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STRESZCZENIE 

Projektowane nanocząstki (ang. engineered nanoparticles, NPs), produkowane 

i stosowane w nanotechnologii, posiadają odmienne właściwości fizykochemiczne (tj., 

elektroniczne, magnetyczne, optyczne, chemiczne i mechaniczne) w porównaniu do 

analogicznych obiektów w skali mikro i makro, co pozwala na miniaturyzację wielu 

składników i urządzeń. Z tego powodu nanocząstki są produkowane i stosowane 

w coraz większych ilościach, znajdując zastosowanie w wielu gałęziach przemysłu 

i w rolnictwie. Do nanocząstek produkowanych i wykorzystywanych w największych 

ilościach należą nanocząstki tlenku cynku (ZnO-nano), które stosuje się m.in. w filtrach 

przeciwsłonecznych, kosmetykach, farbach, opakowaniach żywności, panelach 

słonecznych czy też nawozach sztucznych. Rosnąca produkcja i wykorzystanie 

nanocząstek prowadzi do ich przedostawania się do środowiska, w tym do gleby, gdzie 

potencjalnie mogą być szkodliwe dla organizmów ją zamieszkujących. 

Celem moich badań było porównanie toksykokinetyki oraz toksyczności cynku 

w formie nanocząstek (ZnO-nano) oraz jonowej (ZnCl2) u dżdżownicy Eisenia andrei. 

To czy cynk pochodzący z różnych form tego metalu jest regulowany w odmienny 

sposób zbadałam z wykorzystaniem typowego eksperymentu toksykokinetycznego 

(Rozdział 2). W eksperymencie tym dżdżownice eksponowane były indywidualnie 

przez 21 dni na skażoną glebę Lufa 2.2 (faza kontaminacji), po czym zostały 

umieszczone w glebie nieskażonej (faza dekontaminacji) na kolejne 21 dni. 

Dżdżownice eksponowano na 250 i 500 mg Zn kg-1 w formie ZnCl2 oraz 500 i 1000 mg 

Zn kg-1 w formie ZnO-nano. Wybrane stężenia odpowiadają stężeniom powodującym 

25% i 50% spadek reprodukcji u tych zwierząt (odpowiednio EC25 i EC50). Regulację 

cynku w organizmie dżdżownic zbadałam poprzez pomiar stężeń wewnętrznych Zn 

w czasie eksperymentu, na podstawie których, z wykorzystaniem jednoprzedziałowego 

modelu toksykokinetycznego, obliczyłam współczynniki tempa akumulacji oraz 

eliminacji. Porównanie współczynników wykazało, że (1) dżdżownice dobrze regulują 

Zn w swoim organizmie oraz (2) nie ma różnic w regulacji Zn pomiędzy badanymi 

formami tego metalu. Co ważne, po przeniesieniu dżdżownic do gleby nieskażonej 

(faza dekontaminacji) stężenie Zn wewnątrz organizmów dżdżownic wróciło we 

wszystkich zabiegach do tego sprzed ekspozycji. 
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Toksyczność ZnO-nano oraz jonów Zn została porównana przez określenie 

kosztów związanych z przeciwdziałaniem negatywnym skutkom powodowanym przez 

badane formy metalu (Rozdział 3). Koszty te określiłam poprzez pomiar dostępnych 

rezerw energetycznych (białek, węglowodanów, tłuszczów) oraz pomiar tempa 

respiracji na poziomie komórkowym i całego organizmu u dżdżownic eksponowanych 

w podobnym układzie eksperymentalnym jak w eksperymencie toksykokinetycznym. 

Niewielkie, ale statystycznie istotne zmiany, w stosunku do zwierząt w pozostałych 

zabiegach, zaobserwowałam w przypadku węglowodanów w fazie kontaminacji, 

w zabiegu z najwyższym stężeniem ZnO-nano oraz w przypadku komórkowej respiracji 

w fazie dekontaminacji w zabiegu z najwyższym stężeniem ZnCl2. Jednak oprócz tych 

niewielkich zmian nie stwierdziłam znaczącego wpływu ekspozycji na pozostałe 

parametry. W badaniach tych wykazałam, że podwyższone stężenia Zn (ZnO-nano 

i ZnCl2) nie mają wpływu na budżet energetyczny dorosłych dżdżownic.  

W badaniach przedstawionych w Rozdziale 4 porównałam cytotoksyczność Zn 

w postaci ZnO-nano i ZnCl2 poprzez pomiar: 1) zmian w obrębie komórek nabłonka 

jelita oraz komórek chloragogenowych jelita, po 48-godzninnej ekspozycji na skażoną 

glebę oraz 2) stosunku ADP/ATP w całym ciele dżdżownic eksponowanych w takim 

samym układzie eksperymentalny jak w Rozdziale 3. Cytotoksyczny wypływ ZnO-nano 

lub Zn2+ w jelicie dżdżownic zbadałam z wykorzystaniem metod jakościowych 

i ilościowych. Badanie jakościowe wykazało u dżdżownic poddanych działaniu Zn 

zmiany w obrębie nabłonka i tkanki chloragogenowej jelita, bez różnic pomiędzy ZnO-

nano i ZnCl2. Z drugiej strony, różnice pomiędzy badanymi formami Zn zostały 

ujawnione w badaniu ilościowym, w postaci większego udziału resztek komórkowych 

(ang. cellular debris) w zabiegach z Zn jonowym niż w zabiegach z nanocząstkami 

ZnO, co przekłada się najpewniej na odmienną regulację badanych form Zn 

w komórkach przewodu pokarmowego. Nie zaobserwowałam natomiast żadnych różnic 

w stosunku ADP/ATP, ani między badanymi formami, ani między kontrolą i zabiegami 

z Zn. 

W ostatnim rozdziale doktoratu (Rozdział 5) skupiłam się na ocenie 

toksyczności Zn (ZnO-nano vs. ZnCl2), powodowanej przez długoterminową 

ekspozycje dżdżownic, tj. od stadium młodocianego do dorosłości. Młode  

(2-tygodniowe) osobniki narażone były przez 14 tygodni na szereg stężeń (125, 250, 

500, 1000 mg Zn kg-1) w postaci ZnO-nano lub ZnCl2. W czasie trwania ekspozycji 
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sprawdzałam śmiertelność, tempo wzrostu i rozwój płciowy dżdżownic, a po 

zakończonej ekspozycji zmierzyłam respirację na poziomie komórkowym. Ekspozycja 

na najwyższe stężenia jonowe (500 i 1000 mg kg-1) spowodowała 100% śmiertelność, 

podczas gdy w innych zabiegach śmiertelność nie przekroczyła 15% w ciągu całej 

ekspozycji. Ponadto zaobserwowałam wyższe tempo wzrostu dżdżownic 

eksponowanych na niskie i średnie stężenia ZnCl2 (125 i 250 mg kg-1) oraz na 

wszystkie stężenia ZnO-nano (125-1000 mg kg-1) w porównaniu do kontroli, co 

najprawdopodobniej świadczyło o niedoborze Zn u osobników kontrolnych. Z kolei 

tempo respiracji mierzonej na poziomie komórkowym było istotnie wyższe 

u dżdżownic eksponowanych na ZnO-nano niż u tych eksponowanych na takie same 

niskie i średnie stężenia Zn (125 i 250 mg kg-1) w postaci ZnCl2. Wykazałam tym 

samym, że różnica między ZnO-nano i formą jonową może uwidaczniać się dopiero po 

długotrwałym narażeniu.  

Podsumowując, kompleksowe badania przedstawione w niniejszej pracy 

doktorskiej wykazały, że dorosłe dżdżownice skutecznie regulują stężenie Zn w swoich 

organizmach niezależnie od formy występowania cynku (ZnO-nano lub ZnCl2). 

Ekspozycja na podwyższone stężenia obu form Zn nie powoduje u nich istotnych zmian 

w budżecie energetycznym i stosunku ADP/ATP mierzonych na poziomie całego 

organizmu. Krótkotrwała ekspozycja (48 h) ujawniła natomiast różnice 

w odpowiedziach komórkowych jelita dżdżownic narażonych na ZnO-nano lub ZnCl2. 

Jednak najbardziej wyraźne różnice pomiędzy badanymi formami Zn ujawniły się po 

długotrwałej (14-tygodniowej) ekspozycji osobników młodocianych do stadium 

dorosłego. Reasumując, przedstawiona praca przyczyniła się do poszerzenia wiedzy na 

temat toksykokinetyki i toksyczności ZnO-nano u organizmów glebowych, wskazując 

trzy aspekty odgrywające ważną rolę w badaniach toksyczności nanocząstek, a tym 

samym w ocenie ryzyka ekologicznego (ang. Ecological Risk Assessment, ERA), jakie 

nanocząstki stanowią dla organizmów glebowych: 1) cytotoksyczność badana 

w określonych komórkach, 2) długotrwała ekspozycja oraz 3) badanie rożnych stadiów 

rozwojowych organizmu.   
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ABSTRACT 

Engineered nanoparticles (NPs) have enhanced physio-chemical (electronic, 

magnetic, optical, chemical and mechanical) properties in comparison with properties of 

micro- and macro-objects, which allows for miniaturisation of many constituents and 

devices. Hence, NPs are increasingly produced, incorporated and used in many 

industrial sectors and agriculture. Among NPs produced and utilised in the largest 

quantities are zinc oxide nanoparticles (ZnO-NPs) that are applied in, for example, 

sunscreens, cosmetics, paints, food packaging, solar panels and fertilisers. The 

increasing production and usage of NPs inevitably leads to their release into the 

environment. This generate uncertainties about the impact of NPs on different 

environmental compartments, including soil ecosystem, where NPs can be potentially 

hazardous to soil-dwelling organisms. 

The aim of this thesis was to study and compare the toxicokinetics and toxicity 

of Zn in a form of ZnO-NPs or ZnCl2 in the Eisenia andrei earthworm. To assess 

whether the earthworms regulate body concentration of Zn derived from either ZnO-

NPs or ZnCl2 in a different manner (Chapter 2), a typical toxicokinetics experiment was 

performed in which adult animals were exposed individually for 21 days to 

contaminated Lufa 2.2 soil (contamination phase), whereupon they were switched to 

uncontaminated soil (decontamination phase) for another 21 days. Earthworms were 

exposed to sublethal concentrations of ZnCl2 (250 and 500 mg Zn kg-1) and ZnO-NPs 

(500 and 1000 mg Zn kg-1), estimated to cause respectively 25% and 50% (i.e. EC25 and 

EC50) reduction in the earthworms’ reproduction. The regulation of body Zn 

concentration was assessed by measuring Zn concentrations in earthworms over the 

period of the experiment, based on which the assimilation and elimination kinetics 

parameters have been calculated using a one-compartment model. The comparison of 

assimilation and elimination rate constants revealed that in general Zn was efficiently 

regulated by earthworms and no differences in regulation patterns were identified 

between the studied forms. Importantly, after transferring the animals to the 

uncontaminated soil, body Zn concentrations returned to levels from before the 

exposure in all Zn treatments. 

