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Abstract  
We used triple-quadrupole and high-resolution inductively coupled plasma-mass spectrometry (ICP-MS) in 
single-particle mode to characterize the food additive E171 (titanium dioxide, TiO2) in chewing gum, 
chocolate candy, and cake decoration in the same sample extracts. Then, we spiked TiO2 particles (with 
similar characteristics as E171) to milk as an example of a calcium-rich matrix. The obtained particle size 
distributions with both techniques were highly similar in terms of shape and median and mean diameters. 
Median diameters were in the range of 123 to 209 nm and mean diameters from 146 to 223 nm. In addition, 
they were in agreement with results obtained by scanning electron microscopy and asymmetric flow field-
flow fractionation coupled to multi-angle light scattering and ICP-MS. Repeatable determination of number-
based particle size distributions was possible with both ICP-MS techniques even in a calcium-rich matrix 
showing that both instruments were similarly efficient in resolving the Ca interferences. The combination of 
spICP-MS with microscopy and TiO2 recovery allowed validating the methods and identifying the presence 
of aggregated/ agglomerated particles in one sample. For the TiO2 powder and the two remaining food 
products, recoveries were higher than 60%. Both instruments are fit for purpose even if the analyses were 
performed with differences in detector mode, dwell times, and calculation tools. This shows that both 
techniques may be used as long as operating conditions are optimized and applicability range is defined. 
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Introduction 
There are several potential sources of nanoparticles (NPs) in food (Correia et al. 2019). Many studies have 
been focusing on food additives, which contain a certain fraction of particles with a size below 100 nm. 
Particular focus has been on the food additive E171 (food grade titanium dioxide/TiO2) which is used as a 
white pigment. This whitening effect is achieved when the particles are not in the nanosize. However, due 
to the broad particle size distribution (PSD) of the powders, a certain fraction of nanoparticles can be 
present. E171 has been investigated both in the context of labelling of food for the content of engineered 
nanomaterials as ingredients and in the context of risk assessment. Determining median particle diameters 
(D50) is of primary importance due to the European Commission’s recommendation on the definition of 
nanomaterial where a nanomaterial is defined as a natural, incidental, or manufactured material containing 
particles in an unbound state or as an aggregate or as an agglomerate and where, for 50% or more of the 
particles in the number size distribution, one or more external dimensions is in the size range 1–100 nm 
(The European Commission 2011). 

The name E171 designates titanium dioxide with diverse physical and chemical characteristics. The 
European Commission specifies in regulation no 231/2012 that E171 “consists essentially of pure anatase 
and/or rutile … and may be coated with small amounts of alumina and/or silica…”. Data submitted by three 
European producers of E171 showed that their products were either anatase or rutile, were not coated, 
and had median sizes above 100 nm (Younes et al. 2019). Indepth characterization of seven commercially 
available E171 resulted in median sizes (as equivalent area diameter) well above 100 nm in all products, 
anatase being the main crystal phase (Dudefoi et al. 2017). Interestingly, the study identified one product 
with a significantly lower iso-electric point of 2.4, attributed to the presence of silicon on the surface of TiO2 
particulates, compared to 4.0 to 4.2 for the other six E171 samples, where phosphate groups were identified 
at the surface. 

In 2016, 2018, and 2019, the European Food Safety Agency (EFSA) maintained the authorization of E171 
use as food additives while recognizing that more toxicological data are required to more fully and precisely 
assess the risk posed by the exposition to such product. In a recent scientific opinion, the EFSA Panel on 
Food Additives and Flavourings recommended that E171 should specifically have a median Feret min 
diameter of more than 100 nm (Younes et al. 2019). 

Among food products, E171 is particularly present in candies. In four different kinds of chewing gum, the 
TiO2 content was found to range between 1.1 ± 0.3 and 17.3 ± 0.9 mg TiO2 per piece of chewing gum, 
with TiO2 particles having a mean diameter of 135 ± 42 nm, consistent with the abovementioned studies 
(Dudefoi et al. 2018). The same size range was found by TEM analysis in chewing gum and hard candies, 
with sizes from 120.4 to 147.8 nm (Lim et al. 2018). 

Among the currently most widespread techniques for the detection and characterization of NPs in food is 
inductively coupled plasma-mass spectrometry (ICP-MS) in single-particle mode (spICP-MS). The 
relatively easy implementation of spICP-MS in state-of-the-art ICP-MS instruments, which can be otherwise 
used for metal analysis and speciation, makes it a promising technique for routine analysis despite some 
analytical limitations. Several studies using spICP-MS for characterizing E171 do already exist, e.g., 
(Peters et al. 2014; de la Calle et al. 2018; Candás-Zapico et al. 2018; Bucher and Auger 2019; Givelet et 
al. 2021). The analysis of titanium by ICP-MS is in general challenged by a number of polyatomic 
interferences (e.g., 31P16O1H+, 32S16O+, 30S18O+) and an isobaric interference of 48Ca on the most 
abundant isotope of titanium 48Ti (73.72% (IUPAC 2007)). With conventional ICP-MS, the less abundant 
isotopes 47Ti (7.44%) or 49Ti (5.41%) can be measured to avoid Ca interferences or resolution/sector field 
ICP-MS instruments (HR-ICP-MS) can be set to high-resolution mode to separate 48Ca from 48Ti which 
results in a reduction of ion transmission. Sector field ICP-MS has been used for TiO2 analysis in several 
publications (Peters et al. 2015; Hadioui et al. 2019; Azimzada et al. 2020). However, only one explored 
the potential of the high-resolution mode (Tharaud et al. 2017). In recent years, ICP-MS/MS has become 
an alternative technique for several applications, due to its capacity of overcoming isobaric and polyatomic 
interferences (Bolea-Fernandez et al. 2017). SpICP-MS/MS has been used by Tharaud et al. (2017) to 
determine TiO2 particles in calcium solutions using ammonia as reaction gas. Candás-Zapico et al. (2018) 
used spICP-MS/MS with oxygen or ammonia as reaction gas to analyze TiO2 particles in extracts from 
chewing gums. 



