out that the fresh calibration has to be prepared
every day before AF4-MALS-ICP-MS analysis if internal standard is not
used for checking the sensitivity of the detection system.

3.2. Limit of detection (LOD)/Limit of quantification (LOQ)

3.2.1. TiO2 ENPs size
The commonly applied concepts of LOD/LOQ including the sigma

criteria do not apply for size determination by AF4. In AF4, the smallest
detectable particle size is equal to the smallest particle size used in the
external calibration which was 20 nm in this study. The upper limit of
quantification (ULOQ) is the largest particle size calibration standard
on the calibration curve (269 ± 5) nm, as the analyte response was
reproducible.

3.2.2. TiO2 ENPs mass concentration
Three approaches were applied to determine the LOD and LOQ for

the TiO2 ENPs mass fraction. In the first approach the lower LOD and
LOQ of the ICP-MS method for the quantification of dissolved Ti were
estimated as 3.3 times and 10 times the standard deviation of the y-
intercept taken from five calibration curves. The calculated LOD and
LOQ were 2.1 ± 0.3 μg/L and 6.4 ± 0.3 μg/L, respectively.

Five independent subsamples of a blank sunscreen matrix con-
taining no TiO2/Fe2O3 particles subjected to the same stepwise dilution
as the complete formulation of the sunscreen (Velimirovic et al., 2020)
and analysis by ICP-MS has been selected as a second approach for the
determination of the LOD and LOQ. The standard deviation of the
dissolved Ti results was calculated and the lower LOD and LOQ were
1.3 ± 0.1 μg/L and 4.2 ± 0.1 μg/L, respectively. These results are
1.5–1.6 times lower than the LOD and LOQ values determined from the
calibration curve approach.

A limit of detection for the entire analytical procedure (sample
preparation followed by AF4-ICP-MS analysis) is determined from the
standard deviation calculated from triplicate results obtained on three
independent blank subsamples (sunscreen matrix containing no TiO2/
Fe2O3 particles) representing a complete and independent application
of the method, including sample preparation steps (SI6) as previously
proposed by Linsinger et al. (Linsinger et al., 2013). The lower LOD and
LOQ for the quantification were 0.4 ± 0.2 μg/L and 1.3 ± 0.8 μg/L,
respectively. The reported values of the third approach were sig-
nificantly lower than those for the first and second approach, but with
the higher uncertainty, and are the best representation of the expected
LOD/LOQ for whole sample preparation procedure followed by AF4-
MALS-ICP-MS analysis. The decreased LOD/LOQ values could be at-
tributed to the sample dilution during AF4 separation which results in a
decreased mass flux into the ICP-MS compared to analysis of dissolved
constituents.

3.3. Selectivity

In the case of consumer products, Linsinger et al. (Linsinger et al.,
2013) proposed three scenarios that need to be addressed in order to
assess method selectivity: (1) the selectivity against matrix constituents,
(2) the selectivity against other types of ENPs, and (3) the presence of
the same ENPs, but in a different form (e.g., size).

3.3.1. Selectivity against matrix constituents
The selectivity of the AF4-MALS method towards TiO2 ENPs against

matrix constituents was evaluated by analyzing the blank sunscreen
formulation containing no or other inorganic particles and comparison
with the AF4-MALS data obtained for the complete formulation of
sunscreen as suggested by others (Linsinger et al., 2013). In addition,
AF4-MALS data obtained for the blank sunscreen formulation were
compared with AF4-MALS data obtained for MQ-water (SI6) in order to
exclude any particulate matter that was already present in the carrier
solution. Comparing the fractograms of the blank sunscreen formula-
tion and the complete formulation (Fig. 2a), it can be concluded that
the AF4-MALS method can suffer from possible interference of the or-
ganic matrix (the blank sunscreen eluting at tr = 20–40 min) and that
the selectivity to distinguish between ENPs signal and sunscreen matrix
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can be stated only for the first part of the complete formulation frac-
togram (tr = 0–24 min) where TiO2 ENPs are expected.