The toxicity of ZnO-NPs in comparison with Zn ions (ZnCl2) was studied by 

determining the costs associated with exposure to the studied Zn forms (Chapter 3). 
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These costs were assessed by measuring total available energy reserves (proteins, 

carbohydrates, lipids) and energy consumption (determined as cellular and whole-body 

respiration rate) in earthworms exposed to ZnO-NPs or ZnCl2 in a similar experimental 

setup as in the toxicokinetics study. Significantly lower carbohydrates content were 

observed in higher NPs treatment (1000 mg kg-1) in the contamination phase, and 

significantly higher cellular respiration rate was observed in higher ionic treatment (500 

mg kg-1) in the decontamination phase in comparison to other treatments. Apart from 

those changes, no considerable effects were observed for other energy components, total 

available energy reserves or whole-body respiration, indicating that earthworms can 

cope with sublethal Zn concentrations without severe impact on their energy budget. 

In the study presented in Chapter 4 the cytotoxicity of Zn in a form of NPs or 

ions was compared by measuring: 1) the cellular changes and altered morphology of the 

epithelium tissue and chloragogen tissue in the earthworms’ gastrointestinal (GI) tract 

after exposure for 48 h to contaminated soil; 2) the whole-body ADP/ADP ratio in 

earthworms exposed to the same experimental setup as in the second study, i.e. with 

contamination and decontamination phases. To determine the cytotoxic effect of Zn in 

the GI tract, qualitative and quantitative assays were performed. The former revealed 

that in all the Zn-treated earthworms’ cellular changes were observed in both gut 

epithelium and chloragogen tissue, without any differences between the studied Zn 

forms. The quantitative study revealed differences between ZnO-NPs and ionic 

treatments with a higher proportion of cellular debris in the ionic treatments (250 and 

500 mg kg-1) than in the NPs treatments (500 and 1000 mg kg-1), suggesting different 

regulation of those forms at the cellular level in the GI tract. No differences between the 

studied forms and between the control and Zn treatments were observed in the 

ADP/ATP ratio measured in the whole body.  

In the study presented in Chapter 5, the long-term toxic effects of Zn (ZnO-NPs 

vs. ZnCl2) were assessed in earthworms cultured from juvenile to adult stage. The two-

week old juveniles were exposed for 14 weeks to the range of concentrations (125, 250, 

500, 1000 mg kg-1) in the form of ZnO-NPs or ZnCl2. Mortality, growth rate, 

maturation during exposure and cellular respiration at the end of exposure were 

determined. This study revealed that exposure to the highest ionic treatments (500 and 

1000 mg kg-1) caused 100% mortality, while in the other treatments mortality did not 

exceeded 15% at the end of exposure. Moreover, growth rate was stimulated in 
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earthworms treated with ionic Zn at 125 and 250 mg kg-1 and with ZnO-NPs at 125-

1000 mg kg-1 in comparison to the control, suggesting that the control earthworms 

might have been Zn deficient. Interestingly, different patterns of cellular respiration rate 

were observed in the earthworms treated with the two studied Zn forms (ZnO-NPs vs 

ZnCl2) with significantly higher respiration in the NP treatments than in the ionic 

treatments at low and medium exposure concentrations (125 and 250 mg kg-1), which 

implies that differences between ZnO-NPs and Zn ions might be more visible after 

long-term exposure than after short-term exposure.  

To sum up, the comprehensive study presented in this doctoral thesis showed 

that adult earthworms can regulate Zn efficiently, without severe impact on their energy 

budget or cell metabolic status (ADP/ATP ratio), regardless of the Zn form to which 

they were exposed. Short-term exposure (48 h) unravelled differences between ZnO-

NPs and ZnCl2 in cell responses of the earthworms’ GI tract. The most pronounced 

differences between ZnO-NPs and ZnCl2 were observed after long-term (14 weeks) 

exposure of juveniles. Altogether, the presented thesis has contributed to broadening the 

knowledge about ZnO-NPs toxicokinetics and toxicity in soil-dwelling organisms and 

has shown that: (a) cytotoxicity in targeted cells, (b) prolonged exposure and (c) 

organisms’ life stage may play a major role in the NP toxicity. Therefore, these factors 

should be of particular importance for the Ecological Risk Assessment (ERA) of 

nanoparticles in soil-dwelling invertebrates. 
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INTRODUCTION 

Nanomaterials 

The prefix ‘nano’ is derived from the Greek word ‘nanos’ meaning ‘dwarf’ and 

in scientific term it means one billionth of something (10-9). Nowadays, nanomaterials 

(NMs) are not only at the centre of interest of scientists and engineers but also – 

because of the mass production and application – the term ‘nano’ began to appear in our 

everyday life and social consciousness. Due to increasing interest in commercial 

utilisation of NMs, many countries have provided policy statements or general 

descriptions to help determine what exactly NMs are (Bleeker et al., 2013). The 

European Commission, for instance, describes nanomaterial (NM) as: “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 nm – 

100 nm” (The European Union, 2011). Additionally, it is stated that NMs should have a 

specific surface area by volume greater than 60 m2 cm-3 (The European Union, 2011). 

In general, NMs can be considered as intermediate between atomic structures and bulk 

materials, with particle sizes between 1 to 100 nanometres in at least one dimension 

(Loureiro et al., 2018). Additionally, apart from classification based on size, 

dimensionality and agglomeration/aggregation state, NMs can be differentiated by their 

morphology (e.g. wires, tubes, flakes, pyramids, cubes, spheres) and composition (e.g. 

single compact, coated, encapsulated, Janus) (Buzea and Pacheco, 2017; Lattuada and 

Hatton, 2011). For instance, when all three dimensions are in the nanoscale, then NM is 

called nanoparticle (NP) (ISO/TS 80004-1:2015 after Loureiro et al. (2018)). 

The uniqueness of NMs results from their physicochemical properties that differ 

from properties of micro- and macro-objects. The high surface:volume ratio of NMs 

determines enhanced electronic, magnetic, optical, chemical and mechanical properties, 

making NMs applicable in various industrial sectors, such as automotive, electronics, 

aerospace, food, textile and energy, and also in the pharmaceutical and medical sectors 

(Lines, 2008; Lopez-Serrano et al., 2014). According to the Mordor Intelligence report 

on the global nanomaterials market, the value of engineered NMs will reach USD 11.8 

billion by 2025 (Lai et al., 2018). An even higher value is given by the Zion Market 
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Research company which forecast that the global nanomaterials market will reach USD 

16.8 billion by 2020 (Zion Market Research, 2017). According to Foss Hansen et al. 

(2016), the number of consumer products containing NMs or based on nanotechnology 

is growing continuously.  

As outlined in the above mentioned definition (The European Union, 2011), 

NMs can be of natural, incidental or manufactured origin. Their presence in the 

environment is associated with geological processes (e.g. volcanic eruptions or 

sandstorms), incomplete combustion (e.g. wildfires) (Griffin et al., 2018), biochemical 

cycling (e.g. action of bacteria or fungi) (Bakshi et al., 2015; Zhu et al., 2019), and 

abiotic chemical precipitation (e.g. formation in sea spray) (Buzea and Pacheco, 2017; 

Handy et al., 2008). In addition to naturally occurring NMs, we can also distinguish 

those released by anthropogenic activity which can enter the environment due to 

intentional (e.g. from fertilisers) (Milani et al., 2015) or unintentional (e.g. from diesel- 

and gasoline-fuelled vehicles) human actions (Klaine et al., 2008). In the present thesis I 

focus on the effects of engineered NMs which are artificially manufactured for specific 

purposes or functions. Among the most commonly used metallic NMs are zinc oxide 

nanoparticles (ZnO-NPs), which are included in the zinc oxide nanomaterials (ZnO-

NMs) group (He et al., 2015; Ma et al., 2013; Rajput et al., 2018).  

Production and application of zinc oxide nanoparticles (ZnO-NPs) 

Global production of ZnO-NMs has been estimated to be 55 tonnes per year in 

Europe and 550 tonnes per year globally (Piccinno et al., 2012). Their global production 

in 2015 was valued at ca. USD 2 billion (Allied Market Research, 2016). In China 

alone, production of ZnO-NMs reached approximately 800 – 1600 tonnes per year 

between 2008 and 2014 (Gao et al., 2013), clearly indicating an increase in production 

in relation to the estimates by Piccinno et al. (2012). 

Reduction in size causes that nanostructured ZnO exhibits strong piezoelectric 

and pyroelectric properties, which makes ZnO-NMs suitable to use as mechanical 

actuators and piezoelectric sensors. Moreover, the wide band-gap (3.37 eV) enables 

their use for short wavelength optoelectronic applications, while excitation binding 

energy (60 meV at room temperature) is associated with their ultraviolet (UV) 

luminescence properties (Arakha et al., 2017; Wang and Zhong Lin, 2004). Due to their 

properties, ZnO-NMs have been adopted in the automotive, paints and coatings, 
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computer and electronics and health industries (The Nanodatabase, 2020). The 

antibacterial and antifungal properties exhibited by ZnO nanomaterials can be utilised in 

ceramic sanitary products (Moezzi et al., 2012), cement-based building materials 

(Sikora et al., 2018), food packaging and antifungal food additives (Espitia et al., 2012; 

Sun et al., 2018). ZnO-NPs have gained in popularity because they can reflect and 

scatter UV radiations while preventing skin irritation, which makes them suitable for 

application in sunscreens and cosmetics (Lu et al., 2015; Mitrano et al., 2015) as well as 

in the textile industry (Becheri et al., 2008). The great potential of ZnO-NPs lies also in 

their deliberate usage as fertilisers in crop cultivation (Milani et al., 2015) or as 

supplements in animal husbandry (Milani et al., 2017; Swain et al., 2016). 

Environmental exposure 

There is a general consensus that large-scale production of NMs will eventually 

lead to their gradual or accidental release into different environmental compartments 

(Adam and Nowack, 2017; Keller et al., 2013). Potential release may occur at all life 

cycle stages, i.e. manufacturing, incorporation into products, usage and disposal, but the 

information about the released quantities is still not fully specified (Adam and Nowack, 

2017; Scott‐Fordsmand et al., 2017). Measuring concentrations of engineered NMs in 

an environmental complex matrix is a challenging task due to the NMs size, low particle 

concentrations and reactivity (Abdolahpur Monikh et al., 2019). Reliable methods for 

measuring NMs concentrations are still under development (Mitrano et al., 2012; 

Navratilova et al., 2015) and to date available only in a few research centres. Hence, the 

predicted environmental concentrations are estimated by applying predictive models 

(Gottschalk et al., 2013). For instance, Boxall et al. (2007) predicted concentrations of 

3.2 – 32 mg kg-1 for ZnO-NPs that were used or could have been used in cosmetics and 

personal care products and coatings. Gottshalk et al. (2013), in turn, modelled 

concentrations of ZnO-NMs in soils and soils treated with biosolids to be ca. 1 – 100 µg 

kg-1 in Europe. The predicted environmental concentrations of ZnO-NMs are rather low 

in comparison with naturally occurring Zn concentrations, estimated for world soils at 

64 mg Zn kg-1 on average (Alloway, 2009), with ca. 53, 62 and 137 mg Zn kg-1 for the 

USA, Poland and China, respectively (Kabata-Pendias, 2000). In turn, in areas 

contaminated by mining or smelting activities these background concentrations can be 

exceed by a few orders of magnitude. For instance, Stefanowicz et al. (2008) found 
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12080 mg Zn kg-1 in the vicinity of a Zn smelter in Avonmouth, England, as well as 

6151 mg Zn kg-1 in Zn/Pb mining and smelting region near the Olkusz area, Poland, 

whereas Niemeyer et al. (2010) found spots with Zn concentration reaching 95940 mg 

Zn kg-1 nearby an abandoned lead smelter in Santo Amaro, Brazil. Zinc contamination 

due to mining or metallurgy is, however, usually restricted to relatively small areas, 

while NMs could be potentially released from countless sources (Mitrano et al., 2015). 