 

The aim of the present study is first to validate the applicability and performances of both high-resolution 
ICP-MS and triple-quadrupole ICP-MS, also called ICP-QQQ or ICP-MS/MS, in single-particle mode to 
characterize TiO2 particles in different food products. Second, the aim is to start addressing the challenge 
of the agglomeration/aggregation of particles with a combination of microscope analysis (SEM), A4F-ICP-
MS, and TiO2 recovery. 

Globally, this study allowed comparing the performance and the results obtained with analysis based on 
different isotope separation principles (sector field versus quadrupole), different dwell times (ms versus 
μs), and calculation software (in-house versus manufacturer-provided). Importantly, the TiO2 recovery was 
obtained to demonstrate the relevancy of the particle concentrations and to identify several factors affecting 
the quality of the results (detector mode, sonication steps). 

To obtain the best comparability, the same extracts of chewing gum, chocolate candy, and cake decoration 
were analyzed by the two techniques. In addition, TiO2 particles with size, shape, and surface properties 
similar to E171 were spiked to milk as an example of a calcium-rich matrix. This specific analysis of E171 
is used as a case to present the possibilities and limitations of spICP-MS for the characterization of NPs in 
complex matrices. 

 

Materials and methods 
Materials 
Chewing gum, chocolate candy, and cake decorations were purchased in a French supermarket. NM-100 
titanium dioxide pigment (from now on shortly referred to as “TiO2 powder”) and JRCNM10200a were 
obtained from the Joint Research Centre’s (JRC’s) Nanomaterial Repository. Low-fat (0.1 %) cow milk was 
purchased in Danish and French supermarkets. Ultrapure water (UPW; 18.2 mΩ·cm at 21.5 °C) was 
obtained from a Millipore Element apparatus (Millipore, Milford, MA, USA) and used throughout the work. 

Sample preparation for spICP-MS analysis  
All samples were prepared in triplicates. 

TiO2 powder A stock suspension of 1 g/L was prepared by weighing approximately 20 mg NM-100 powder 
directly into a 50-mL polypropylene tube and adding the relevant volume, i.e., around 20 mL, of UPW. 
Subsequently, the suspension was sonicated for 15 min in a sonication bath (Branson 5800, Fisher 
Scientific Biotech Line, Roskilde, Denmark) at a frequency of 42 kHz and a maximum sonic power of 160 
W. No difference in the size distribution was observed between bath, probe, and cup horn sonication (Fig. 
A4). 

Chewing gum One chewing gum was weighed and placed in 5 mL of UPW in a 50-mL polypropylene tube 
and gently shaken for 5 min at room temperature (suspension 1). After that, the chewing gum was 
transferred to another tube, 5 mL of UPW added, and gently shaken for 1 min (suspension 2). Finally, the 
gum base was removed and the two suspensions 1 + 2 combined (10 mL in total). 

Chocolate candy One chocolate candy was weighed and placed in 5 mL of UPW in a 50-mL polypropylene 
tube and gently shaken until the color “layer” was removed (suspension 1). After that, the chocolate candy 
was transferred to another tube, 5 mL of UPW added and gently shaken until the chocolate appeared 
(suspension 2). Finally, the chocolate base was removed and the two suspensions 1 + 2 combined (10 mL 
in total). 

Cake decoration This sample could not be dispersed in water and sonication with additional stabilization 
needed to be applied. More information on the sample preparation procedure development can be found 
in Appendix A Fig. A5. Briefly, one white inscription “Chocolat” was scraped of the plastic film with a plastic 
fork into an Eppendorf tube containing 1 mL of 2 g/L sodium hexametaphosphate solution (SHMP). The 
weight difference was recorded. The suspension was sonicated in a Branson high-intensity cup horn for 1 
min (water volume in the cup horn 18 mL, 50 % amplitude, continuous mode, no cooling; read power 99 
W/energy 49.71 J). After sonication, the sample was diluted 2 times with 2 g/L SHMP. 

Spiked milk samples A TiO2 stock suspension with a concentration of 1 g/L was prepared from 
JRCNM10200a as described for the TiO2 powder and spiked to milk after appropriate dilution. The analyzed 



 

sample was 100 times diluted low-fat cow milk with added concentrations of 2 and 4 μg/L for JRCNM 
10200a. 

Scanning electron microscopy 
For all SEM analysis, a Zeiss UltraPlus field emission (FE) instrument equipped with an in-lens secondary 
electron detector was used. Images were carried out through secondary electrons collected by using an 
in-lens detector at a voltage of 3 kV and with a working distance equal to 3 mm. In these working conditions, 
the manufacturer claimed   the   resolution   of   the   microscope   was 1.7 nm (Carl Zeiss SMT n.d.). The 
microscope is equipped   with   an   EDX   detector (model   PGT Spirit) for elemental analyses. The sizes 
of the particles are given as surface area equivalent diameter, i.e., the diameter of a disc of a surface 
equivalent to the particle surface. A minimum of 250 particles were analyzed for each sample, and the 
mean and average diameters were calculated. 

