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Methods: Physico-chemical Characterization of CeO2 NM-212

Size, shape, aspect ratio, agglomeration and size distribution of dry material: Electron
microscopy. The primary nanoparticle (NP) size and shape were assessed using a
transmission electron microscope (TEM) using Type Strata 400 Dual Beam equipped with
a field emission cathode (FEI Company, Portland, OR). For TEM analysis, samples were
wetted in ethanol, then gently spread on a sample holder and transferred into vacuum for
TEM imaging. For agglomerates of the nanoparticles, a field of view exceeding 10 µm is
required, and hence SEM is the optimal approach spanning the entire size range from
primary particles to agglomerates. The powders were transferred onto an adhesive pad of

an SEM sample holder and coated with a thin electrically conducting Pt layer via Ar ion
sputtering (Baltec SCD 500). The samples were imaged in an SEM (JSM 7500 TFE
(JEOL) or Strata 400 (FEI), both equipped with a field emission gun using secondary
electrons and a typical acceleration voltage of 5 kV. The data analysis is analogous to
TEM.

Crystalline phase and crystallite size: X-ray diffraction (XRD). Crystallite size and
crystalline phase were determined by standard XRD. The sample holder was filled with the
material as delivered. In the case of powders, the surface was flattened using a glass plate.
The Bruker D8 Advance Series II Diffractometer acquired the intensity as a function of the
diffraction angle with the Sol-X detector and variable slits (V20). The range of 2° < 2θ <
80° was scanned in step widths of 0.02° (2) at intervals of 2.4 s. The crystallite size
determination was performed using line profile analysis. The fundamental parameter
approach 1, as implemented in the software package TOPAS 7, was used for this
determination. A Lorentzian crystallite size contribution to the total line profile was
assumed 2.

Specific surface area. Specific surface area was determined with the BET method on 50 to
300 mg samples, depending on the total pore volume in the measuring range of 0.1 to 1000
m²/g. Samples were decontaminated at 200°C under vacuum. Nitrogen
adsorption/desorption isotherms at 77 K were then recorded at five pressures between 0
and 0.2 P/P0. The instrument Autosorb 6b (Quantachrome) adheres to the standard DIN
66131.

Agglomeration and porosity: Hg-intrusion. Mercury porosimetry was performed and
evaluated according to DIN 66133 (analogous to ISO 15901 Part 1). Between 0.01 and 0.5
g of powder sample are required, depending on the total pore volume. The samples are
gradually introduced at pressures up to p=4000 bar, while recording the incremental
volume change dV in the AutoPore IV (micrometrics). The integration of the p dV curve
provides the specific surface 3. The pressure required to force the liquid into a pore is
directly related to the inner diameter of the pores (assumed to be of cylindrical shape) 4,
since the surface tension of Hg is known and its contact angle does not vary significantly.
All measurements are performed at room temperature. To prevent drifts, lab-internal
standards are measured at regular intervals, but absolute calibration relies on the
manufacturer. The instrument switches from negative to positive pressures at 7.5 µm pore
size, often resulting in an artificial dip in the pore size distribution.

Surface chemistry: X-ray photoelectron spectroscopy (XPS). The chemical composition of
the material’s surface and thus the intentional or inadvertent organic surface modification
were determined by a PHI XPS 5500 system equipped with 300 W monochromatic Al Kα
radiation. The pass energy for surveys was 117 eV (measurement time of 45 min) and for
detailed spectra was 23.5 eV (measurement time of 6 min). In this case, spectra evaluation
was performed by CasaXPS 2.3.15, based on the PHI standard-sensitivity factors, with
Shirley background subtraction and peak shape fits as a sum of 90 % Gaussian and 10%
Lorentzian. Information depth was limited to the first 10 nm of the surface of the material.
Two measurements per sample were performed, each integrating over 0.5 mm2. The results

in % are derived from the relative concentrations of elements and their chemical bonds
from line shape analyses, especially of the C(1s) photoelectrons.

