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Jaak Jänes,f Kaido Tämm, f Jaanus Burkf and Janeck J. Scott-Fordsmandg

Assessing the risks of nanomaterials/nanoparticles (NMs/NPs) under various environmental conditions
requires a more systematic approach, including the comparison of e�ects across many NMs with ident-
i�ed di�erent but related characters/descriptors. Hence, there is an urgent need to provide coherent
(eco)toxicological datasets containing comprehensive toxicity information relating to a diverse spectra of
NPs characters. These datasets are test benches for developing holistic methodologies with broader
applicability. In the present study we assessed the e�ects of a custom design Fe-doped TiO2 NPs library,
using the soil invertebrate Enchytraeus crypticus (Oligochaeta), via a 5-day pulse via aqueous exposure
followed by a 21-days recovery period in soil (survival, reproduction assessment). Obviously, when testing
TiO2, realistic conditions should include UV exposure. The 11 Fe–TiO2 library contains NPs of size range
between 5–27 nm with varying %Fe (enabling the photoactivation of TiO2 at energy wavelengths in the
visible-light range). The NPs were each described by 122 descriptors, being a mixture of measured and
atomistic model descriptors. The data were explored using single and univariate statistical methods, com-
bined with machine learning and multiscale modelling techniques. An iterative pruning process was
adopted for identifying automatically the most signi�cant descriptors. TiO2 NPs toxicity decreased when
combined with UV. Notably, the short-term water exposure induced lasting biological responses even
after longer-term recovery in clean exposure. The correspondence with Fe-content correlated with the
band-gap hence the reduction of UV oxidative stress. The inclusion of both measured and modelled
materials data bene�tted the explanation of the results, when combined with machine learning.

1. Introduction
Ecotoxicological studies with nanomaterials (NMs)/nano-
particles (NPs) are still mostly focused on testing one or few
NMs at a time, with the few studies testing a range of materials
dealing almost exclusively with in vitro embedded cells.1–3

Obviously, this shows the need to explore a more systematic
approach where advanced toxicity measures are compared
across many NMs with highly identified characters/descrip-
tors. Attempts have been made to apply various Quantitative
Structure–Activity Relationship (QSAR) models to nanotoxicol-
ogy data, i.e., to relate a set of descriptors characterizing the
NMs/NPs with their measured biological e�ects (e.g. ref. 4–7).
Most of these studies deal with cells or unicellular organisms,
although some studies deal with higher organisms.8–13

Collectively, the trans-material studies that have been per-
formed confirm the logic that NMs specific characters indeed
are important for NM toxicity (e.g. ref. 14). The trans-material
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studies are mainly (with few exceptions) based on correlating
toxicity measures to a few commonly measurable descriptors,
i.e. size (TEM/DLS based), zeta potential (usually in pure
water), surface charge (few studies), and dissolution rate (for
specific metal based materials). However, there is a wealth of
other characters (or descriptors) available for the NM, i.e.
either from directly measurable (e.g. energy bands), from
simply calculable (e.g. particle number), or from more advance
atomistic modelling (e.g. atomic bond length) (e.g. ref. 6 and
15).