The sample preparation is also a crucial step for particle characterization with SEM that should allow 
visualizing the whole particles. Therefore, the sample preparation procedure aimed at extracting the 
particles from their matrix and breaking the agglomerates. The sample preparation for   SEM for each 
sample type is described hereafter. After sample preparation, the obtained particle suspension was 
deposited on a silicon substrate using a spin-coater that prevents massive aggregation of the particles and 
allowed a more homogeneous distribution of the particle on the substrate (Ghomrasni et al. 2020). A droplet 
(approx. 7.5 μL) of the suspension was dispersed on the silicon substrate with a 1000 rpm speed for 60 s; 
then, the droplet was quickly dried by increasing the rotating speed to 8000 rpm for 10 s. 

Chewing gum One piece of chewing gum was placed for a dozen of seconds in 10 mL UPW. The obtained 
white suspension was washed 5 times according to this 3-stage process: (1) 4500 rpm centrifugation for 
20 min, (2) supernatant replacement with UPW, and (3) probe sonication for 1 min at 150 W. After the last 
wash, the supernatant was replaced by diluted hydrochloric acid to reach pH 2. Using HCl allowed limiting 
agglomeration and better fixing the particles on the silicon substrate. 

Chocolate candy A colored chocolate candy was placed for a dozen of seconds in 10 mL UPW. After 
dissolution of the colored outer layer, the white layer started appearing and the candy was removed from 
water. The candy was placed again in 5 mL UPW until the white layer was completely gone and the 
chocolate appeared. The white suspension was then washed 5 times and acidified with the same protocol 
as for the chewing gum. 

Cake decoration Several white inscriptions “Chocolat” were scrapped off the plastic film into 5 mL of UPW. 
The white suspension was bath-sonicated for 20 min then washed with UPW and HCl following the same 
procedure as for the chocolate candy. 

spICP-MS/MS analysis 
A 8900 triple-quadrupole ICP-MS instrument (Agilent Technologies, CA, USA) was used for the analysis. 
Settings for the instrument are given in Table 1 and are based on recommendations by the instrument 
supplier (Yamanaka and Wilbur 2017). Briefly, the major titanium isotope, 48Ti, was measured in MS/MS 
mass-shift mode, using a mixed cell gas containing oxygen (O2) and hydrogen (H2). The method was used 
to resolve all the isobaric interferences—mainly arising from 48Ca— and the matrix-based polyatomic 
interferences, such as those derived from C, S, and P. Q1 was set to m/z 48 (the mass of the precursor 
48Ti+ ion) and Q2 was set to m/z 64 (the mass of the target product ion 48Ti16O+). O2 promoted the formation 
of the 48Ti16O+ product ion, and H2 helped with the formation of 48Ca16O1H+, avoiding interference on 
48Ti16O+ by 48Ca16O+. Before analysis, the prepared sample suspensions (see the “Sample preparation” 
section) were further diluted with UPW (TiO2 powder and chewing gum 250,000 times, chocolate candy 
125,000 times, and cake decoration 7000– 15,000 times). The dilution factors of the samples were adjusted 
in such a way that between 1000 and 1800 particles were detected during one acquisition, which 
corresponded to 5.5–9.4 × 107 particles/L or 0.8–3 μg TiO2/L. 

Data processing was performed with the Single Nanoparticle Application Module in MassHunter 4.5 
(Agilent Technologies) in “Peak Integration Mode.” Accurate sample flow rate (peristaltic pump speed 0.1 
rps, corresponding to approximately 0.35 mL/min) was daily determined by weighing of UPW at room 
temperature (analytical Sartorius Genius ME balance, assuming density of water of 1 g/cm3) as a sample 
(N = 2). Quantification of particle mass was based on a calibration curve constructed from a blank (0.1% 
HNO3, prepared from PlasmaPure 67–69% HNO3, SCP Science, USA) and different concentration levels 



 

of certified standard solutions of ionic Ti (PlasmaCAL standard, SCP Science, Baie D’Urfé, QC, Canada) 
in 0.1% HNO3. The calibration curve was created in Excel (Microsoft Office 2016) and the slope entered 
as response factor in the MassHunter software. The transport efficiency was calculated “from RM size” by 
analyzing 30-nm or 60-nm gold nanoparticles (RM8012/8013, NIST, Gaithersburg, MD, USA) in UPW and 
ionic Au standards (PlasmaCAL standards, SCP Science, Baie D’Urfé, QC, Canada) in UPW. Particle mass 
was converted into particle diameter by the software assuming spherical particles consisting of TiO2 (i.e., 
Ti mass fraction 0.6) with a density of 3.9 g/cm3 (Anthony et al. n.d.). 
Table 1 Instrumental parameters for spICP-MS/MS and spHR-ICP-MS analysis 

 spICP-MS/MS spHR-ICP-MS 

Instrument Agilent 8900 Thermo Element XR 

Sample flow rate ~0.35 mL/min ~0.31 mL/min 

Nebulizer Concentric (MicroMist, borosilicate glass) Concentric (Seaspray) in self-aspiration 
mode 

Spray chamber Scott type, double pass (quartz) Scott type, double pass (quartz) 

Torch, id injector 1.0 mm 1.75 mm 

Integration time 0.1 ms 5 ms 

Measurement time 60 s 200 s 

Isotopes monitored 48/64 (Q1/Q2) 48 (MR = 5000 and HR = 10,000) 

Cell gas flow rates ~0.15–0.45 mL/min O2, 4.5–7.0 mL/min H2 - 

For each sample, the 64(48Ti16O+) signal intensity was recorded for 60 s using a dwell time of 0.1 ms. The 
particle baseline (for peak integration) was determined automatically by the software. The particle detection 
threshold was selected manually as the minimum value for which no additional peak appeared on the lower-
size side of the PSD across all samples. Such additional peak was attributed to baseline signals incorrectly 
counted as particles and therefore avoided in the PSD. The application of the same threshold for all 
samples ensured that a direct comparison of particle mass and number concentrations as well as median 
particle diameters between samples was possible. After each run, the following rinsing procedure was 
applied: (1) 10 s probe rinse with UPW; (2) 60 s rinse with solution containing 1% HCl, 1% HNO3, and 1% 
Triton X-100; (3) 60 s rinse with 4% HNO3; and (4) 60 s rinse with UPW. An UPW blank was analyzed 
afterwards and contained low numbers of TiO2 particles (between 0 and 7 particles). 