Enhanced production and usage of engineered NMs will inevitably lead, consequently, 

to an increase of their concentrations in various environmental compartments. Within 

this context, studying impacts of NMs on organisms inhabiting soil environment seems 

to be highly instructive and crucial for hazard assessment. 

NMs in the soil ecosystem 

Engineered NMs can reach the soil ecosystem via both intentional and 

unintentional release. Several authors indicate the NMs leaching from landfill disposal 

and farm-land fertilisation with sewage sludge (biosolids) from waste water treatment 

plants as sources of unintentional soil contamination with NMs (Loureiro et al., 2018; 

Part et al., 2018). Adam and Nowack (2017), in their probabilistic material flow 

analysis of a few NMs (TiO2, Ag, ZnO and carbon nanotubes) in European countries, 

showed that although the greatest share of the nanoproducts would flow to recycling, 

some quantity may indeed reach waste water, landfills and soil. For instance, for ZnO-

NMs the analysis predicted that on average 1.75 and 0.68 tonnes year-1 reach landfills 

and 1.08 and 0.33 tonnes year-1 reach soils in Poland and Portugal, respectively (Adam 

and Nowack, 2017). Moreover, NMs can reach the soil ecosystem via deliberate 

application as nanopesticides or nanofertilisers (Loureiro et al., 2018). Although such 

novel products provide noticeable benefits (Chhipa, 2017), there is a concern about their 

usage since the hazards to the soil ecosystem are still not fully explored (Kah et al., 

2018). 

In the soil ecosystem NMs can undergo various transformations: physical (e.g. 

aggregation, agglomeration, adsorption), chemical (e.g. dissolution, redox reactions) or 

interactions with macromolecules (e.g. hydrophobic/electrostatic interactions) (Amde et 

al., 2017). As a result of these processes, NMs change state from pristine to other states, 

which determine the NMs fate and bioavailability (Cornelis et al., 2014). For example, 

hetero-aggregation of ZnO-NPs with different soil fractions can result in different 
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behaviours as aggregation with soil granules may hinder NPs diffusion, while 

aggregation with mobile soil colloids may mediate increased NPs mobility in the soil 

matrix (Zhao et al., 2012). Most of the studies indicate, however, dissolution as the 

main process that ZnO-NPs are subjected to in the soil matrix (Kool et al., 2011; 

Mitrano et al., 2015; Wang et al., 2013). Dissolution means that metal ion detaches from 

the thermodynamically unstable ZnO-NPs and migrates into the liquid phase of the soil 

(Misra et al., 2012). Upon dissolution, the toxic effects of ZnO-NPs are often associated 

with ionic Zn toxicity (Ma et al., 2013; Wang et al., 2016).  

Earthworms as a model species in ecotoxicology 

Earthworms are highly valued as soil model organisms because of their 

beneficial impact on soil structure and quality. They are known as ‘ecosystem 

engineers’ due to their significant role in the soil ecosystem functioning. Their 

outstanding ability to make burrows and execute ingestion-egestion processes of vast 

soil quantities results in exceptional contribution to soil formation, its aeration and 

drainage, organic matter breakdown and incorporation into soil, as well as an increase in 

nutrient availability in the food web (Edwards, 2004). Due to their importance, 

abundance and relatively large body size, earthworms have been widely used as 

indicators of quality and health of soil in ecotoxicological studies (Velki and Ečimović, 

2016; Weeks et al., 2004). In consequence, they have been adopted as standard 

organisms for ecotoxicological testing by the Organisation for Economic Co-operation 

and Development (OECD, 1984) and the International Standards Organization (ISO, 

1993, 1998, 2003). Early standardised test guidelines were developed to assess toxicity 

endpoints commonly used for environmental risk assessment, i.e. mortality (OECD, 

1984) and reproduction (OECD, 2004). In addition, a toxicokinetic tests for evaluation 

of bioaccumulation of chemicals in soil oligochaetes and avoidance test for proving the 

quality of soils have been developed by the OECD (OECD, 2010) and ISO (ISO/CD 

17512, 2003), respectively.  

Although guidelines specified in the OECD and ISO tests are necessary for 

standardising toxicity assessment of tested substances, they oversimplify what is 

occurring in the real environment. This can be visible, for instance, in the selection of 

OECD artificial soil, which insensibly reflects the earthworms’ habitat or in the length 

of tests which, given the life expectancy of earthworms, covers only a small fraction of 
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their lifetime. Therefore, the continuous acquisition of new knowledge and the 

development of measurement techniques and methods resulted in a proposal to improve 

OECD and ISO tests, e.g. by replacement of artificial soil with natural one (Römbke et 

al., 2006; Spurgeon et al., 2003). For example, natural LUFA soil with constant 

parameters (Bastos et al., 2014) has started to be used in ecotoxicological studies 

(Gomes et al., 2015; Kool et al., 2011; Romero-Freire et al., 2017). Moreover, 

researchers begun to complement standard endpoints (mortality and reproduction) with 

‘novel’ endpoints (e.g. growth, sexual development) and biomarkers (Beaumelle et al., 

2017; Scott-Fordsmand and Weeks, 2000; van Gestel et al., 1991). Accordingly, with 

recognition of nanomaterials as an emerging issue affecting the planet (UNEP, 2017), 

modifications of standard tests have been proposed with special attention to the spiking 

procedure, reliable detection methods, improved understanding of transformations (e.g. 

solubility) and test duration, i.e. long-term vs. short-term studies, for soil ecotoxicology 

(Kühnel and Nickel, 2014). 

Toxicity of ZnO-NPs 

Toxicity of ZnO-NPs depends largely on the physical and chemical properties of 

particles, as well as on the exposure environment. Particle size (Khare et al., 2015), 

particle shape (Hua et al., 2014), surface coatings (Waalewijn-Kool et al., 2013a), 

concentration (Heggelund et al., 2014), pH value (Read et al., 2016) and equilibration 

time (Romero-Freire et al., 2017) can affect toxicity of ZnO-NPs with different effects 

on different species (Ma et al., 2013). Moreover, there is no single mechanism of action 

through which NPs operate (Fröhlich and Fröhlich, 2016; Ma et al., 2013), but the 

dissolution of NPs with the release of ions (Bondarenko et al., 2016; Brunner et al., 

2006; Wang et al., 2016) and surface interactions followed by the production of 

chemical radicals (Arakha et al., 2017; Yu et al., 2013) are indicated as the most 

probable ones. Therefore, the toxic effect of NPs are a combination of particle and ionic 

toxicity. For example, Fröhlich and Fröhlich (2016) indicated that direct action of ZnO-

NPs in the eukaryotic cell milieu may be associated with generation of reactive oxygen 

species (ROS) which, in turn, can lead to disruption of membranes, lipid peroxidation, 

oxidation of proteins, mitochondrial and DNA damage. As an ionic mechanism of 

action, the authors indicated that Zn ions can act through destabilisation of lysosomes 

and interference with enzymes and transcription factors (Fröhlich and Fröhlich, 2016). 
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Toxicity of ZnO-NPs in earthworms 

The first studies dealing with ZnO-NPs toxicity in earthworms were performed 

to assess the impact of ZnO-NPs on common ecotoxicological endpoints such as 

mortality on filter paper test or contaminated sand (Cañas et al., 2011) and reproduction 

in contaminated artificial soil (Hooper et al., 2011). In studies utilising soil, sewage 

sludge or a mixture of the two as the exposure medium, earthworms (Eisenia spp.) 

exposed to the range of Zn concentrations (ca. 250-2500 mg kg-1) almost did not exhibit 

a reduction in survival (García-Gómez et al., 2014a, b; Heggelund et al., 2014; Hooper 

et al., 2011; Romero-Freire et al., 2017). Moreover, reproduction in Eisenia spp. turned 

out to be more sensitive than survival (García-Gómez et al., 2014a, b; Heggelund et al., 

2014; Hooper et al., 2011; Romero-Freire et al., 2017).  

In most studies the toxic effects of Zn in ionic form was higher than in the case 

of ZnO-NPs (García-Gómez et al., 2014a, b; Heggelund et al., 2014; Romero-Freire et 

al., 2017). Notter et al. (2014) in their meta-analysis proposed a nanofactor of 2 to 

indicate that Zn in ionic form is twice as toxic as NPs. This was almost perfectly 

reflected in the Heggelund et al. (2014) study, where effective concentrations causing 

25% and 50% reduction in earthworm reproduction (EC25 and EC50, respectively) were 

approximately twice higher for NPs than ions. Surprisingly, however, Lahive et al. 

(2017) observed significantly lower reproduction in the NPs treatment (contaminated 

with ZnO, Ag and TiO2 nanoparticles) than in the ionic one (contaminated with ZnSO4, 

AgNO3, and micron-sized TiO2) when exposing E. fetida to soil amended with sewage 

sludge. Lahive et al. (2017) showed that under some circumstances NPs toxicity to soil-

dwelling organisms may be underestimated. Higher toxicity of ZnO-NPs in comparison 

with ions have also been reflected in significant shifts in soil microbial community 

composition (Judy et al., 2015) and in locomotor activity of the nematode 

Caenorhabditis elegans (Huang et al., 2017). 

The comparison of ZnO-NPs with Zn ions is of great importance considering the 

generally higher toxicity of ions compared to nanoparticles (Heggelund et al., 2014; 

Romero-Freire et al., 2017), which may reverse under certain conditions (Judy et al., 

2015; Lahive et al., 2017). Heggelund et al. (2014) and Romero-Freire et al. (2017) 

found that internal Zn concentrations in earthworms exposed to ZnO-NPs were 

significantly higher than in those exposed to ionic Zn, suggesting different regulation of 
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those two forms at the whole body level. The study on subcellular fractionation of Zn in 

E. fetida revealed that intracellular distributions of particulate ZnO and dissolved zinc 

ion are different (Li et al., 2011). Zn accumulated as ion was mainly distributed in the 

cell membranes and tissues, while Zn in a form of NPs was distributed mainly in 

organelles and cytosol (Li et al., 2011). To check whether Zn (in either nanoparticle or 

ionic form) is accumulated inside the earthworms body, some authors measured internal 

metal concentrations to estimate bioaccumulation factor (BAF) calculated as earthworm 

tissue Zn concentration divided by total soil Zn concentration (García-Gómez et al., 

2014a; Heggelund et al., 2014; Romero-Freire et al., 2017). This indicator proved, 

however, not to be conclusive for NMs (Baalousha et al., 2016). Differences in 

accumulation and elimination can be revealed only by applying toxicokinetic models 

(Lock and Janssen, 2001; Baalousha et al., 2016). 