The novel descriptors can obviously enable a better expla-
nation of the biological e�ects, however they will also require
the use of more advanced data-analytical methods including
atomistic and multiscale modelling, possibly supported by
machine learning techniques to identify patterns otherwise
hidden (e.g. ref. 16–19). To study the integration of more
advanced NM descriptors with biological measures, the best
approach (i.e. balancing between material diversity and
explainable variation) would be to use materials that somehow
have similar but yet distinct traits. A custom designed NM
library o�ers this opportunity, to test the hypothesis relating
e�ects to particles characters’. Among this, the TiO2 NPs
library (containing pure and Fe doped NPs) is a candidate
which covers a wide spectrum of properties (e.g., size, crystal
structure, %Fe, band gap energy), while keeping others con-
stant. That is done by doping the TiO2 NPs with Fe, the band
gap energy decreases, which enables the photoactivation of the
TiO2 at wavelength close to the visible light range, thus allow-
ing a more e�ective use of TiO2 photocatalytic properties (i.e.,
under solar light). We here employ a library of such doped
TiO2 materials that have been extensively characterized. The
characterizations include crystal structure (XRD), specific
surface area (BET), transmission electron microscopic (TEM)
imaging, NPs band gap energy (UV-visible spectroscopy),
photo-oxidation capability (fluorimetric analysis) and reactive
oxygen species (ROS) generation, hydroxyl radical generation
(electron paramagnetic resonance (EPR)), hydrodynamic size
and zeta potential measurements (DLS). Further, a similar Fe
doped TiO2 NPs library was tested in vitro (mammalian cell
model, RAW 264.7 and leukemic HL60) and in unicellular
models.20–22 George et al.20 observed an increase in cyto-
toxicity, accompanied by increased mitochondrial superoxide
generation and decrease in mitochondrial membrane poten-
tial, under near-visible light, dependent on the increase in Fe
content (1 to 10%). Huang et al.22 showed that the e�ect was
dependent on %Fe increase under light (light emitting diodes
(LED) light). Yadav et al.21 investigated, at a fluorescent light
(with 10 times lower intensity in comparison to ref. 22), Fe–
TiO2 NPs, which enhanced photocatalytic inactivation of the
bacteria Escherichia coli and Staphylococcus aureus.21 As men-
tioned, similar studies in vivo whole organism are absent (i.e.
multicellular).

In the present study, we investigate the in vivo toxicity
across this Fe-doped TiO2 NPs library using 11 TiO2 materials.
Since band-gap is a prominent feature for these TiO2

materials, the e�ects of TiO2 NPs were assessed under UV and

non-UV (fluorescent) light. These materials were tested using
an important soil representative model worm species,
Enchytraeus crypticus (Oligochaeta),23,24 assessing survival and
reproductive output. Enchytraeids are the most important
organisms in many habitats, dominant both in biomass and
abundance,25 ranging between 102–105 individuals per m2.
The testing resulted in 22 in vivo concentration-response
experiments, leading to 44 population measures. In addition,
besides the material descriptors (also measured in this study)
we include both simply calculable and advanced atomistic
modelled material descriptors, reaching 122 NP related charac-
ters/descriptors for each NP.

2. Results
2.1. Materials characterisation

TEM results confirmed the indistinguishable crystalline mor-
phology of the pure and Fe-doped TiO2 particles in the range
of 9–20 nm, i.e., Fe is homogeneously distributed within the
crystalline TiO2 matrix. The highly crystalline nature of these
particles was also confirmed by HRTEM and XRD (Fig. 1, for
further details see ref. 20).

Fe doping of TiO2 has additional e�ects besides the antici-
pated band gap engineering: (1) the equivalent primary par-
ticle size (dBET) and the crystallite size (dXRD) decrease and
(2) the anatase to rutile ratio decreases with an increase in Fe
loading (0–10%), see Table 2. UV-visible spectra were recorded
for pure and Fe-doped TiO2 nanoparticles in order to demon-
strate the lowering of the band gap energy after Fe doping. The
band gap energy (Eg) values for undoped and Fe-doped TiO2

nanoparticles range from 3.3 to 2.8 eV (Table 2). DLS results
showed a decrease of agglomerate size with the increasing Fe
content (Table 2). The �-potential measurement showed an
increase in the negative surface charge in Fe-doped TiO2

(Table 2). This indicates that the electrostatic repulsive force
contributes to the reduction in the agglomeration size of Fe-
doped TiO2.

2.2. Materials modelling

The calculated 86 all-atom full-particle nanodescriptors
(Table S1†) describe the core and surface regions of the NPs.
These descriptors cover total number of atoms (both Ti and
Fe), NP size, surface area and volume of the particles, potential
energy of the atoms in various regions, coordination numbers,
lattice energies, length of force vectors and dipole moments.

2.3. Exposure characterization

The exposure characterisation via DLS (Table S1†) shows that
there is a high degree of agglomeration in the system, but it
was not possible to identify a clear relationship between the
particle descriptors and the hydrodynamic size distribution
(DLS measure).

The zeta potential showed that with increasing concen-
trations there was an increase in stability i.e. a lower zeta
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potential. There was generally lower zeta potential for non-UV
exposure samples than for UV exposed samples.