spHR-ICP-MS analysis 
An Element XR HR-ICP-MS instrument (ThermoFisher, Bremen, Germany) was used for the analysis. 
Settings for the instrument are given in Table 1. Once the samples were prepared, they were analyzed 
both by spICP-MS/MS and spHR-ICP-MS. For HR-ICP-MS; further dilutions were performed in UPW 
whenever required. Data processing was performed with an in-house Excel spreadsheet as described 
previously (Noireaux et al. 2019). The flow rate was determined at least twice daily by weighing UPW at 
room temperature (analytical Mettler Toledo AT200 balance) before and after uptake. Calibration curves 
used to calculate particle masses were obtained with 5 different ionic Ti (Alfa Aesar, Kandel, Germany) 
concentrations in 0.1% HNO3 (67–69% Optima grade, Fischer Scientific, Illkirch, France) ranging from 0.1 
to 10 μg/kg. A mass fraction of 0.6 anda density of 3.9 g/cm3 were assumed for calculations. The transport 
efficiency was calculated with the “size method” by analyzing ionic Au and 30-nm and 60-nm gold 
nanoparticles (RM8012, NIST Gaithersburg, MD, USA, and BBI, Crumlin, UK, respectively) in UPW with 
concentrations around 0.011 μg/kg and 0.05 μg/kg, respectively. The ionic Au calibration was obtained with 
four ionic Au standards (Alfa Aesar) with concentrations ranging from 0.05 to 2 μg/kg in 0.1% aqua regia 
(67–69% Optima grade HNO3 and 32–35% Optima grade HCl, Fischer Scientific). All dilutions were 
performed gravimetrically. 

For each sample, the 48Ti isotope was recorded in medium resolution mode (MR) with a dwell time of 5 ms. 
The settling time between each scan was set at the minimum allowed by the acquisition software, i.e., 1 
and a settling time of 1 ms between each scan. In order to analyze around 1000 particles, the Element XR 



 

maximum data storage of 20,000 scans was acquired twice in a row to obtain 40,000 scans of 5 ms per 
sample, which is equivalent to an analysis time of 200 s. In order to limit particle coincidence, the prepared 
sample suspensions (see the “Sample preparation” section) were diluted such that around 2–5% of the 
scans would detect a particle, which corresponded to 0.4–1 μg TiO2/kg. The threshold between background 
and particle was the same for all the samples of the same measurement sequence and was set as the 
maximum value in all the UPW blanks of the 99.9% centile intensity. 

The rinse procedure consisted of a 2-min wash in UPW followed by a 3-min wash in 3% HNO3 and a 2-min 
wash in UPW. A UPW blank was analyzed afterwards in the same conditions as the samples and contained 
typically between 0 and 18 particles, which is considered acceptable given the high number of particles 
detected in each run. 

Conventional ICP-MS 
Total titanium content was investigated in the particle suspensions after acid digestion followed by HR-ICP-
MS analysis. Typically, 0.5 mL of the suspension was weighed, and 0.5 mL of hydrofluoric acid and 10 mL 
of nitric acid were added. Then, the mixture was left for 3 h at 120 °C, and the solution was diluted to 50 
mL with UPW. Whenever needed, the solution was diluted again in 2% nitric acid to obtain a concentration 
ranging between 1 and 10 μg/L. The analysis was performed on the HR-ICP-MS in medium-resolution 
mode on isotopes 47Ti, 48Ti, and 49Ti. The results are the average of the signals on all three isotopes, 
assuming all Ti is present in the form of TiO2. Accuracy of the procedure was checked against the reference 
material NIST1566b oyster tissue and yielded recovery rates of 98%. The estimated expanded uncertainty 
is about 10% for all samples, except for frosting, where it was 20%, due to the low concentration in 
suspension. 

Dynamic light scattering and zeta potential measurements 
For analysis by dynamic light scattering (DLS) and zeta potential measurements based on laser Doppler 
velocimetry, a Zetasizer Nano-ZS instrument (Malvern Instruments, Malvern, UK) was used. The sample 
suspensions (see the “Sample preparation” section) were further diluted with UPW (TiO2 powder stock 
suspension and chewing gum suspension 100 times; chocolate candy 5 times). The cake decoration 
suspension was analyzed directly. The DLS measurements were carried out using a dust-free disposable 
cuvette (DTS0012, Malvern Instruments, UK). The measurement volume was 1 mL, the angle of detection 
was 173°, and the temperature was 25 °C (achieved following equilibration for 1 min). The measurement 
position and the laser power (attenuator index) were determined automatically by the instrument. Typical 
values for all samples were a measurement position of 3 mm and an attenuator index of 5–6. Three 
consecutive measurements were performed using a minimum of 11 runs of 10 s each. The DLS 
characteristics of the measured sample, given as Z-average (Zave) (intensity-weighted harmonic mean 
diameter) and polydispersity index (PDI), were determined by averaging three replicate measurements. 
Three samples (N = 3) of each food or TiO2 powder suspension were analyzed by DLS. For determination 
of the zeta potential, suspensions were transferred to a disposable zeta cell (DTS1070, Malvern 
Instruments, UK). After 2 min of equilibration to a temperature of 25 °C, three consecutive measurements 
were performed. The Smoluchowski approximation was used for calculation of the zeta potential. The mean 
zeta potential was obtained by averaging three replicate measurements (N = 3) of one sample. 