Due to the lack of understanding of the toxicity mechanism through which ZnO-

NPs could operate, some studies focused on the effects caused by ROS. Overproduction 

of ROS can induce oxidative stress affecting the activity of enzymatic antioxidants 

(Sonane et al., 2017), with adverse effects on cellular homeostasis leading to DNA 

damage, oxidative modification of proteins, lipid peroxidation and general cytotoxicity 

(Fu et al., 2014). Hence, several authors measured enzyme activity (e.g. superoxide 

dismutase (SOD), catalase (CAT), glutathione-S-transferase (GST)) and 

malondialdehyde (MDA) content in combination with DNA damage in E. fetida 

(García-Gómez et al., 2014b; Hu et al., 2010; Li et al., 2011). For instance, Li et al. 

(2011) noticed significant changes in SOD activity after 96-h filter paper toxicity test, 

whereas Hu et al. (2010) observed significant changes in SOD and CAT activity, MDA 

content, as well as DNA damage after 7-day exposure in OECD soil. On the contrary, 

no changes in SOD, CAT and GST activities were observed for earthworms after 28-

day exposure in comparison with the control (García-Gómez et al., 2014b). Although 

legitimate in their assumption about the effects of ZnO-NPs through generation of ROS, 

the above-mentioned studies were limited to short exposure times (Hu et al., 2010; Li et 

al., 2011), and none of these studies compared NPs toxicity with Zn ion toxicity 

(García-Gómez et al., 2014b; Hu et al., 2010; Li et al., 2011).  

The action of NPs and ions may be restricted to a narrow range of targeted cells 

or tissues, where both forms may have direct contact with organisms’ biological 

membranes and organelles. Most authors studying mechanisms of NPs cytotoxicity 
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focused on in vitro studies and cell cultures (Hayashi et al., 2012; Song et al., 2010), but 

the results of such studies are difficult to transpose to the effects on the whole body 

level. According to my best knowledge, at the start of my PhD studies the cytotoxic 

effects of ZnO-NPs toward earthworms were not addressed in the literature, with 

a notable exception of the works by Hooper et al. (2011) and Hu et al. (2010). Hooper et 

al. (2011) studied E. veneta earthworm immune activity measured in coelomocytes and 

showed ca. 20% higher toxicity for ZnCl2 than for ZnO-NPs (Hooper et al., 2011). Hu 

et al. (2010), in turn, observed qualitative mitochondrial damage in gut epithelium after 

exposing E. fetida to 5000 g ZnO kg-1 in comparison with the control. The mechanisms 

behind those effects remain unknown. Still, no other biomarkers of toxic stress than 

those presented in this section were used in ZnO-NPs toxicity studies in earthworms, 

even though many indicators have been developed for metal stress evaluation 

(Beaumelle et al., 2017; Handy and Depledge, 1999; Scott-Fordsmand and Weeks, 

2000). 

The knowledge about ZnO-NPs toxicity, along with further investigation, 

requires ordering and clarification, especially in the context of various levels of 

biological organisation (organelles, cells, whole organism), and different stages of the 

earthworm’s life cycle (juvenile, adults). An explanation of the apparently contradictory 

results cited above may be associated with different ways of regulation of different 

forms of metals (NPs vs. ions) in the targeted cells within the body. Different 

regulation, in turn, might be reflected in various physiological responses in cells and in 

the whole body. My thesis is a step towards filling this information gap. 

Aim and outline of the thesis 

The aim of this doctoral thesis was to compare the toxicokinetics and toxicity of 

zinc in the form of nanoparticles (ZnO-NPs) or ions (ZnCl2) in the earthworm E. andrei 

after exposure to contaminated natural soil. The toxicokinetics study was designed to 

determine if Zn derived from ZnO-NPs is regulated at the whole body level in 

a different manner than ionic Zn. Furthermore, based on the toxicokinetic study 

framework, the physiological responses measured as changes in energy reserves and 

respiration rate were studied to see if changes in the energy budget of organism are 

different under exposure to the studied forms of Zn (NPs vs. ions). In order to link the 

cytotoxicity observed in the narrow range of targeted tissues to effects observed at the 
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whole body level, the quantitative and qualitative changes examined within 

earthworms’ gut were compared with metabolic status of the cells from the whole 

organism, measured as ADP/ATP ratio. Additionally, long-term effects on the 

earthworms’ growth and development, along with cellular respiration after completed 

98-day exposure to different forms of Zn, were studied using juvenile earthworms. All 

tests were performed using natural Lufa 2.2 soil as the exposure medium. 

Toxicokinetics 

The knowledge about the toxicokinetics of a chemical compound or a chemical 

element in an organism is the first step to predict the potential toxic effect of the 

compound/element (OECD, 2010). Whether a given substance is accumulated inside the 

body or is eliminated, it can be examined by checking the assimilation and elimination 

rate kinetics of this substance using mathematical toxicokinetic models (Ardestani et al., 

2014; Skip et al., 2014). Thus, in the first part of my study (Chapter 2) I examined if the 

toxicokinetics (i.e. changes of the internal metal concentration over time) of Zn in the 

earthworm E. andrei depends on the form of the metal (NPs vs. ions) to which the 

worm was exposed in the soil. Potentially different regulation of NPs and ions may be 

expected due to different physicochemical properties of those forms leading to their 

different fate and behaviour in soil and within an organism. In this part I used a typical 

toxicokinetic experiment (OECD, 2010) which consists of two phases: (1) the 

contamination phase, during which organisms are exposed to contaminated soil and (2) 

the decontamination phase, when organisms are moved to clean, i.e. non-contaminated 

soil. At certain time points (exactly the same for all treatments) individually exposed 

animals were collected to measure internal Zn concentration. Based on the internal and 

external (i.e. exposure) concentrations, toxicokinetic curves were fitted and assimilation 

and elimination rate constants were calculated using one-compartment model proposed 

by Skip et al. (2014). The earthworms were exposed to two concentrations of ZnO-NPs 

(nominal: 500 and 1000 mg Zn kg-1 dry soil), two concentrations of ZnCl2 (nominal: 

250 and 500 mg Zn kg-1 dry soil), and one control with natural Zn levels in the soil. The 

chosen concentrations were approximations of the EC25 (ZnCl2 250 and ZnO-NPs 500) 

and EC50 (ZnCl2 500 and ZnO-NPs 1000)) for earthworm reproduction (Heggelund et 

al., 2014) and represented low and medium values of typical Zn contamination in urban 

areas (González-Alcaraz et al., 2018; Stafilov et al., 2010), and very high concentrations 
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of predicted concentrations for ZnO-NPs (Sun et al., 2014). Possible differences in the 

regulation of the studied Zn forms (NPs vs. ions) were examined comparing parameters 

of toxicokinetic model, i.e. assimilation and elimination rate kinetics. 

Energy reserves and respiration rate 

In the second part of my research (Chapter 3) I examined if exposure to ZnO-

NPs induces the same compensatory changes in the organism’s energy metabolism as 

after exposure to ZnCl2. Coping with stress caused by exposure to toxic substance is 

usually associated with energy-requiring processes, e.g. detoxification, which in turn 

leads to a reduction in energy available for growth and/or reproduction (Calow, 1991). 

The energy budget reflects the overall condition of the body, making it a suitable 

biomarker of toxic stress in ecotoxicological studies (De Coen and Janssen, 2003). 

I tested the hypothesis that energy expenses associated with exposure to ZnO-NPs are 

different to those observed after exposure to ZnCl2. Changes in the energy budget of E. 

andrei were examined by measurements of available energy reserves (based on 

biochemical analyses of carbohydrates, lipids and proteins at the cellular level), energy 

consumption (respiration at the cellular level, measured as electron transport system 

ETS activity) and respiration at the whole body level. The changes in energy reserves 

and energy consumption have been shown to be indicative of an organism’s overall 

condition (De Coen and Janssen, 2003) and were successfully adopted as a biomarker of 

ionic-metal stress (Gomes et al., 2016) and NPs stress (Gomes et al., 2015). The 

experimental design was similar to the one used in the toxicokinetic study, but this time 

earthworms were collected to measure whole body respiration rate and perform 

biochemical analyses. Additionally, internal Zn concentrations were measured. Using 

the experimental setup almost identical to the toxicokinetics study allowed for 

comparing the observed changes with the patterns of Zn regulation in earthworms 

exposed to ZnO-NPs or ZnCl2.  

Cellular changes and ADP/ATP ratio 

The next stage of my research was implemented to compare the cytotoxicity of 

ZnO-NPs and Zn ions through investigation of: (1) qualitative structural alterations in 

the gut epithelium and chloragogen cells of the gastrointestinal tract and (2) quantitative 

changes within chloragogen tissues (using morphometric analysis). Both qualitative and 
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quantitative changes were examined after 48-h exposure of E. andrei to either ZnO-NPs 

or ZnCl2 contaminated soil. Due to the investigation of a narrow range of targeted cells, 

the results observed inside the gastrointestinal tract were compared with ADP/ATP 

ratio, which was used as a proxy of metabolic status of the cells from the whole body. 

The ADP/ATP ratio was measured in homogenised earthworms after 21 days of 

exposure to contaminated soil (contamination phase) followed by 14 days of elimination 

in clean soil (decontamination phase) to identify possible recovery. In the third part 

(Chapter 4) of the thesis, I tested the hypothesis that cytotoxic effects observed in 

E. andrei at the cellular (within the gut) and at the whole body level are different for the 

two forms of Zn (NPs vs. ions). The gastrointestinal tract was chosen as it is the first 

barrier for ingested substances and the first place where toxic effects of elevated metal 

concentrations of ingested soil can be observed (Richards and Ireland, 1978). ADP/ATP 

ratio was applied because oxidative stress is proposed to be one of the NPs toxicity 

mechanisms with excessive generation of ROS directly affecting mitochondrial 

function, followed by changes in ATP production (Fu et al., 2014; Manke et al., 2013). 

Growth, maturation and cellular respiration after long-term exposure 

It has been recognised that long-term studies provide more ecologically relevant 

output than short-term studies (Amorim, 2016), and therefore in the last part of my 

research (Chapter 5) I focused on the growth, maturation, and cellular respiration of 

E. andrei after long-term exposure to soil contaminated with the studied forms of Zn 

(NPs vs. ions). Juvenile (2 – 3 week old) worms were reared for 98 days, either in Zn 

contaminated soil or in the control soil, until they reached adulthood. Mortality and 

body weight of the earthworms were assessed every second week and at the end of the 

experiment the earthworm’s metabolism was assessed by measuring cellular respiration 

rate (i.e. ETS activity). Growth rate of the earthworms was estimated using the 

Gompertz model, which was successfully used in other studies with E. fetida and 

Lumbricus rubellus earthworms exposed to metal contaminated soils (Spurgeon et al., 

2004; Žaltauskaite and Sodiene, 2014). I hypothesised that the toxic effects of Zn differ 

for ZnO-NPs and ZnCl2 and that the difference is reflected in the earthworm’s growth 

rate, maturation and respiration rate. 
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Soil properties 

Soil is a complex medium with variety of characteristics that determine NMs 

toxicity (Cornelis et al., 2014). Therefore, measurement of those certain soil 

characteristic can help in understanding of the physicochemical behaviour of NMs. 