It was necessary to monitor the 47Ti signal for both the complete
sunscreen formulation and the blank sunscreen by ICP-MS because the
AF4-MALS method is not specific enough to distinguish particles based
on their chemical composition, and because of the presence of the same
particles in a different size (Fig. 2b). The comparison of AF4-ICP-MS
fractograms for the blank sunscreen formulation and complete for-
mulation of sunscreen shows that there are no indications that the blank
sample contains TiO2 ENPs (Fig. 2b) or Fe2O3 ENPs (SI7).

3.3.2. Selectivity against other types of ENPs
The AF4-MALS fractogram of the complete sunscreen formulation

revealed the presence of a second particle population in the samples
(tr = 24–49 min) that can be attributed to both TiO2 and Fe2O3 par-
ticles present in the sample. However, the AF4-MALS provides only the
size selectivity without chemical composition. The selectivity of the
AF4 method to distinguish between the particles of different chemical
compositions is assessed by monitoring of the 56Fe signal in parallel to
the 47Ti signal (Fig. 3). The 56Fe signal indicates a particle population
with rh values larger than 100 nm with tr = 20–50 min. In the present
case, selectivity against Fe2O3 is possible.

3.3.3. Selectivity against same particles but in a different size
The presence of particles with the same chemical identity but in a

different size was assessed by monitoring the 47Ti signal for the
sunscreen formulation (Fig. 3) and comparing with EM results pre-
viously reported by Velimirovic et al. (Velimirovic et al., 2020). The
ICP-MS data for 47Ti measurement showed a double peak fractogram.
The second peak might be caused by larger particles or by aggregates/
agglomerates of smaller TiO2 particles which is in accordance with the

reported EM data (Velimirovic et al., 2020).

3.3.4. Repeatability/intermediate precision
The evaluation of repeatability and the calculation of intermediate

precision was assessed by nested design experimental set up measuring
triplicate samples over 5 different days. The measured parameters of
the TiO2 particle size distribution (Fig. 4a) present in the sunscreen
were: rh,mode1 (ICP-MS), rh,mode2 (ICP-MS), and mass-based PSD (d10,
d50, d90). rh,mode1 (MALS) is considered as TiO2 specific, while rh,mode2

(MALS) is not included as the second peak of AF4-MALS fractogram
might be influenced by organic matrix of sunscreen as well as TiO2/
Fe2O3 microscale-particles (Fig. 4b).

The rh,mode1 (MALS), rh,mode1 (ICP-MS), rh,mode2 (ICP-MS) for 15 runs
Fig. 2. Signal comparison for blank sunscreen sample (grey) and complete
sunscreen formulation (black); a) light scattering signal (90°) and b) ICP-MS
signal (47Ti). AF4-MALS fractogram obtained from injecting only the carrier
solution is presented in SI6.

Fig. 3. The complete sunscreen formulation AF4-ICP-MS signal comparison
(47Ti) and (56Fe).

Fig. 4. (a) Mass-based TiO2 particle size distribution in the complete sunscreen
formulation (R1-R15, black) and respective cumulative fraction (R1-R15, grey).
(b) AF4-MALS fractograms of the complete sunscreen formulation.
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of sunscreen sample resulted in (55 ± 2) nm, (45 ± 2) nm, and
(127 ± 1) nm, respectively (Table 2). The results show that rh,mode1

(MALS), rh,mode1 (ICP-MS), rh,mode2 (ICP-MS), and the 10% and 50% of
the mass-based PSD (d10, d50) were not significantly different
(p < .05). A slight difference was observed for the d90 (p = .054). This
was, however, expected because the largest particle size standard used
for linear size calibration of the AF4 channel is 269 ± 5 nm and re-
tention times (tr) associated to the elution of larger particles might
deviate from the linear fit due to the steric inversion effects
(Velimirovic et al., 2020). Moreover, the observed deviations in the
ICP-MS fractogram towards the larger particle size (rh > 50 nm or
dh > 100 nm) can also affect the precision of the method as the larger
particle size in the sample will occur in lower mass concentration
compared to the smaller particle size. For explaining the significantly
higher rh,mode1 (MALS) over the rh,mode1 (ICP-MS) the MALS signal that
is intensity weighted and the ICP-MS signal that is mass weighted have
to be taken into count. More in detail, scattering intensity increases
with particle size which results in a shift of the MALS based size dis-
tribution towards larger particles compared to the ICP-MS based par-
ticle size distribution. In case a smaller MALS angle would be selected
the signal would increase for larger particles as a consequence of
smaller angles that have higher sensitivity for larger particles.