Asymmetric flow field-flow fractionation (AF4) 
An AF4 system as described in previous studies (e.g., Correia et al. 2018) was used. Briefly, the AF4 
system consisted of an Agilent 1200 series autosampler (G1329A), a high-performance liquid 
chromatography pump (G1311A) (Agilent Technologies, Santa Clara, CA, USA), an Eclipse 3 AF4 flow 
control module, and a short channel-type AF4 separation channel (Wyatt Technology Europe GmbH, 
Dernbach, Germany). The accumulation wall in the AF4 channel was a polyethersulfone membranes with 
a molecular weight cutoff of 10 kDa (Nadir UP010P, Microdyn-Nadir, Wiesbaden, Germany) and the spacer 
height 350 μm. A detector flow rate of 1.0 mL/min and a constant cross flow rate of 0.3 mL/min were used. 
The used AF4 separation program is shown in Table A1. The AF4 carrier liquid was 0.025% Fisherbrand 
FL-70 Concentrate (Fisher Scientific, Pittsburgh, MA, USA) in UPW. A DAWN HELEOS (Wyatt Technology 
Europe GmbH, Dernbach, Germany) MALS detector with 17 observation angles operated with a linear 
polarized laser light at 658 nm was used to record the light scattering signal (sampling time interval 0.5 s 
per data point). The detector at angle 90° was used for light scattering detection of the particles. Data from 
the light scattering detectors was processed using the ASTRA V software (version 5.3.2.15, Wyatt 



 

Technology Corporation, Santa Barbara, CA, USA). The root mean square (rms) diameter was determined 
using a 3rd-order Debye model. An ICP-MS 7500ce (Agilent Technologies, Tokyo, Japan) was the final 
detector. The instrument was equipped with a MicroMist concentric nebulizer and a Scott-type double-pass 
water-cooled spray chamber and was operated without a reaction/collision gas. Typical plasma conditions 
were 1500 W RF power, 15 L/min plasma gas, 0.83 L/min carrier gas, and 0.25 L/min makeup gas. Internal 
standard (10 μg/L scandium) was added on-line via a t-piece using the peristaltic pump. The isotopes 47Ti 
and 45Sc were monitored with 0.5 s integration time per isotope. A calibration curve was established based 
on offline analysis of six concentration levels of ionic Ti standard (1, 2.5., 5, 10, 20, and 30 μg/L) in 2% 
HNO3. The standards were injected directly into the AF4 flow prior to the t-piece using a 200 μL manual 
injection loop (Rheodyne, Cotati, CA, USA). From all fractograms, a blank was subtracted (separation 
without injection of a sample). 

Prior to analysis, the sample suspensions (see the “Sample preparation” section) were further diluted with 
0.25% FL-70 (TiO2 powder 100 times, chewing gum 35 times, chocolate candy 20 times). The suspension 
from the cake decoration was prepared similarly as described in the “Sample preparation” section but 
instead of SHMP, 0.25% FL70 was used. All samples, except of TiO2 powder, were filtered through 1.2-
μm syringe filters to avoid clogging of the instrument. The injection volume was 50 μL corresponding to 
injected masses of TiO2 of approximately 500 ng. Each sample was injected in triplicates (N = 3).  

Results and discussion 
Particle size of E171 in food samples 
Figure 1 presents SEM images of the three studied food samples. It can be seen that the particles have a 
broad PSD and a roughly spherical shape. Most particles appear agglomerated or aggregated. The mean 
diameters of the primary (isolated) particles (equivalent surface diameters) were 160 nm, 122 nm, and 115 
nm for chewing gum, chocolate candy, and cake decoration, respectively. 

 
Fig. 1 Three SEM images of chewing gum (left), chocolate candy (middle), and cake decoration (right). The inserts represent a 3-
times magnified selected area of the images. PSDs are presented below as equivalent surface diameter or ESD (bin size 10 nm) 

The mean Z-averages and PDI of the samples dispersed in UPW as determined by DLS were 341 ± 7 
nm/0.300 ± 0.072 for chewing gum, 364 ± 2 nm/0.263 ± 0.018 for chocolate candy, and 335 ± 33 nm/0.346 
± 0.033 for cake decoration (mean ± 1 standard deviation). The size ranges for all samples were in 
agreement with the size range observed by SEM, considering that SEM analyzed the primary particles and 
that the primary particles were aggregated to some degree. The relatively high PDI confirmed the 
polydisperse character of the samples. The zeta potentials of the particles (pH ~6) were −57.3 ± 1.0 mV 
for chewing gum, −59.5 ± 2.7 mV for chocolate candy, and −85.2 ± 6.2 mV for cake decoration (mean ± 1 
standard deviation), meaning that the particles should be electrostatically stabilized. The more negative 
zeta potential of the latter sample is due to the choice of a stabilization with 2 g/L SHMP. In general, the 



 

TiO2 powder had similar properties as the TiO2 particles contained in the food samples. The Z-average and 
PDI were 359 ± 50 nm/0.300 ± 0.072 and the zeta potential −52.7 ± 0.4 mV.  