Toxic effects of ZnO-NPs depend primarily on their concentration in soil (Heggelund et 

al., 2014; Kool et al., 2011; Waalewijn-Kool et al., 2012), but from among factors 

having a great impact on ZnO-NPs toxicity in the soil matrix, pH (soil alkalinity vs. 

acidity), organic matter content and soil texture are indicated (Cornelis et al., 2014; 

Read et al., 2016; Romero-Freire et al., 2017; Waalewijn-Kool et al., 2013b; Watson et 

al., 2015). Considering that the actual risk of NMs exposure in the soil matrix is 

associated with the bioavailability of the studied nanomaterial (Cornelis et al., 2014), an 

important aspect is to determine the amount of element in the liquid phase of the soil, 

i.e. in the porewater or in the soil water extracts (García-Gómez et al., 2014a; 

Waalewijn-Kool et al., 2013a) as the elements present in the liquid phase are considered 

to be readily available for plants and soil-dwelling organisms (van Gestel, 1997). As 

mentioned above, dissolution is one of the main processes that ZnO-NPs undergo, and 

for this reason the ultrafiltration method has been developed to examine dissolution 

behaviour by differentiating between nanoparticles and dissolved compounds (van 

Koetsem et al., 2017). Therefore, in each experiment I measured the following soil 

properties: pH, organic matter content (Chapters 2, 3, 4, 5), total Zn concentration in 

soil (Chapters 2, 3, 4, 5) and Zn concentration in porewater (Chapter 2) or in water 

extracts (Chapters 3, 4, 5). Additionally, Zn concentrations in porewater (Chapter 2) or 

in water extracts after ultrafiltration were assessed (Chapters 3 and 4).  
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A B S T R A C T

The toxicokinetics of zinc in the earthworm Eisenia andrei was investigated following exposure for 21 days to
ionic zinc (ZnCl2) or zinc oxide nanoparticles (ZnO-NPs) in Lufa 2.2 soil, followed by 21 days elimination in
clean soil. Two concentrations were tested for both ZnCl2 (250 and 500 μg Zn g−1) and ZnO-NPs (500 and
1000 μg Zn g−1), corresponding to EC25 and EC50 for effects on reproduction. Based on the measured internal Zn
concentrations in the earthworms over time of exposure, the kinetics parameters ka – assimilation rate constant
(gsoil g−1

body weight day−1) and ke – elimination rate constant (day−1) were estimated using a one-compartment
model for either total Zn concentrations in the soil or porewater Zn concentrations. In the ZnCl2 treatments, ka
was higher for total Zn concentrations in soil, whereas in the ZnO-NP treatments, ka was higher for porewater Zn
concentrations. The value of ke did not differ between the two Zn forms (ZnCl2 vs ZnO-NPs) for either EC50 or
EC25 when related to total Zn concentrations in soil, but for EC50, ke related to porewater Zn concentrations was
significantly higher for ZnCl2 than for ZnO-NPs. It is concluded that differences in kinetic parameters between
treatments were connected with exposure concentrations rather than with the form of Zn. Zinc was efficiently
regulated by the earthworms in all treatments: a 2-fold increase in exposure concentration resulted in a less than
2-fold increase in internal concentration, and after transfer to uncontaminated soil the internal Zn concentrations
in the earthworms returned to ca 111 μg g−1 dw in all treatments.

1. Introduction

The increasing usage of engineered nanoparticles (NPs) is associated
with the risk of uncontrolled release into the environment (Caballero-
Guzman and Nowack, 2016; Ju-Nam and Lead, 2008). Once released
into the environment, NPs can enter wastewater and sewage sludge,
which may in turn be used as fertiliser on crop fields. Since ZnO-NPs are
among the most widely used nanoparticles, the risk of release into the
soil environment is high. However, due to the complex nature of the
soil, the exact amount of NPs in the environment is difficult to
determine due to various limitations (Caballero-Guzman and Nowack,
2016). After reaching the soil environment, NPs can potentially be
taken up by soil-dwelling organisms (García-Gómez et al., 2014). Thus,
to date several studies on ZnO-NPs have been performed aimed at
examining their influence on soil invertebrates, among them earth-
worms (Fernández et al., 2014). Most of these studies indicated that
ZnO-NPs are not as toxic as the ionic form of this metal (Kwak and An,
2015). Hooper et al. (2011) showed a 50% decrease in reproduction by
ZnO-NPs compared to complete inhibition by ZnCl2 treatment when

exposing Eisenia veneta to 750 μg Zn g−1 soil. Moreover, no increased
mortality was observed in comparison with control when earthworms
were exposed to 0.1, 1, 1000, and 5000 μg Zn g−1 of ZnO-NPs in sand
for 14 days (Cañas et al., 2011).

Some studies suggest that the toxicity of NPs may be connected with
ions released after their dissolution (Heggelund et al., 2014; Kool et al.,
2011), rather than with exclusive effect of nanoparticles itself. And
recent studies on the metabolomics and genotoxicity of silver nano-
particles (Ag-NPs) confirm that toxicity results from the simultaneous
action of nanoparticles and released metal ions (Garcia-Reyero et al.,
2014; Li et al., 2015). Probable differences in the pathway and mode of
action for ZnO-NPs and Zn2+ ions could be indirectly connected with
differences in the intracellular compartmentalisation of zinc in the
earthworms Eisenia fetida exposed to either nano or ionic zinc forms (Li
et al., 2011). Li et al. (2011) showed that zinc in ionic form was
distributed mainly in cell membranes and tissues, while zinc derived
from NPs was stored in organelles and cytosol. Moreover, despite the
lower toxicity of ZnO-NPs in comparison with ions, internal Zn
concentrations in earthworms were higher for the former (Heggelund
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et al., 2014; Hooper et al., 2011). Thus, different mechanisms may be
responsible for the regulation of Zn concentrations in animals exposed
to different forms of the metal.

Many toxicokinetic experiments have been conducted in order to
understand the uptake and elimination of different metals by different
earthworm species (Giska et al., 2014; Li et al., 2009; Nahmani et al.,
2009), including Eisenia andrei (Smith et al., 2010). However, the
toxicokinetics of Zn after ionic and nanoparticle exposure has rarely
been studied in earthworms (Laycock et al., 2016).

Our aim was to compare the toxicokinetics of zinc in the earthworm
E. andrei after exposure to the metal present in soil in the form of either
zinc oxide nanoparticles (ZnO-NPs) or ions derived from a soluble salt
(ZnCl2). Two different concentrations, covering the EC50 and EC25 for
effects on earthworm reproduction (Heggelund et al., 2014) were
chosen. Based on the measured internal Zn concentrations in the
earthworms over time, toxicokinetics parameters, i.e. assimilation and
elimination rate constants, were calculated and compared between
treatments.

2. Materials and methods

2.1. Test species

Earthworms of the species E. andrei were obtained from a laboratory
culture at the Department of Ecological Science of Vrije Universiteit in
Amsterdam. The earthworms were fed with horse manure free of any
pharmaceuticals and cultured at 20 °C in darkness. The experiment
used 4-month old adult individuals with well-developed clitellae.

2.2. Soil spiking procedure

Loamy sand soil (LUFA-Speyer 2.2, Germany) was used. Soil came
from two deliveries with pHCaCl2 5.4± 0.2, total organic carbon
content 1.59±0.13%, cation exchange capacity 9.7±0.4 meq.
100 g−1, and maximum water holding capacity (WHC) 43.5±2.8%
(w/w). The experiment used 30 nm ZnO-NPs as powder without any
surfactant or coating (Nanosun Zinc Oxide P99/30, Microniser,
Australia). Transmission electron micrographs and particle size dis-
tribution, determined by Waalewijn-Kool et al. (2012), showed that the
primary particle size of the nanoparticles was in agreement with the
values provided by the manufacturer. Full details and results of particle
characterization can be found in Waalewijn-Kool et al. (2012). Soil
spiked with zinc chloride salt (ZnCl2, Merck, Germany) was used to
represent treatments with ionic Zn. Two concentrations of ZnO
nanoparticles (nominal: 500 and 1000 μg Zn g−1 dry soil, designated
as ZnO-NP 500 and ZnO-NP 1000, respectively), two concentrations of
ZnCl2 (nominal: 250 and 500 μg Zn g−1 dry soil, designated as ZnCl2
250 and ZnCl2 500, respectively), and one control without added zinc
were tested. Test compounds were introduced into soil using different
methods. Four days before starting the exposure (in order to obtain
equilibration), soil was spiked with ZnCl2 as aqueous solutions prepared
with an amount of water sufficient to achieve a soil moisture content of
50% of WHC. After spiking, to achieve homogenous distribution, the
soil was mixed with a kitchen robot. Shortly before starting the
exposure (day 0), ZnO nanoparticles were added to a small portion of
dry soil (i.e. 250 g which was 10% of the soil used per treatment) as dry
powder and then mixed by shaking 4e6 min in a closed jar. Subse-
quently, the remaining soil (2300 g) and enough water to reach a soil
moisture content equivalent to 50% of WHC were added and homo-
genised carefully with the kitchen robot under a fume hood. Thus, a
shorter equilibration time was used for treatments with ZnO nanopar-
ticles than for ZnCl2 to take into account differences in their solubility
(Romero-Freire et al., 2017) and to ensure that the earthworms from
the ZnO-NP treatments were exposed mainly to zinc in the form of
nanoparticles.

2.3. Toxicokinetics experiment

The toxicokinetics test followed OECD Guideline 317 (OECD, 2010),
with 21 days of exposure in Zn contaminated soil (uptake phase)
followed by 21 days of elimination in control soil (elimination phase,
also described in the literature as the decontamination phase). Three
replicates (i.e. glass jars filled with approximately 60 g of wet soil) were
prepared per sampling point for each Zn treatment and control. Food
was added at the beginning of each phase by mixing 7 mg dry weight of
horse dung per 1 g dry weight of soil prior to introducing the soil into
the test jars. Earthworms, one individual per jar, were randomly
allocated to treatments. Before starting the exposure (day 0) and after
1, 2, 4, 7, 10, 14, 17, and 21 days (uptake phase) and 22, 23, 25, 28, 31,
35, 38, and 42 days (elimination phase), three individuals were
sampled from each Zn treatment. At days 0, 7, 14, 21, 28, 35, 38,
and 42, three individuals were sampled from the control treatment.
Once a week, soil moisture content was checked by weighing the jars,
and moisture loss was replenished with deionised water when neces-
sary. The jars were also aerated by this procedure. At each sampling
point, the collected earthworms were rinsed with tap water, blotted dry
on filter paper, and weighed to the nearest 0.0001 g. Then, the animals
were kept individually in Petri dishes lined with moistened filter paper
to void the gut content. After 24 h, the earthworms were rinsed, blotted
dry and weighed again, then killed by freezing at −20 °C.