Photocatalytic activity: Methylene blue degradation. The method closely follows DIN
52980:2008-10. The materials were dispersed at concentration c = 5 mg/l in an aqueous
solution containing methylene blue, which has the known extinction coefficient = 7.402
m²/mol. Before irradiation, the 5 mg/l dye solution has an optical absorbance of A = 0.92
at 664 nm wavelength. The effective particulate surface is hence given by c*BET and is on
the order of 10-4 m²/ml for typical nanomaterials. Beakers of 20 ml suspension of the
particles were placed in the irradiation chamber (MRC Systems GmbH), which maintained
a constant UV intensity of E = 0.1 mW/cm² at  = 365 nm. Under constant stirring, the
remaining dye absorption A at t = 0h – 2h – 6h – 22h was measured on aliquots in d = 1
cm thick cuvettes outside of the irradiation chamber. Suspensions of identical composition,
but kept in dark beakers, defined the negative control Adark at the same time intervals.
Following the DIN standard, we calculate the unit-less photon efficiency:
𝜁𝑀𝐵 =

Δ𝐴𝑑𝑎𝑟𝑘 ‒ Δ𝐴
1
𝜀 ∙ 𝑑 ∙ 𝐵𝐸𝑇 ∙ 𝑐 ∙ 30074 ∙ 𝜆 ∙ 𝐸
Δ𝑡

This measures the quantum efficiency of the catalytic degradation of the dye by a
nanoparticle in its excited state after UV photon absorption. As a further negative control, a
dye solution without nanoparticles was UV-irradiated and showed no measurable
degradation over 22h.

Surface charge: electrophoretic mobility, zeta potential at pH7, isoelectric point. The zeta
potential was determined by laser doppler electrophoresis using Zetasizer Nano (Malvern)

and a folded capillary cell (DTS 1060, Malvern). The samples were dispersed at room
temperature in a background electrolyte solution (10 mmol/l KCl) and adjusted to the
corresponding pH with 0.1 M NaOH or HCl. The concentration of the sample was adjusted
to the signal intensity in the range of 3000 – 7000 kcps. The results are the average of two
measurements. The instrument was calibrated with Malvern Standard DTS 1235. We
record the electrophoretic mobility across the titration range of pH 3 to pH 10, and report
the iso-electric point as the pH at which the electrophoretic mobility crosses zero. Using
the dispersed size and mobility, we estimated the zeta-potential at pH 7.

Dispersability and size distribution in relevant media: Analytical ultracentrifugation
(AUC) and laser diffraction (LD). An interference-AUC machine Beckman Ultracentrifuge
type XLI with integrated interference optics was used, as described in detail earlier 5,6.
Analogous to the less versatile, but standardized (ISO13381) and more widespread
Centrifugal Liquid Sedimentation (CLS) technique, AUC relies on ‘detection during
fraction’. The samples were diluted to obtained concentrations of 1 mg/ml. Speed ramps
from 1000 to 20,000 rpm were used to ensure complete coverage of the relevant
measurement interval between 1 µm down to primary particles. The actual particle
concentration was read directly from the optical fringe shift without necessity of Mie
conversion or other correction. The size distribution was evaluated using the freeware
program Sedfit, with fitting model ls g(s*). The larger agglomerates were determined by
laser diffraction (Malvern Mastersizer 3000) in the range 0.5 µm to 500 µm, where optical
constants have little effect on the resulting size distributions. The average agglomeration

number (AAN) was defined as the ratio of the volume based median particle size (D50) to
the primary particle size 7.

Solubility in water and relevant media: ICP-MS of supernatant. Solubility methods that
were established for WHO fibers are not generally applicable to nanomaterials, because
they cannot be safely confined by standard filters. OECD methods that were established for
classical chemicals are not applicable to nanomaterials 8. Following earlier work on
minerals, we assessed the solubility by a protocol that separates remaining particulates
from soluble ions by ultracentrifugation, one of the recommended protocols in a recent
review 9. The material is suspended in 20 ml water or DMEM/FCS at 10 mg/ml for a fixed
dissolution time of 24 h at 25°C. The ensuing ultracentrifugation at 300,000 x g for 10 h
removes particles quantitatively down to about 2 nm diameter, as verified by AUC of the
remaining particulates in the supernatant. The concentration of metal ions in the
supernatant was analyzed by ICP-MS (Agilent 7500a). Samples were introduced via a
Scott type spray chamber with Meinhardt nebulizer (plasma power 1300 W, plasma gas
16.5 l/min, auxiliary gas 1.5 l/min). As internal standards, 45Sc (ICP-MS) and Ar at
420.070 nm (ICP-AES) were used. A 1 g sample was weighed and diluted with 5% (v/v)
HCl to a total volume of 10 ml. Calibration standards were measured at 0 mg/l and 10 mg/l.
The results in Fig. 2A in the main text were derived from the measured ppm levels of metal
ions in the supernatant. The limit of detection was 0.1 ppm, corresponding to 0.001%
dissolution.