 
 
Fig. 2 Number-based PSDs of the food samples obtained by spICP-MS/MS and spHR-ICP-MS (bin size 10 nm) 

According to the JRC Report (Rasmussen et al. 2014), the material consists of primary particles with sizes 
between 20 and 300 nm and aggregates with sizes between 30 and 700 nm (as determined by transmission 
electron microscopy after probe sonication), which was in agreement with our findings. Figure 2 clearly 
shows that the PSDs obtained by both techniques, spICP-MS/MS and spHR-ICP-MS, are very similar. The 
minimum detectable particle diameter (calculated as the particle diameter at the threshold value) was 
higher with the latter technique (51 nm instead of 32 nm). Smaller particle sizes could be detected when 
switching from analog to counting mode of the HR-ICP-MS due to the lower background values obtained 
but then larger particles cannot be analyzed due to detector saturation (Fig. A6). Detector saturation was 
also observed for the ICP-MS/MS when no reaction gas was used (see Supplementary information, Figs. 
A7- A9). This was related to a drastic decrease of peak width from 2.7 to 0.5 ms leading to significantly 
higher peak intensities. Table 2 presents the number of analyzed particles and the median, mean, and 
maximum (D95) particle diameters. Based on standard deviation of the three replicates, no significant 
difference between the two techniques was observed for the median, mean, and maximum (D95) 
diameters. 
Table 2 Fraction of particles <100 nm and diameters of TiO2 particles determined by spICP-MS/MS and spHR-ICP-MS in TiO2 powder 
and food samples (N = 3, mean ± 2 standard deviations) 

Sample Technique Fraction of particles 

< 100 nm (%) 

Median diameter 
(nm) 

Mean diameter (nm) D95 (nm) 

TiO2 powder spICP-MS/MS 
spHR-ICP-MS 

13 ± 2 

11 ± 4 

199 ± 22 

209 ± 6 

210 ± 18 

223 ± 6 

385 ± 22 

409 ± 4 

Chewing gum spICP-MS/MS 20 ± 2 161 ± 4 170 ± 6 309 ± 14 

 spHR-ICP-MS 20 ± 4 164 ± 2 178 ± 4 326 ± 14 

Chocolate spICP-MS/MS 33 ± 2 132 ± 6 152 ± 6 318 ± 6 



 

candy 

 spHR-ICP-MS 37 ± 12 123 ± 20 146 ± 12 305 ± 14 

Cake 
decoration 

spICP-MS/MS 30 ± 6 141 ± 8 155 ± 12 316 ± 52 

 spHR-ICP-MS 29 ± 2 141 ± 8 160 ± 10 318 ± 18 

 

For TiO2 powder (NM-100), according to TEM measurements reported by the JRC (Rasmussen et al. 
2014), the mean diameter, the Feret mean, and the equivalent circular diameter were 190.6 nm, 182.6 nm, 
and 162.4 nm, respectively. These results were in the same range as the mean diameters obtained by 
spICP-MS with both instruments. For the chewing gum and the chocolate candy, the median and mean 
diameters obtained by spICP-MS were very similar to the one obtained by SEM (161/164 vs. 160 by SEM 
and 132/123 vs. 122 nm by SEM, respectively). The cake decoration diameters obtained by spICP-MS are 
higher (141 nm vs. 115 nm by SEM). In a recent interlaboratory comparison on TiO2 from similar products, 
Geiss et al. (2021) noted that all diameters measured by spICP-MS were higher than those obtained by 
TEM. This was most probably due to the presence of agglomerated/ aggregated particles in the 
suspensions analyzed by spICP-MS. Therefore, the agreement between the spICP-MS diameters found in 
the present study and the microscopy results is in favor of a low proportion of agglomerates/aggregates in 
the suspensions, except for the cake decoration. 

Surprisingly, all samples appeared very similar in AF4-ICP-MS analysis (Fig. 3), including the frosting, 
which does not show any agglomeration despite its apparent different behavior in suspension (Appendix A 
and Fig. A5). All samples display a relatively broad PSDs and rms radii between 50 and 150 nm 
(corresponding to geometric diameters of about 130 to 390 nm), which is globally in the correct range of 
sizes compared to SEM and sp-ICP-MS results, except that the smallest particles appear underestimated 
with A4F. Only a very small mass fraction of particles appeared to be under 100 nm. It was estimated that 
particles with a hydrodynamic diameter of ≤ 100 nm would elute at retention times of ≤ 6 min based on AF4 
theory (corresponding the rms radii of 38.5 nm, right axis), but in this retention time range, the peak front 
is just starting. AF4-ICP-MS is not an ideal method for determining the number-based PSD, especially in 
complex and polydisperse samples, as it requires a conversion of the mass-based PSD. A direct 
comparison with the particle sizes determined by SEM and spICP-MS is consequently not possible. 

Mass concentration of TiO2 in food samples 
Table 3 compares the mass concentrations of TiO2 particles determined by conventional ICP-MS, spICP-
MS/MS, and spHR-ICP-MS. The TiO2 mass concentrations determined by conventional ICP-MS are 2.4 
mg TiO2/g for chewing gum and 0.75 mg TiO2/g for chocolate candy. The corresponding TiO2 masses per 
piece of chewing gum and per piece of chocolate candy are approximately 3.5 mg and 1.7 mg, respectively. 
The mass concentration of the 1 g/L TiO2 suspension was determined as 1 g/L as expected. Overall, these 
results prove the excellent repeatability of the preparation of the suspensions for the three first samples, 
as the standard deviation of the sample preparation replicates is on the same order of magnitude as the 
ICP-MS uncertainty (approx. 10%). The repeatability of the cake decoration concentration (with both 
conventional ICP-MS and spICP-MS) is higher which is explained by the very low sample masses of 0.7 to 
1.2 mg (the samples were scraped of the plastic film and the difficulty of sampling and weighing these very 
small amounts). 