2.4. Chemical analysis

Frozen animals were freeze-dried for 48 h and then weighed to the
nearest 0.0001 g. Soil samples collected before the exposure (day 0)
from each treatment were dried for 48 h at 50 °C. For analysis of the
total zinc concentrations, both individual earthworms and soil samples
(ca 100 mg dried soil) were digested in 2 mL of a 4:1 mixture of HNO3

(65% p.a., Sigma-Aldrich) and HCl (37% p.a., Sigma-Aldrich).
Digestion was performed using Teflon bombs, closed tightly and placed
in an oven (CEM MDS 81D) at 140 °C for 7 h. To determine the level of
analytical precision, three blanks and three samples of a certified
reference material (for earthworms: Dolt-4 Dogfish Liver, National
Research Council of Canada, with a certified Zn concentration of
116± 6 μg g−1; for soil: ISE sample 989 of River Clay from
Wageningen, the Netherlands, with a certified Zn concentration of
1060 μg g−1) were run with the samples. After digestion, the samples
were complemented with demineralised water (8 mL) and Zn concen-
trations were analysed using flame Atomic Absorption Spectrometry
(AAS) (Perkin Elmer AAnalyst 100) and expressed in μg g−1 dry weight
(dw). Measured zinc concentrations in the reference materials were
within± 0.5% and±3.5% of the certified concentrations for the Dolt-4
Dogfish Liver and ISE sample 989 of River Clay, respectively.

At the beginning (day 0) and end (day 21) of the uptake phase, three
soil samples (ca 49g) per treatment were taken, saturated to 100%WHC
and equilibrated for 48 h. Soil porewater was collected via centrifuga-
tion (Centrifuge Falcon 6/300 series, CFC Free) for 45 min with a
relative force (RCF) of 2000×g over two round filters (cat. no. 1001-
047, Ø 47 mm) and a 0.45 μm membrane filter (cellulose nitrate, cat.
no. 10401112, Lot G9942878, Ø 47 mm) placed inside the centrifuge
tubes. Approximately 10 mL of soil porewater per sample was collected
and analysed using flame AAS (Perkin Elmer AAnalyst 100) for Zn
concentration. Additionally, Zn concentration was determined after
ultrafiltration from an aliquot of the porewater: to obtain particle-free
extracted porewater, samples were centrifuged in a 3 kDa ultrafiltration
device (Amicon Ultra-15 Filters, Millipore) for 45 min at 3000×g. The
ultrafiltration was only done for soil samples taken at day 0.

To measure the pHCaCl2 of the test soils, samples (ca 5g dw) were
taken at days 0, 7, 14, and 21 and shaken in plastic tubes with 25 mL
0.01 M CaCl2 for 2 h at 2000 rpm. After overnight settling of the
floating particles, pH was measured using a pH-meter (inoLab® pH
7110, WTW).
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Soil organic matter content was determined as loss on ignition. Soil
samples were taken at days 0 and 21, dried at 50 °C in the stove for
24 h, and subsequently ashed in an ashing oven by increasing the
temperature from 200 °C (first hour) to 400 °C (second hour), and
finally up to 500 °C (an additional 6 h).

2.5. Data analysis

To describe Zn interaction between soil and porewater, the soil-
solution partition coefficient (Kd) was calculated as the ratio of the total
Zn concentration measured in soil (μg g−1 dry soil) and the correspond-
ing porewater Zn concentration (μg mL−1).

The development of internal Zn concentrations in the earthworms
with time was analysed with a one-compartment first-order model
proposed by Skip et al. (2014). Different modifications of the original
model were tested with either (1) single ka and single ke fitted to both
phases together, (2) separate estimation of the model parameters: ka1
and ke1 for the uptake phase and ka2 and ke2 for the elimination phase,
or (3) ka and ke fitted only to the uptake phase. The models were
compared according to R2 values adjusted for degrees of freedom
(R2

adj). The equation for the last model is as follows:

C C e C k
k

e1= × + ( − )t k t exp
a

e
k t0( ) − × − ×e e

where:
C(t) – internal Zn concentration at time t (μg g−1 dw); C0 – internal

Zn concentration in the earthworms at t=0 (μg g−1 dw), given in the
model explicitly as the average concentration measured in earthworms
(132 μg g−1 dw) before starting the exposure (day 0); Cexp – measured
exposure concentration in the uptake phase, either in the soil (μg g−1

dw soil) or porewater (μg mL−1); ka – assimilation rate constant (gsoil
g−1

body weight day−1 or mLporewater g−1
body weight day−1); ke – elimina-

tion rate constant (day−1). The following symbols were used for
kinetics parameters estimated based on total Zn concentrations mea-
sured either in the soil: ka-S, ke-S or in the porewater: ka-PW, ke-PW.
Equations were fitted using the Marquardt method. The kinetics
parameters were checked for significance using asymptotic 95% con-
fidence intervals, which were also used to compare the parameters
between treatments. Using 95% confidence intervals for comparisons
between treatments is a conservative approach, assuming a significant
difference when the confidence intervals for two treatments do not
overlap. If the confidence intervals do overlap, it does not necessarily
mean, however, that the parameters cannot be considered significantly
different.

All models were estimated using Statgraphic Centurion XVI version
16.2.04. Based on assimilation and elimination rate constants, bioac-
cumulation factor (BAF = ka/ke) and steady-state concentration (CSS =
(ka/ke)×Cexp) were calculated for each Zn treatment.

3. Results

3.1. Soil properties

Soil pHCaCl2 varied between treatments and exposure days (Table 1).
At day 0, after 4 days of equilibration, pH values for both treatments
with ionic Zn were a bit lower (pH=5.9 and pH=5.7 for ZnCl2 250 and
ZnCl2 500, respectively) than for the control (pH=6.0). At day 0 the
soil spiked with ZnO-NPs had slightly higher pHCaCl2 (6.2 and 6.5 for
ZnO-NP 500 and ZnO-NP 1000, respectively) than for the control. After
14 days of exposure, soil pH did not change in the ZnCl2 500 and ZnO-
NP 500 treatments, while in the remaining treatments the decrease did
not exceed 0.2 units. A considerable drop in pH was noticed only at the
end of the uptake phase in all treatments except for ZnCl2 500. In
general, pH values were higher for the ZnO-NP treatments than for the
treatments with ionic Zn. Average soil organic matter content was
similar for all treatments and ranged from 4.0% to 4.2% at day 0 and
from 3.8% to 4.0% at day 21 (Table S1).

3.2. Soil total and porewater concentrations

The measured Zn concentrations in the soil were in accordance with
the nominal ones (Table 2). The Zn concentration in control soil was
40.4±8 μg g−1 dw (mean± SD; n=3). Average (n=3) zinc concen-
trations in the porewater for ZnCl2 250 and both ZnO-NP treatments
were similar, at 4.0‒6.0 μg mL−1 for day 0 and 3.4–7.7 μg mL−1 for
day 21, whereas porewater Zn concentrations for the ZnCl2 500
treatment were an order of magnitude higher than for the other
treatments. In all treatments, the porewater Zn concentrations changed
only slightly over the 21-day exposure period. Porewater Zn concentra-
tions after ultrafiltration measured at day 0 ranged from 56% of the
values before filtration for both ZnO-NP treatments to 85% and 94% for
ZnCl2 250 and ZnCl2 500, respectively (Table 2).

3.3. Partition coefficients

Partition coefficients (Kd) describing the release of Zn into the
porewater were much lower for the treatments with ZnCl2 than for
those with ZnO-NPs. After 21 days of exposure, Kd decreased noticeably
for ZnO-NP 1000 while in ZnO-NP 500 a slight increase of Kd with time
could be noticed (Fig. 1).

3.4. Toxicokinetics

All earthworms gained weight during the study and no mortality
occurred. An initial rapid increase in internal Zn concentrations,
followed by a decrease to some equilibration already within the uptake
phase and by further decrease in the elimination phase, was observed in
earthworms from all treatments (Fig. 2). Average (± standard devia-
tion, SD) internal Zn concentrations reached the highest level for ZnCl2
500 (221±83 μg g−1 dw) and ZnO-NP 500 (230±53 μg g−1 dw) on
the second day of the exposure. For the lowest ionic treatment (ZnCl2
250) and highest nanoparticle treatment (ZnO-NP 1000), the highest

Table 1
pHCaCl2 (average± standard deviation, n=3) of Lufa 2.2 soil spiked with different concentrations of ZnCl2 or ZnO nanoparticles (ZnO-NPs), measured during the uptake phase in a
toxicokinetics study with the earthworm Eisenia andrei.

Treatment Nominal Zn concentration (μg g−1 dw) pH in soil

T=0 T=7 T=14 T=21

Control 0 6.0± 0.01 6.1± 0.04 5.8± 0.06 5.4±0.06
ZnCl2 250 5.9± 0.04 5.8± 0.03 5.7± 0.03 5.6±0.01

500 5.7± 0.02 5.7± 0.02 5.7± 0.04 5.8±0.005
ZnO-NPs 500 6.2± 0.01 6.3± 0.06 6.2± 0.01 5.9±0.01

1000 6.5± 0.004 6.5± 0.04 6.4± 0.02 6.1±0.01
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average internal Zn concentrations were reached on the fourth day of
exposure (196± 25 μg g−1 dw and 332±34 μg g−1 dw, respectively).
Then, the internal Zn concentrations gradually decreased in the earth-

worms from all treatments. After transferring the animals to clean soil,
a rapid decrease was observed, to on average, 111± 11 μg Zn g−1 dw
(mean± SD, n=94, calculated for the whole elimination phase and all
treatments together).

Different modifications of the original model were tested as
described in the Materials and Methods. Because the equation with
single ka and single ke fitted to both phases together yielded a very poor
fit, in the next step the model parameters ka1 and ke1 for the uptake
phase and ka2 and ke2 for the decontamination phase were estimated
separately. Even though this modification explained 60–75% of the
total variance, all estimated parameters were nonsignificant (Table S2),
making comparison between treatments impossible. Finally, the model
with single ka and single ke was fitted to the internal Zn concentrations
measured in the uptake phase only. The highest assimilation rate
constant and the lowest elimination rate constant estimated based on
total Zn concentrations in the soil (ka-S, ke-S) were found for the ZnCl2
250 treatment; the lowest ka-S and the highest ke-S were found for ZnO-
NP 1000 (Table 3). The asymptotic 95% confidence intervals around ka-
S for the different treatments did not overlap, indicating significant
differences at p< 0.05. However, this comparison should be treated
with caution, because the narrowness of the estimated confidence
intervals can stem from the specific pattern of toxicokinetics, i.e. the
rapid accumulation of Zn in the first 2 days of exposure followed by the

Table 2
Average (± standard deviation; n=3) zinc concentrations measured in Lufa 2.2 soil, soil porewater (PW), and porewater after ultrafiltration (U) (n=2) spiked with different
concentrations of ZnCl2 or ZnO nanoparticles (ZnO-NPs) and in control soil. Soil porewater was collected at day (T) 0 and day 21 (last day of the exposure phase) in the uptake phase of a
toxicokinetics experiment with the earthworm Eisenia andrei. Ultrafiltration was done at day 0. % ‒ percentage of total Zn in porewater recovered after ultrafiltration.