Determined uncertainties associated to repeatability (ur) and due to
day-to-day variation (uday) for all size descriptors being rh,mode1

(MALS), rh,mode1 (ICP-MS), rh,mode2 (ICP-MS), and mass-based PSD (d10,
d50, d90) were lower than 7.1%. This is realistic taking into account the
complexity of the sunscreen sample, as well as the simplified sample
preparation procedure followed by multi-detector AF4 analysis. The
lowest ur (2.7%) and uday (2.8%) values were determined for rh,mode1

(MALS), indicating that AF4-MALS could successfully determine the
particle size of the ENPs present in the sample. A similar outcome was
observed for the AF4-ICP-MS data that could successfully detect and
quantify the TiO2 ENPs. Slightly higher ur and uday values determined
for 10% and 50% of the mass-based PSD (d10, d50) indicate that the
higher mass of the smaller particles in the sample contributes stronger
to the uncertainty of the method. It has to be noted that uday values for
rh,mode1 (ICP-MS) and mass-based PSD (d50, d90) were lower than ur.
These low uday values are achieved despite the changing of the AF4
membrane and consequently a new size calibrations every second day.
Finally, the calculated uncertainty associated to intermediate precision
(uIP) of 3.9% (for rh,mode1 (MALS)) to 8.8% (for d10) indicates that the

method for detection of TiO2 ENPs present in sunscreen based on the
AF4 separation-multidetection analysis is a method with a good preci-
sion (Table 2).

3.4. Robustness

Small but unavoidable variations during the sample preparation and
the subsequent analysis can have a significant effect on the method
performance and consequently the final particle size. The robustness of
the method was tested by using a dishwashing liquid Pril (containing
similar ingredients as cleaning agent) during the sample preparation
procedure. The average value of mass-based TiO2 PSD (d10, d50, d90) for
the 3 replicate analyses that were performed in one day using the
second cleaning agent is compared to the average value of the 15 re-
plicate analysis that were performed over 5 days (SI8) in order to access
the robustness. By applying a different cleaning agent during the first
step of the sample preparation procedure, the average value of mass-
based TiO2 PSD (d10, d50, d90) resulted in (55 ± 1) nm, (96 ± 2) nm,
and (232 ± 3) nm, respectively. The average difference between the
mass-based TiO2 PSD after introducing the different cleaning agent in
the sample preparation method compared to the initial (Table 2) was
23% ± 10% underlying that the consistent use of the proposed
cleaning agent is crucial for obtaining good data between different la-
boratories. Therefore, the consistent use of the cleaning agent is crucial
for this method.

3.5. Approaches to evaluate trueness and recovery rate

3.5.1. TiO2 ENPs size
A certified reference material that consists of sunscreen with TiO2

ENPs with a certified size or size distribution is not available. Therefore,
the trueness of the determined size values was assessed by comparing
the rh,mode (MALS), rh,mode (ICP-MS), and mass-based PSD (d10, d50, d90)
of a suspension of NM104 particles (c(TiO2) = 1% w/v) and with a
blank sunscreen matrix containing 10 g TiO2 /kg of spiked NM104
(confirmed by the total digestion of the sample and further analysis by
ICP-MS). The rh,mode (MALS), and rh,mode (ICP-MS) derived from AF4-
MALS-ICP-MS analysis for the suspension of NM104 particles were
(56 ± 2) nm and (42 ± 1) nm, respectively. Mass-based PSD (d10,
d50, d90) were 57 nm, 97 nm, and 175 nm, respectively. These values
are considered as reference values. Three replicates of spiked NM104
blank sunscreen samples (in-house reference sample) were measured in
one day (each replicate represents the complete and independent
sample preparation procedure). The rh,mode (MALS) and rh,mode (ICP-
MS) were determined as (68 ± 3) nm and (50 ± 2) nm, respectively.
Mass-based PSD (d10, d50, d90) of spiked NM104 blank sunscreen
samples were 52 nm, 132 nm, and 227 nm, respectively. Comparing the
reference values with the values measured for the blank sunscreen
matrix spiked with NM104 (Table 3) a shift of the size distribution
towards larger sizes was visible. Therefore, the calculated bias is higher
than the expanded uncertainty of the bias (Table 3) indicating that
there is a possible statistically significant trueness bias of the method.