Mass recoveries determined by spICP-MS/MS were between 65 and 74% for TiO2 powder, chewing gum, 
and chocolate candy, whereas mass recoveries by spHR-ICP-MS were in the range of 60 to 98% for these 
samples. PSDs obtained for the same sample with different mass recoveries were similar (e.g., for the TiO2 
powder presented in Fig. 2), the recoveries were 101% by spHR-ICP-MS vs. 74% by spICP-MS/MS), 
confirming that no size-specific particle losses occurred in these samples. The mass recoveries for cake 
decoration were low with both instruments. Since these cake decorations are meant to be transferred from 
the film to the surface of cakes, we hypothesize that the particles were coated with a hydrophobic coating 
to prevent the disintegration of the cake decoration. Potentially this coating was not completely degraded 
during sample preparation, and it can be hypothesized that some of the particles were not successfully 
stabilized with SHMP. This lower recovery can be explained by the loss of larger aggregates/agglomerates, 



 

a hypothesis confirmed by the SEM analysis, which show mostly aggregated/agglomerated particles for 
this sample and very few isolated particles. The higher diameter obtained by spICP-MS compared to SEM 
for this sample is also in favor of the loss of aggregates/agglomerates. Such loss may occur by the 
sedimentation of the aggregates/agglomerates in the analysis vial, which also explains why they were not 
detected by A4F-ICP-MS and why the apparent zeta potential was the one of a stable suspension. These 
particles were however sampled and analyzed by conventional ICP-MS as the sampling of the suspension 
is done immediately after agitating the vial and the subsequent acid digestion prevents any further sample 
loss. 

 

 
Fig. 3 Mass-based PSDs of the food samples obtained by AF4-ICP-MS (N = 3). The rms radii obtained by MALS are shown as small 
circles 

The comparison of our recovery rates with published data is difficult since the majority of publications about 
spICP-MS analysis of E171 does not report mass recoveries. De la Calle et al. (2018) studied sugar-coated 
chocolate candies by spICP-MS. The samples were prepared by dissolving the candy coating in UPW 
followed by sonication and a filtration step using a 0.45-μm filter. Ti-recoveries were approximately 11% 
after filtration. According to the authors, this meant that large aggregates containing Ti (larger than 450 
nm) were formed. Hadioui et al. (2019) obtained recoveries comprised between 15 and 34% with SF-ICP-
MS that they attributed to sorption and agglomeration as well. Candás-Zapico et al. (2018) suggested the 
use of cerium dioxide NPs as internal standard for TiO2 recovery. They compared the number of CeO2 
particles counted in aqueous standard solution with the CeO2 particle number detected in the spiked 
extracts of chewing gum. The recoveries determined in this way were 82 ± 10%. Mass recoveries based 
on mass concentrations from acid-digested samples or expected CeO2 particle mass concentrations in the 
suspension were not described. Except for the cake decoration, TiO2 recoveries of the samples from the 
present study were much higher, and if sorption and agglomeration occurred, it was to a lesser extent. 



 

Table 3 TiO2 particle number concentration determined by spICP-MS/MS and spHR-ICP-MS (Cp_sp), TiO2 particle mass 
concentration determined by spICP-MS/MS and spHR-ICP-MS (Cm_sp), TiO2 particle mass concentration determined by 
conventional ICP-MS after acid digestion (Cm_icp), and TiO2 mass recovery calculated from Cm_sp and Cm_icp, all determined in 
TiO2 powder suspension and food samples (N = 3 replicate sample preparation, mean ± 1 standard deviation). The concentrations 
are given per gram of sample or for the TiO2 powder per gram of 1 g/L stock suspension 

Sample Technique Cp_sp (1010 
part/g) 

Cm_sp (mg/g) Cm_icp (mg/g) TiO2 mass recovery 
(%) 

TiO2 suspension (1 
g/L) 

spICP-MS/MS 
spHR-ICP-MS 

2.05 ± 0.15 

2.56 ± 0.19 

0.66 ± 0.09 

1.01 ± 0.06 

1.02 ± 0.04 65 ± 8 

98 ± 3 

Chewing gum spICP-MS/MS 9.85 ± 0.46 1.65 ± 0.20 2.41 ± 0.27 69 ± 8 

 spHR-ICP-MS 10.85 ± 0.32 2.26 ± 0.12  94 ± 5 

Chocolate candy spICP-MS/MS 3.52 ± 0.22 0.55 ± 0.08 0.75 ± 0.09 74 ± 6 

 spHR-ICP-MS 2.84 ± 0.75 0.40 ± 0.13  60 ± 8 

Cake decoration spICP-MS/MS 189 ± 133 32.44 ± 24.06 115.61 ± 57.30 24 ± 13 

 spHR-ICP-MS 202 ± 99 37.65 ± 21.60  31 ± 4 

 

Analysis of TiO2 particles in a calcium-rich matrix 
JRC NM-100 was replaced with JRCNM10200a because the batch of NM-100 was depleted. According to 
JRC, it is exactly the same commercial product but it comes from a different production batch. The results 
obtained for the particles spiked to milk are presented in Table 4. PSDs can be found in Appendix A (Fig. 
A10). The minimum detectable particle diameters were around 40 nm for spICP-MS/MS and 55 nm for 
spHR-ICP-MS, which is slightly higher than published values of about 30–35nm for this type of analysis 
(Geiss et al. 2021). The particle sizes obtained by spHR-ICP-MS were slightly smaller than the ones 
obtained by spICP-MS/MS and also smaller than for the TiO2 powder in water. 

For ICP-MS/MS, the cell gas flow rates were optimized (~0.15 mL/min O2, 7.0 mL/min H2) to efficiently 
remove the background caused by the high calcium content of the milk. The PSDs in water and milk were 
comparable (Appendix A Fig. A11). This means that ICP-MS/MS was efficient in removing any 
interferences originating from the milk matrix. Without using the mass-shift option and a cell gas, the 
minimum detectable diameters were 213 and 160 nm for isotope 47Ti or 48Ti, respectively (Fig. A12). For 
spHR-ICP-MS, the high-resolution mode was efficient in removing the calcium interference, although the 
stability of the signal was poorer than in medium resolution mode, which could also be attributed to unstable 
nebulization due to the diluted milk matrix. This explains the slightly smaller particle size determined by 
spHR-ICP-MS in comparison to spICP-MS/MS. It should be noted that because of milk conservation issues, 
these spiked samples were prepared separately in both laboratories, whereas the other analyses were 
performed on aliquots of the same suspensions. 
Table 4 spICP-MS results of TiO2 particles in 100-times diluted milk at two different concentration levels (N = 3 for spICP-MS/MS and 
N = 2 for spHR-ICP-MS; mean ± 1 standard deviation). 