Treatment Zn concentration in soil (μg g−1) Zn concentration in soil porewater (μg mL−1)

Nominal Actual T=0 T=21

PW U % PW

Control 0 40.4± 8 0.3±0.3 0.03± 0.01 12 0.04± 0.01
ZnCl2 250 287±11 6.0±0.1 5.1± 0.01 85 7.7± 0.3

500 520±56 53.7± 5.9 50.5± 7.8 94 33.4± 2.4
ZnO-NPs 500 511±39 4.0±0.1 2.2± 0.3 56 3.4± 0.5

1000 940±82 5.5±0.3 3.1± 0.3 56 7.3± 0.8

Fig. 1. Partition coefficients (n=3) (Kd in mL g−1) of Zn in Lufa 2.2 soil spiked with two
different concentrations of ZnCl2 or ZnO nanoparticles (in μg Zn g−1 dw). Kd is expressed
as the total Zn concentration in soil divided by the Zn concentration in porewater, and
was determined before the exposure (day 0) and after 21 days of the exposure in a
toxicokinetics study with earthworms (Eisenia andrei).

Fig. 2. Uptake and elimination kinetics of Zn in Eisenia andrei exposed to Lufa 2.2 soil contaminated with different concentrations (μg Zn g−1 dw) of ZnCl2 (a, b) and ZnO nanoparticles (c,
d) in relation to total Zn concentration in the soil. Dots represent measured internal Zn concentrations (solid dots ‒ uptake phase; open dots ‒ elimination phase). Kinetics curves (solid
line) were estimated according to a one-compartment model applied to the 21-day uptake phase only. See Table 3 for the estimated model parameters.
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stabilization of the earthworm body concentrations in the uptake phase.
Only parameters within a very narrow range are able to describe such a
pattern, hence the estimated confidence intervals are extremely narrow,
despite the variance between individual data points (Table 3). The
value for ke-S for the ZnCl2 250 was significantly lower than those for
ZnCl2 500 and ZnO-NP 1000, which did not differ between each other;
ke-S for ZnO-NP 500 was significantly lower than that for ZnO-NP 1000
(Table 3). Kinetics parameters estimated based on the measured pore-
water Zn concentrations are presented in Table 4. Similar to ka-S, ka-PW
also differed significantly between all treatments, but again notice the
narrow confidence intervals. Regarding the elimination rate constant
(ke-PW), only ZnCl2 500 differed significantly from other treatments. The
percentage of the total variance of internal Zn concentrations explained
by the models and fitted either to the total Zn concentrations in soil or
Zn concentrations measured in porewater was similar: R2

adj values
ranged from 0.12 for ZnCl2 500 to 0.29 for ZnO-NP 1000 treatment.

4. Discussion

The present study showed that zinc, irrespective of form (NPs vs
ions) or exposure concentration, is regulated efficiently by the earth-
worm E. andrei (Fig. 2). Differences between ionic Zn and ZnO-NP
treatments as well as between different exposure concentrations were
found for the assimilation rate constant (but see the limitations
described in Methods section 2.5). The elimination kinetics of Zn
differed only between exposure concentrations for either ionic Zn or
ZnO-NP treatments when related to total Zn concentrations in soil and
for ionic Zn only when related to Zn porewater concentrations. Thus, it
is the exposure concentration rather than the form of Zn which
influences the process of Zn regulation by earthworms: with increasing
exposure concentration, Zn was accumulated to higher levels by
earthworms and was eliminated from their bodies more rapidly.

4.1. Zinc availability in soil

The characteristics that determine the fate of nanoparticles in the
environment comprise intrinsic and extrinsic factors (Caballero-
Guzman and Nowack, 2016). The intrinsic factors relate to inherent
properties of NPs such as size, shape, or coating (Garner and Keller,
2014), which were determined before our experiment. The extrinsic
factors refer to the characteristics of the system, e.g. pH and organic
matter content (Cornelis et al., 2014), which were monitored during the
exposure. The measured total soil and porewater Zn concentrations
enabled estimates of partition coefficients (Kd) for comparison of the
availability of Zn to earthworms between different treatments. Previous
studies showed that Kd is most affected by total metal concentration,
pH, and organic matter content (Sauvé et al., 2000), with pH being the
most important factor regulating zinc availability in soil (McBride et al.,
1997; Rutkowska et al., 2015). In our study, partition coefficients were
much lower for ZnCl2 than for ZnO-NP treatments (Fig. 1), most
probably because of different physicochemical properties of studied
compounds. Romero-Freire et al. (2017) also found that Kd values in
LUFA 2.2 soil contaminated with either ZnCl2 or ZnO-NPs differed
when measured after ageing for 1, 3, 56 and 168 days. The authors
suggested that lower porewater Zn concentrations obtained for ZnO-NP
than for ZnCl2 treatments, especially at the beginning of the experi-
ment, indicated agglomeration of NPs and their staying in particulate
form. During the exposure, slight decreases in Kd and pH values were
observed for the ZnCl2 250 treatment, resulting in a slight increase in
Zn concentrations in the porewater. Conversely, in the ZnCl2 500
treatment, pH values were, in general, the lowest among all treatments
and did not change much during the exposure. The ZnCl2 500 treatment
was also characterised by the lowest Kd values at the beginning and end
of the exposure. Relatively low Kd values for both ZnCl2 treatments
indicate high solubility of Zn, which may be due to the lower adsorptive
capacity of the soil solid surfaces and pronounced competition between
Zn and other cations, such as H+ ions (Rutkowska et al., 2015).

Table 3
Parameters describing the uptake and elimination kinetics of Zn in the earthworm Eisenia andrei exposed in Lufa 2.2 soil contaminated with different concentrations of ZnCl2 or ZnO
nanoparticles (ZnO-NPs) (see Fig. 2). Kinetics parameters are related to total Zn concentrations measured in the soil (Cexp). Assimilation (ka-S) and elimination rate constants (ke-S) are
given with corresponding asymptotic 95% confidence intervals (CI). Also included are the bioaccumulation factor (BAF= ka-S/ke-S), steady-state concentration (CSS = Cexp ka-S/ke-S), and
R-squared adjusted for degrees of freedom (R2

adj). Kinetics parameters were estimated by fitting a one-compartment model to data for the uptake phase of the experiment.

Treatment Nominal Zn concentration (μg g−1) Estimated parameters

ka-S CI ke-S CI BAF CSS R2
adj

(g soil g−1
body weight day−1) (day−1) (μg g−1 dry body weight)

ZnCl2 250 11.3 (11.3060–11.3062)a 19.4 (18.3–20.6)a 0.58 167 0.18
500 8.1 (8.0534–8.0538)b 22.8 (20.9–24.8)bc 0.35 183 0.12

ZnO-NPs 500 7.1 (7.1396–7.1399)c 19.6 (18.1–21.1)ab 0.36 186 0.19
1000 7.0 (7.0025–7.0039)d 24.0 (21.7–26.3)c 0.29 274 0.29

a,b,c,d ‒ these letters next to CI values indicate no differences between treatments for the parameter, i.e., the asymptotic 95% confidence intervals overlapped.

Table 4
Parameters describing the kinetics of Zn in the earthworm Eisenia andrei exposed in Lufa 2.2 soil contaminated with different concentrations of ZnCl2 or ZnO nanoparticles (ZnO-NPs) with
kinetics parameters related to the porewater Zn concentrations determined at day 0 (Cexp). The assimilation (ka-PW) and elimination rate constants (ke-PW) are given with the corresponding
asymptotic 95% confidence intervals. Also given are the bioaccumulation factor (BAF= ka-PW/ke-PW), steady-state concentration (CSS = Cexp ka-PW/ke-S), and R-squared adjusted for degrees
of freedom (R2

adj). Kinetics parameters were estimated by fitting a one-compartment model to data for the uptake phase of the experiment.

Treatment Nominal Zn concentration (μg g−1) Estimated parameters

ka-PW CI* ke-PW CI BAF CSS R2
adj

(mL porewater g−1
body weight day−1) (day−1) (μg g−1 dry body weight)

ZnCl2 250 531 (531–531)a 19.1 (18.0–20.3)a 27.8 167 0.18
500 86.7 (86.7–86.7)b 25.4 (23.2–27.6)b 3.4 183 0.12

ZnO-NPs 500 892 (892–892)c 19.2 (17.7–20.6)a 46.5 186 0.19
1000 899 (899–899)d 18.0 (16.3–19.8)a 49.9 274 0.29

a,b,c,d ‒ these letters next to values indicate no differences between treatments for the parameter, i.e., the asymptotic 95% confidence intervals overlapped.
* The upper and lower asymptotic 95% confidence intervals are not different even at the third decimal place which is the method's accuracy in Statgraphic Centurion XVI.
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In accordance with previous studies, Zn concentrations in the
porewater were lower for ZnO-NP than for ZnCl2 treatments
(Heggelund et al., 2014; Kool et al., 2011) and increased only slightly
during 21 days of exposure in ZnO-NP 1000. The increase of porewater
Zn concentration over time was previously demonstrated by Waalewijn-
Kool et al. (2013). These authors observed that after three months of
equilibration, zinc concentrations in porewater were 4 and 8 times
higher, respectively, than those measured directly after spiking soil
with uncoated ZnO-NPs at 400 and 800 mg Zn kg−1 (Waalewijn-Kool
et al., 2013). In our experiment we used the same nanoparticles as
Waalewijn-Kool et al. (2013), but measured porewater Zn concentra-
tion after much shorter exposure time. We found higher porewater Zn
concentrations after 21 days of exposure for the ZnO-NP 1000 treat-
ment than for the ZnO-NP 500 treatment. It is possible that at the
higher exposure concentration more NPs could have interacted with
different components of the soil, affecting their speciation and trans-
formation and resulting in dissolution and ion release (Cornelis et al.,
2014). This might also have led to a saturation effect, i.e. not all ions
could find binding sites and, as a consequence, we found higher Zn
concentrations in the porewater for ZnO-NP 1000 than for ZnO-NP 500.
However, our ultrafiltration results contradict those obtained by
Waalewijn-Kool et al. (2013). Directly after spiking soil with different
concentrations of uncoated ZnO-NPs, Waalewijn-Kool et al. (2013)
found more than 90% of the total porewater zinc concentration in
ultrafiltrates (indicating that only 10% of Zn stayed in the NP form), in
comparison with only 56% recorded for the ZnO-NPs treatments in our
study. More zinc ‒ above 80% of the total Zn concentration ‒ was found
in the porewater following ultrafiltration for ZnCl2 treatments
(Table 2). It must be stressed, however, that, Waalewijn-Kool et al.
(2013) collected porewater, and thus ultrafiltrates, after one week of
saturation of the soil, while in our study only 48-h equilibration was
used. Thus, the time of equilibration after the soil saturation might have
an impact on speciation and dissolution of ZnO-NPs.