The expanded uncertainty for rh,mode1 (MALS), rh,mode1 (ICP-MS),
and rh,mode2 (ICP-MS) in the provided sunscreen sample was 25.3%,
17.1%, and 18.7%, respectively, taking into account uncertainty due to
bias coming from spiking experiments (Table 4). These data show that
even without certified reference material at satisfactory level of method
precision can be reached. The largest effects calculated for d50 (71.5%)
and d90 (104.5%) of mass-based PSD can be explained by the higher
expected uncertainty towards the larger particle size. This data should
be taken only as a proxy for trueness as the TiO2 ENPs size data for
NM104 dispersion and a blank sunscreen formulation which contains
NM104 cannot be directly compared due to the possible agglomeration
of NM104 with the constituents of the sunscreen during the spiking
procedure. The change in the particle size and particle size distribution
due to the sample preparation procedure has previously been pointed

Table 2
The repeatability variance (sr), between-day variance (sday), the time-different
intermediate precision (sIP) and uncertainty values of rh,mode1 (MALS), rh,mode1

(ICP-MS), rh,mode2 (ICP-MS), and mass-based PSD (d10, d50, d90).

Size descriptor

MALS ICP-MS mass-based PSD

rh,mode1 rh,mode1 rh,mode2 d10 d50 d90

Number of replicates 15 15 15 15 15 15
Mean (nm) 55 45 127 70 143 268
sd 2.1 1.9 6.6 5.8 10 13
Min (nm) 52 43 117 62 127 251
Max (nm) 59 50 138 80 159 287
sr 1.5 1.4 4.2 3.5 7.9 10.2
sday 1.5 1.4 5.5 5.0 7.2 9.1
sIP 2.1 2.0 6.9 6.1 10.6 13.6
ur (%) 2.7 3.2 3.3 5.1 5.5 3.8
uday (%) 2.8 3.1 4.4 7.1 5.0 3.4
uIP (%) 3.9 4.4 5.8 8.8 7.4 5.1

Variance of repeatability (sr), between-day variance (sday), and the time-dif-
ferent intermediate precision (sIP), uncertainty associated to repeatability (ur),
uncertainty due to day-to-day variation (uday), and uncertainty associated to
intermediate precision (uIP). Mean values of rh,mode1 (MALS), rh,mode1 (ICP-MS),
rh,mode2 (ICP-MS), and mass-based PSD (d10, d50, d90) are presented in bold.
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out as an important issue that has to be taken into account during
evaluating trueness of the FFF methods (Linsinger et al., 2013;
Loeschner et al., 2015).

3.5.2. TiO2 ENPs mass recovery
The performance of the sample preparation method and conse-

quently AF4 performance was evaluated by the calculation of bulk Ti
mass recovery (recTi,bulk) of the nominal Ti concentration in the
sunscreen (54 g TiO2 /kg determined in the total digested sunscreen
sample and analyzed by ICP-MS following the previously reported di-
gestion procedure)13. The blank sunscreen matrix spiked with NM104
after sample preparation procedure, as well as the AF4 recovery which
was derived from the MALS signal (recAF4-MALS) and the ICP-MS signal
(recAF4-ICP-MS). Total mass recoveries of ≥80% including the sample
preparation and AF4 recoveries of ≥80% should be achieved as pre-
viously proposed by Wagner et al. (Wagner et al., 2015) in generic
multi-step procedure for the development of a sample preparation
method to extract ENPs from a complex matrix.

High average Ti bulk mass recovery rates (recTi,bulk = 91% ± 14%;
5 days of 3 measurements each, total mean and standard deviation)
were determined showing the high performance of the sample pre-
paration procedure with no significant variance between the single
samples (ANOVA, p < .05). Recoveries determined using MALS de-
tector (recAF4-MALS) were 84% ± 5% (5 days of 3 measurements each,
total mean and standard deviation). Recovery calculations based on
47Ti ICP-MS signal (recAF4-ICP-MS) were 104% ± 5% (5 days of 3
measurements each, total mean and standard deviation). The recAF4-
MALS and recAF4-ICP-MS data indicate that there was little or no loss of
particles during the fractionation process and that this method shows
good performance.