Spiking level 
(μg/L) 

Technique Median diameter 
(nm) 

Mean diameter 
(nm) 

D95 (nm) TiO2 mass recovery 
(%) 

2 spICP-MS/MS 
spHR-ICP-MS 

204 ± 3 

177 ± 6 

216 ± 0 

187 ± 6 

403 ± 3 

342 ± 7 

76 ± 13 

86 ± 21 

4 spICP-MS/MS 
spHR-ICP-MS 

210 ± 2 

175 ± 9 

223 ± 2 

186 ± 9 

406 ± 8 

345 ± 15 

71 ± 6 

92 ± 10 



 

The performance of spHR-ICP-MS and spICP-MS/MS has been previously compared in the context of 
detecting TiO2 nanomaterials in calcium-rich environmental matrices like river waters (Tharaud et al. 2017). 
Here, matrices with up to 100 mg/L calcium were investigated, whereas the calcium concentration in this 
study was around 10 mg/ L (100-times diluted milk). The study concluded that the spHR-ICP-MS was able 
to detect smaller particles than spICP-MS/MS. spHR-ICP-MS in high-resolution mode was able to measure 
theoretically particle diameters down to 10 nm in UPW and 22 nm in 5 mg/L calcium solution based on a 
deconvolution method. spICP-MS/MS could only detect particle diameters down to 64 nm in UPW and 74 
nm in 5 mg/L calcium solution. These differences were attributed to the better sensitivity of HR-ICP-MS. In 
the present study, the minimum detectable particle diameters in 100-times diluted milk were slightly lower 
for spICP-MS/MS (40 nm) than for spHR-ICP-MS/MS in high-resolution mode (55 nm). This might be due 
to the use of oxygen/hydrogen as reaction gas, which did not lead to a decrease of sensitivity as observed 
for ammonia by Tharaud et al. as well as to the newer, more sensitive generation of ICP-MS/MS 
instrumentation. Furthermore, it should be highlighted that the minimum detectable particle diameters in 
the study by Tharaud et al. are theoretical values based on deconvolution, whereas we present relatively 
conservative values based on a sharp cutoff between background and particle events. 

Candás-Zapico et al. (2018) observed with ICP-MS/ MS the highest sensitivity on the product ion 48Ti16O+ 
using oxygen as reaction gas, but observed an increase of the background when calcium was present. 
This can be explained with the mass shift of 48Ca to 48Ca16O+. With our method, using a mixture of oxygen 
and hydrogen, the formation of a product ion at the same m/z as 48Ti16O+ (i.e., m/z = 64) is avoided by 
generating 48Ca16O1H+ (but not   48Ti16O1H+).   Candás-Zapico et al. suggest to use pure ammonia to 
generate the product ion 48Ti(14N1H3)3(14N1H)+ (m/z = 114) in the presence of calcium. Minimum detectable 
particle diameters in chewing gum were 31/32 nm with both reaction gases, which is similar to our study. 
No experiments were performed for high calcium concentrations. 

Conclusions and outlook 
Both techniques, spICP-MS/MS and spHR-ICP-MS, are suitable for the characterization of TiO2 particles 
in food matrices, even in the presence of a Ca-rich matrix. Challenges are particularly related to sample 
preparation, i.e., dispersion of the particles to obtain a minimum of agglomerates. For some sample types 
(chewing gum and chocolate candy in this study), a relatively good dispersion is obtained in UPW without 
high-energy sonication, whereas for others (cake decoration in this study), steric or electrostatic 
stabilization and high-energy sonication is required. This is very much related to the surface charge of the 
TiO2 particles at a certain pH. As it is known that TiO2 materials classified as E171 can present different 
surface properties, this should be considered in the future development of general sample preparation 
protocols for E171 in food. For the relatively large TiO2 particles, as found in the studied samples (median 
diameters ≥ 100 nm), it is not important whether the minimum detectable particle size is 30 or 50 nm, 
meaning that instrument tuning for highest sensitivity is not required. Similar sizes as for electron 
microscopy can be obtained by spICP-MS (as in this study) if the particles have an almost spherical shape. 
For TiO2-coated mica (platelets), which is used as pearlescent pigment and not defined as E171 (Younes 
et al. 2019), results obtained by electron microscopy and spICP-MS can be expected to be different. 

Comparing the spICP-MS results for particle mass concentration with results from acid digestion proved 
extremely helpful during method development. It enabled the identification of critical points including 
detector saturation in counting (pulse) mode and sample preparation. Therefore, mass recoveries for 
spICP-MS should be controlled during method development to validate the relevance of the particle 
concentration values reported in publications, similar to what is done when developing classical ICP-MS 
methods. 

In addition, a good agreement between microscopy diameters and spICP-MS results combined to near 
100% recovery can demonstrate the absence of aggregates/agglomerates. Conversely, a lower recovery 
is a hint of a loss of larger particles, and whether these were already present in the samples or induced by 
a non-ideal sample preparation should be further investigated with additional analytical techniques, such 
as microscopy. Finally, the systematic quantification of recoveries can prove particularly useful when 
dealing with a new type of ICP-MS instrument and applying spICP-MS to other types of particles in food 
additives. 
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