Degradation (abiotic). As recognized by the OECD, any degradation phenomena need to
be addressed by directly measuring degradation of the particles. The materials were
dispersed at 2 mg/ml and kept at 37°C in the dark under constant slow stirring at 100 rpm
in suspension volumes of 20 ml in glass vessels with closed lids in order to reduce
evaporation. After incubation, the degree of agglomeration was measured without further
preparation by analytical ultracentrifugation (size range 1 nm to 3 µm, see above) and laser
diffraction (Malvern Mastersizer 3000, size range 0.5 µm to 500 µm). On an independent
aliquot, we ensured by centrifugation at 300,000 x g for 10 h that nanoparticles down to 2
nm diameter were removed. We then quantified the content of released ions by ICP-MS.
Changes in the particle morphology were assessed by electron microscopy (TEM, SEM)
and the crystallinity of samples was re-analyzed by selected area electron diffraction
(SAD).

Incubation media for in situ testing. The as-tested (in-situ) dispersibility and solubility
were tested after stirring the materials at 900 rpm for 24 h in DMEM (Dulbecco’s modified
Eagle medium, low glucose, no pH indicators) with 10% FCS (FBS Gold, defined Fetal
Bovine Serum, PAA Laboratories). The as-tested (in situ) degradation was simulated by
incubation for 28 d in phosphate-buffered saline (PBS, to simulate the surface of
epithelium), or 28 d in phagolysosomal simulant fluid (PSF, to simulate the
phagolysosomes of macrophages) 9, or 1 d in 0.1N HCl (to simulate the stomach
environment following oral intake), or 7d in a simulated intestinal fluid (fasted state,
FaSSIF) 10.

All incubation times were chosen at or above the maximum realistic residence time of
nanomaterials in the specific body compartment, since we expected only weak dissolution
effects. The physiologic PBS composition (mg/l) with pH 7.4 is: 8 g/l NaCl, 0.2 g/l KCl,
1.44 g/l Na2HPO4, 0.24 g/l KH2PO4. The PSF composition was based on previous
validation 11. It contains sodium phosphate dibasic anhydrous (Na2HPO4) 142.0 mg/l;
sodium chloride (NaCl) 6650 mg/l; sodium sulfate anhydrous (Na2SO4) 71 mg/l; calcium
chloride dihydrate (CaCl2 . 2H2O) 29 mg/l; glycine (C2H5NO2) 450 mg/l (as representative
of organic acids); potassium hydrogen phthalate (1-(HO2C)–2-(CO2K)–C6H4) 4085 mg/l;
alkylbenzyldimethylammonium chloride (ABDC) 50 ppm (added as an antifungal agent).
For incubation in PSF, the pH was adjusted to 4.5 by weekly addition of 0.11 g ml of H2O2
(30%), analogous to previous studies 12. FaSSIF is a patented complex of taurocholate and
lecithin, and validated for use in drug dissolution 10. We prepared the medium by
dissolution of 0.336 g of the Phares SIF powder (Biorelevant.com) in 150 ml of a
phosphate buffer (0.21 g NaOH, 1.977g NaH2PO4, 3.09g NaCl in 500 ml H2O), added in
two steps.

Fig. S1: Particle structure of CeO2 NM-212 after 28d in PSF: large spheres appear but these
and the rhombohedral structures in Fig. 2C retain the cubic cerianite structure, as
demonstrated by SAD (selected area electron diffraction) with an electron beam focused on
the newly appearing morphologies.

Fig. S2. Identification of surface impurities from XPS raw data. By fitting the binding
energy of photoelectrons emitted from oxygen and carbon atoms, the contribution of
different chemical groups is quantified via their known chemical shift. The results are
summarized in Table 1 in the main text.

Fig. S3: Degradation of methylene blue by CeO2 NM-212 under UV light (solid lines). The
absorption spectra were obtained immediately (black) after mixing, after 2 h (dark grey),
after 6 h (middle grey), and after 22 h (light grey). Degradation is significant after 6 h and
complete after 22 h. This is related to the photocatalytic activity of CeO 2. Control spectra
(dotted) were measured at identical times on aliquots kept in dark and identify this
reactivity as photocatalytic.

Fig. S4: Dynamic light scattering analyses of CeO2 NPs in distilled water immediately and
5 d after sonication at 242 Joules/ml sonication energy. The same suspension sample was
analyzed at 5 min and 5 days and was vortexed immediately prior to each DLS analyses.
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