2.4. Biological measures (survival and reproduction)

The exposure in ISO water in controls had a survival >80%
(controls non-UV and UV). The pH of the test media was 6.7 ±
0.1 in all treatments, without significant change over the test
duration.

Survival was not a�ected during the 5 days of exposure in
ISO water for all treatments. For the subsequent 21 days in
clean LUFA 2.2 soil, survival and reproduction varied with
material and UV exposure (Fig. 2), from no apparent impact
(e.g. non-UV 4%FeTiO2_8 nm) to clear dose–response (e.g. non-
UV 6%FeTiO2_5 nm). When under UV exposure it showed
several cases where the impact was reduced with increasing
concentration.

2.4.1. Simple correlation approach. When extracting the
concentration-response information, it is possible to relate the
stable (i.e. concentration independent particle descriptors)

with the biological e�ect, i.e. this was done by calculating
EC50 from the curves. For instance, for non-UV, certain NMs
caused no e�ect (10%FeTiO2_5 nm, 8–4–2–1%FeTiO2),
whereas other caused concentration dependent mortality and
decreased reproduction (non-UV, 10%FeTiO2_10 nm [1000]
and 6%FeTiO2_5 nm). For UV exposed organisms, the clear
reproductive e�ect caused by UV alone (see concentration 0 in
the figures) was alleviated by increasing TiO2 concentration
(both for pure and Fe doped particles). By fixing the reproduc-
tive output at 1000 mg TiO2 L�1 as the 100% reproduction,
then the EC50-recovery with increasing concentration can be
calculated. Based on this it was observed that for exposure to
the TiO2 materials alone (non-UV), there was a negative linear
correlation between the zeta potential and the increase in
reproductive output (EC50 for Reproduction = �116 × zeta +
4303, R2 = 0.89, N = 5, if omitting the 2%FeTiO2; including the
2%FeTiO2 included was R2 = 0.56). This may be because
agglomeration is enhanced with UV, hence a more pronounced
e�ect of zeta (�).26

Fig. 1 (upper panel) High resolution images of pure TiO2, 4%Fe and 10%Fe doped TiO2. The images show highly crystalline nature of the particles
(middle panel): the spherical particle morphology of the di�erently sized TiO2 nanoparticles produced at di�erent �ame conditions (lower panel,
left): XRD patterns of pure and 10%Fe doped TiO2. The results show that the anatase to rutile ratio is reversed when TiO2 is doped with 10% of Fe
(lower panel, right): the evidence of clear particle size changes through variation in the �ame spray parameters. The narrow patterns of the XRD
(blue curve) are an indication of larger particle size while the broad patterns (green) show that the particles are relatively small.
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2.4.2. Machine learning approach. The multi-step data
analysis method was used for identifying the descriptors for
the biological response of TiO2 materials out of the list of vari-
ables potentially involved in this mechanism. Both datasets
obtained by experiments with and without UV exposure were
analysed in parallel.

Starting from the initial amount of N = 113 variables (x1, x2,
…, x113), the data cleaning process reduced this number to N =
105 for both datasets. After that, the hierarchical clustering
algorithm identified the variables showing the highest simi-

larity in terms of Spearman’s correlation coe�cient (see
Fig. S4 and S5† for the non-UV and UV case, respectively),
grouping them into clusters according to a pair-wise rationale.
This algorithm has highlighted the presence of 39 clusters of
similar (i.e., correlated) variables for the non-UV experiments,
while 40 for the UV ones. The clustering of variables operated
by the algorithm is both quantitatively and qualitatively
robust. From one side, the obtained high value of cophenetic
correlation coe�cient (0.72 for the non-UV and 0.74 for the
UV case) and Spearman’s correlation coe�cients between the

Fig. 2 Results in terms of survival and reproduction of Enchytraeus crypticus, after transfer to clean LUFA 2.2 soil for 21 days in a standard test.
Organisms were pre-exposed via ISO water to TiO2 nanomaterials: TiO2_5, _10, _12, _27 nm, 1–2–4–6–8%FeTiO2 and 10%Fe/TiO2_5, 10 nm, with
UV (yellow) and without UV (non-UV, white) radiation. Results are expressed as average ± standard error (n = 4).
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