ABSTRACT

The rapid development and widespread use of nanotechnology has brought much
advancement in human societies. However, due to growing numbers of nanoparticle-
based consumer products, concerns have been raised for their potential toxicity to
ecosystems and human beings during production and disposals. Nanoecotoxicology is
a new subcategory of ecotoxicology that explores knowledge of hazards and safety
aspects of nanoparticles (NPs). This study investigated nanoecotoxicity of two NPs that
are frequently employed in compartments of soil environments and human societies.
One is zero-valent iron nanoparticles (Fe’NPs), the most prominent NPs in the field of
environmental remediation. There is considerable concern over the potential
ecotoxicity to soil ecosystems posed by Fe’NPs released from in situ remediation. The
other one is silver (Ag) NPs, one of the most frequently used NPs applied in various
consumer products for human beings because of its eminent antimicrobial properties.
However, soil contamination caused by AgNPs-treated sludges from sewage treatment
plants is of great public concerns in these years.

This study used the nematode Caenorhabditis elegans (C. elegans) as a model
organism to evaluate nanoecotoxicity of Fe’NPs and AgNPs. Studies in C. elegans offer
information about basic toxicology at molecular, cellular, and organismal levels as well
as ecotoxicological effects. The C. elegans freely reside in soils, commonly applied in
assessing ecological risks in ecosystems including pore water, soil, and sediments. C.
elegans biomarker-based risk model developed in this study provides a new tool to
assist nanoecotoxicological risk assessment of Fe’NPs and AgNPs in soil environments.

To explore multigenerational reproductive toxicity of Fe’NPs, toxicities of three
iron species including Fe°NPs, nanoscale iron oxide (nFe3O4), and ferrous ion (Fe(II)aq)
were examined and compared in C. elegans. Results showed that FeNPs, nFe;04, and



Fe(Il)aq did not cause significant mortality after 24 h exposure in environmentally
relevant concentrations. Bioassays of reproductive toxicity revealed that Fe’NPs,
nFe304, and Fe(Il)aq significantly decreased offsprings in parental generation (F0) in
accompany with increased intracellular reactive oxygen species (ROS). Furthermore,
the reproductive toxicity of Fe’NPs was transferrable from F0 to F1 and F2 generations,
but then recovered in F3 and F4 generations. Further evidence showed that Fe"NPs
were accumulated in FO and F1 generations of C. elegans. Results implicated that
environmentally relevant concentrations of Fe’NPs induce multigenerational
reproductive toxicity by high production of ROS in FO generation, toxicity of Fe(Il)aq,
and iron accumulations in C. elegans.

Moreover, due to a lack of quantitative risk assessment of Fe’NPs that has
hampered the development of appropriate testing methods in environmental
applications. Empirical approaches assessing external and internal Fe’NPs-associated
soil ecosystem health risks were developed by using C. elegans-based biomarkers. For
risk assessments of external Fe’NPs in C. elegans, the risk metrics of exceedance risk
(ER) and risk quotient (RQ) of Fe’NPs in various depths and distances from remediation
sites were predicted. Results showed that under 50% risk probability (ER = 0.5), upper
soil layer had the highest infertility risk (95% confidence interval: 13.18 — 57.40%).
The margins of safety and acceptable criteria for soil ecosystems health for using
Fe’NPs in field scale applications were also recommended. Results showed that RQs
are larger than 1 in all soil layers when setting a stricter threshold of ~1.02 mg L' of
Fe'NPs.

For risk assessments of internal Fe’NPs in C. elegans, a
toxicokinetic/toxicodynamic (TK/TD) approach was used to appraise bioaccumulation

and nanoecotoxicity of Fe’NPs. Built on present C. elegans bioassay with estimated



TK/TD parameters, probabilistic risk assessment schemes were used to assess potential
ecological threats posed by environmentally relevant FeNPs in soil ecosystems. This
study found that average bioconcentration factors in C. elegans exposed to waterborne
and foodborne Fe’NPs were ~46 and ~5x107, respectively. The 10% inhibition
concentrations for fertility, locomotion, and development, respectively, were 1.26 (95%
CI: 0.19 — 5.20), 3.84 (0.38 — 42), and 6.78 (2.58 — 21) pg g . Furthermore, most
predicted 97.5%-tiles of risk quotients were larger than 1, implicating that chronic
ecological risk posed by Fe’NPs was alarming.

On the other hand, to rapidly screen and assess potential toxicity and risks of
sewage sludge-released AgNPs in general and sludge-treated soils, a probabilistic risk
assessment framework was conducted based on C. elegans-based bioassays. The soil
environmental risks were estimated depending on characteristics of AgNPs and
geographic regions. Results indicated that locomotion inhibition of C. elegans was
depending on surface properties, diameter, and exposure time of AgNPs. The overall
sewage sludge-released AgNPs-associated soil contamination risk was very low among
Europe, U.S., and Switzerland. However, large production and widespread use of
AgNPs are highly likely to pose a long-term ecotoxicity risk on general and sludge-
treated soils, particularly for 26 nm citrate-coated AgNPs.

In conclusion, the approach of integrating probabilistic risk model and C. elegans-
based ecological indicators provides an effective tool to screen and assess the impacts
of metal NPs on soil environments. It is suggested that C. elegans as a proxy for
estimating soil risk metrics can help develop methods of managements for mitigating

the metal NPs-induced toxicity on terrestrial ecosystems.
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