As a proxy of trueness, the recovery of mass concentration of the
blank sunscreen matrix spiked with NM104 was also determined as
proposed by Linsinger et al. (Linsinger et al., 2013). Based on the Ti
mass concentration for 3 replicates measured in one day (each replicate
represents the complete and independent sample preparation proce-
dure) the Ti bulk mass recovery (recTi,bulk) was 75% ± 7%. Recoveries

determined using MALS detector (recAF4-MALS) and 47Ti ICP-MS signal
(recAF4-ICP-MS) were 107% ± 14% and 100% ± 14%, respectively.

4. Conclusions

For the first time an intra-laboratory assessment of a sample pre-
paration method followed by AF4-MALS-ICP-MS analysis for the de-
tection and quantification of TiO2 ENPs present in sunscreen has been
carried out. The reported method gives the information on the TiO2

ENPs particle size, chemical identity and mass-based PSD in order to
fulfill the requirements of the current EU Cosmetic Products Regulation
(1223/2009) on labeling of products containing ENPs (EC, 2009). The
observed measurement uncertainties based on the precision of
3.9–8.8% allow the correct identification of TiO2 ENPs in the sunscreen
as a prerequisite for the successful application of EU Cosmetic Products
Regulation. This study confirms that the trueness of the PSD determined
by AF4-MALS-ICP-MS analysis has to be taken into account carefully as
there is no sunscreen reference material with a certified TiO2 ENPs size
value available. The same issue has been previously emphasized by
Linsinger et al. (Velimirovic et al., 2020) and Loeschner et al.
(Loeschner et al., 2015) for ENPs in food. In earlier studies, limited
robustness towards changes in the experimental protocol, often con-
sidered as minor by the operator, have been identified as a major factor
introducing uncertainty in the analytical data. Such changes may also
lead to low reproducibility of the analytical data. Therefore, it is of the
utmost importance to provide clear and versatile sample preparation
protocols and perform comprehensive inter-laboratory comparison
studies. The analysis of cosmetic products with unknown ingredients is
still a challenge and would require additional analysis effort.

With regard to the European Commission's recommendation of the
definition of nanomaterials (EU 2011/696) (EU Commission, 2011)
(EC, 2011) that classifies materials as nanomaterials based on the
number-based PSD, the mass-based PSD derived from AF4-ICP-MS
analysis has to be used for screening purposes only. In order to meet
future EU legislation requirements and use the AF4-ICP-MS method as a
confirmatory, the mass-based PSD has to be converted into a number-
based PSD, which will be the objective of our future study.
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Table 3
Summary table of the rh,mode (MALS), rh,mode (ICP-MS), and mass-based PSD
(d10, d50, d90) for NM104 dispersion and the blank sunscreen matrix spiked with
NM104 (presented in bold) and its contribution to the uncertainty associated
with the bias.

MALS ICP-MS Mass-based PSD

rh,mode rh,mode d10 d50 d90

NM104 dispersion (nm) 56 42 57 97 175
sd 1.8 0.6 0.5 0.5 0.5
Blank + NM104 (nm) 68 50 52 132 227
sd 3.0 1.5 0.9 1.0 1.0
Bias = | C2 – C1| 12.0 7.3 5.5 35.0 52.0
ub (%) 2.0 0.9 0.6 0.7 0.7
Ub (%) 4.0 1.8 1.2 1.4 1.4
ut (%) 12.0 7.3 5.5 35.0 52.0

Uncertainty due to bias (ub), expanded uncertainty of the bias (Ub), and un-
certainty associated with trueness (ut).

Table 4
The combined and expanded measurement uncertainties for rh,mode (MALS),
rh,mode1 (ICP-MS), rh,mode2 (ICP-MS), and mass-based PSD (d10, d50, d90).

MALS ICP-MS Mass-based PSD

rh,mode rh,mode1 rh,mode2 d10 d50 d90

uc (%) 12.7 8.6 9.4 10.4 35.8 52.2
U (%) 25.3 17.1 18.7 20.8 71.5 104.5

Combined uncertainty (uc), Expanded uncertainty (k = 2): U (%).
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