4.2. Toxicokinetics

In many studies on earthworms, models for Zn toxicokinetics either
could not be fitted at all or parameters could not be estimated properly
(Ardestani et al., 2014). The main reason is that zinc, as an essential
metal, is regulated efficiently by earthworms, even when they are
exposed to concentrations exceeding those in their natural environment
(Giska et al., 2014; Lock and Janssen, 2001a). In most cases, regardless
of soil type (artificial/field), either initial rapid accumulation and then
elimination as early as within the exposure period (Smith et al., 2010;
Vijver et al., 2005) or steady state within 2–3 days (Peijnenburg et al.,
1999) were observed. In another study, Zn uptake and elimination were
barely observable in earthworms, even though Zn exposure concentra-
tions in soil greatly exceeded natural background concentrations,
making it impossible to fit the classic one-compartment model (Giska
et al., 2014). Similarly, in our study the classic one-compartment model
could not be fitted to the data from both phases simultaneously, and
was thus fitted only to the uptake phase. The model with two different
sets of parameters, ka1 and ke1 for the uptake phase and ka2 and ke2 for
the elimination phase (Skip et al., 2014), could not be fitted satisfacto-
rily to our data due to its complexity; the model required estimation of
so many parameters that it was not possible to obtain meaningful
confidence intervals, and thus significance levels, with the available
data (Table S2).

4.2.1. Uptake and elimination kinetics related to total Zn concentrations in
the soil

The differences in ka (in gsoil g−1
body weight day−1) were significant

between all treatments, although more pronounced for ionic zinc (ka-S
ZnCl2 250=11.3 and ka-S ZnCl2 500=8.1) than for nanoparticles (ka-S
ZnO-NP 500=7.1 and ka-S ZnO-NP 1000=7.0), indicating that ka
depends on both the exposure concentration and form of Zn in the

exposed soil. However, ke-S was different only for the earthworms
exposed to different effect concentrations (EC25 vs EC50) within both
ionic and NP treatments. The lack of differences in ke-S between the
same nominal exposure concentrations (ZnCl2 500, ZnO-NP 500)
suggests similar elimination kinetics regardless of the form of Zn in
soil. Because elimination rates were the same for treatments with
different forms of Zn in the Lufa 2.2 soil and, at the same exposure
concentration, ke depended rather on internal concentration in the
earthworms, it is probable that Zn in the body of the earthworms was
present in a single (i.e. ionic) form regardless of its form in the test soil.
A similar conclusion was drawn previously for the potworm Enchytraeus
crypticus exposed to different forms of Ag by Topuz and van Gestel
(2015), who suggested that the form in which Ag was present in the test
organisms may have been the same regardless of the different Ag
compounds (citrate- or polyvinylpyrrolidone-coated Ag-NPs or AgNO3)
in the sand-solution test medium. Moreover, ZnO nanoparticles along
with Ag and CuO nanoparticles, are the most soluble ones (Bondarenko
et al., 2016). In a multi-laboratory evaluation of 15 bioassays,
Bondarenko et al. (2016) showed that toxicity patterns of ZnO to
different organisms were almost identical for respective metal salts,
suggesting that the toxicity of ZnO was due to dissolution. On the other
hand, an in-depth study of Ag NP internalisation in the earthworm
Lumbricus rubellus (after 7 days of exposure to 500 μg g−1 as Ag-NPs),
demonstrated that the NPs presumably were taken up by the animals as
intact Ag-NPs via the endocytosis pathway (Diez-Ortiz et al., 2015).
Taking into account the results obtained by Diez-Ortiz et al. (2015) we
cannot exclude the possibility that some nanoparticles had been
internalized and/or regulated by earthworms in their pristine form.
Thus the lack of differences in the elimination rate could be the result of
either similar or different mechanisms of regulation for ions and NPs,
but these mechanisms cannot be distinguished from each other on the
organismal level and only an in-depth study done at cellular level
would help to identify the exact mechanism. In our study, regulation of
different forms of Zn depended on exposure concentration: the higher
the exposure concentration, the lower the value of ka-S and the higher
ke-S. Exposure concentration-dependent kinetics was observed pre-
viously in the cricket Gryllus assimilis exposed to elevated concentra-
tions of ionic Zn (164‒2620 mg Zn kg−1) via food (Bednarska et al.,
2015).

When comparing our results with other studies on Zn toxicokinetics
in earthworms, both the uptake and elimination rates derived from this
study were one or two orders of magnitude higher than previously
reported values. For instance, Nahmani et al. (2009) derived uptake
rate constants of 0.06 and 0.02 gsoil g−1

body weight day−1, and elimina-
tion rate constants of 0.37 and 0.09 day−1 when E. fetida were exposed
to field soil with total Zn concentrations of 1050 and 902 μg Zn g−1,
respectively. Smith et al. (2010), who exposed E. andrei to 106 μg Zn
g−1 in artificial soil spiked with zinc chloride, also obtained low values
for ka-S (0.44 gsoil g−1

body weight day−1) and ke-S (0.45 day−1). To the
best of our knowledge, to date only one toxicokinetics study has been
performed on earthworms with ZnO-NPs, showing that accumulation
and elimination kinetics were the same for both forms of zinc in the test
soil (Laycock et al., 2016). Laycock et al. (2016) investigated the
kinetics of isotopically enriched zinc (dissolved 68Zn and 68ZnO-NPs)
applied to soil at a concentration of 5 μg of enriched 68Zn per gram of
soil. Since the exposure lasted only 72 h, the kinetics parameters
obtained by Laycock et al. (2016) are not comparable with our study.
Nevertheless, from the calculated kinetics, the authors estimated a BAF,
for a 30-day exposure period, of 3.4 for the treatment with 68ZnO-NPs
and 4.9 for dissolved 68Zn. The previously mentioned study by Smith
et al. (2010) reported a BAF of 0.98, and even lower values were found
in our study (between 0.29 and 0.58). Because Zn, as an essential metal,
is regulated efficiently by earthworms, BAF should decrease with
increasing exposure concentration (Lock and Janssen, 2001b). The
steady-state Zn concentrations (Css) in the earthworms (from 167 to
274 μg g−1) at the end of the uptake phase were similar to the values
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obtained by Nahmani et al. (2009) for earthworms exposed to either
1050 or 902 μg Zn g−1 dry soil (either 167 μg g−1 or 162 μg g−1 dry
body weight, respectively). The fact that a 2-fold increase in exposure
concentration resulted in a less than 2-fold increase in internal
concentration confirmed the efficient regulation of Zn by the earth-
worms. Although higher internal Zn concentrations in the NP than in
the ionic treatments had already been observed in earthworms exposed
to elevated ZnO-NP levels and explained by direct internalisation of
ZnO-NPs by the organism (Heggelund et al., 2014; Hooper et al., 2011),
we found no such differences in our study: the values of Css for ZnO-NP
500 and ZnCl2 500 treatments were very similar.

4.2.2. Uptake and elimination kinetics related to Zn concentration in
porewater

The actual risk of NPs exposure in soil is connected with the
bioavailability of the NPs and/or the released metal ions (Cornelis
et al., 2014). The bioavailable fraction of the metal in soil is mainly
related to its concentration in the liquid phase (Van Gestel, 1997).
Therefore, we calculated kinetic parameters based not only on total Zn
concentrations in soil, but also on porewater concentrations. Similar to
the results for ka-S, ka-PW also differed significantly between all
treatments; the biggest difference was found between ZnCl2 500, for
which ka-PW was the lowest, and the other treatments. At the same time,
the ke-PW for ZnCl2 500 was the lowest, and only this treatment differed
significantly from the other treatments. Generally, the lowest pH values
in soil were found for the ZnCl2 500 treatment; this might reduce
sorption and promote competition between metal ions and cations,
leading to higher porewater concentrations (Alloway, 2013). Even
though the Biotic Ligand Model (BLM) was not formally tested in our
study, the assimilation rate for ZnCl2 500, 6‒10 times lower than for the
other treatments, is in agreement with the BLM principle (Ardestani
et al., 2015): competition with other cations (i.e. H+) might reduce the
binding of Zn to biotic ligands and, as a consequence, limit uptake of
metal by soil organisms, thus reduced assimilation could occur. For the
ZnO-NP treatments the reverse effect might occur: since porewater Zn
concentrations were lower in both NP treatments, lower uptake was
expected. However, higher pH values, and therefore less competition
between Zn and other ions for binding sites, might have contributed to
high uptake rates related to porewater concentrations in the NP
treatments. It should be noted, however, that Zn enters an earthworm's
body by means of oral ingestion and through the skin. For example,
Vijver et al. (2003) exposed L. rubellus for 6 days to field-contaminated
soils (2092 or 732 μg Zn g−1 dw) and showed that 21‒30% of Zn
uptake was attributed to the oral route. When L. rubellus was exposed to
labelled 68Zn (5 μg g−1 soil) in nanoparticle form, only 5% of the total
uptake was attributed to the dermal route (Laycock et al., 2016). Thus,
uptake cannot be linked exclusively to porewater concentrations, as is
done in BLM (Li et al., 2008; Thakali et al., 2006), which assumes that
uptake occurs only via porewater and therefore a metal reaches
earthworms mostly through the body wall and only partly with ingested
soil which also contains porewater phase. The rest however, is digested
from the solid part of the soil matrix.

5. Conclusion

Assimilation but not elimination rate constants differed significantly
between different forms of Zn (ZnO-NPs vs Zn ions) when the kinetics
model was fitted to total soil Zn concentrations. Regulation of different
forms of Zn depended on exposure concentration; in general, the higher
the exposure concentration, the lower the value of ka-S and the higher
ke-S. Lower assimilation rate constants at higher exposure concentra-
tions may be connected with intrinsic factors related to characteristics
of the compounds (i.e. solubility), extrinsic factors related to soil
properties (i.e. pH), and the physiology of the animals.
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TABLES 

Table S1. Average (± standard deviation, SD; n=3) organic matter content (OM) of the Lufa 2.2 soil spiked with different concentrations of ZnO 

nanoparticles (ZnO-NPs) and ZnCl2, measured at day (T) 0 and day 21 (last day of the exposure phase) in the uptake phase of a toxicokinetics 

experiment with the earthworm Eisenia andrei. 

Treatment 
Nominal Zn concentration 

(μg g-1 dw) 

Measured OM (%) 

T=0 T=21 

Control 0 4.2±0.1 3.9±0.04 

ZnCl2 
250 4.1±0.01 3.8±0.1 

500 4.2±0.02 4.0±0.1 

ZnO-NPs 
500 4.2±0.1 3.9±0.1 

1000 4.0±0.1 3.8±0.04 

All treatments 4.1±0.1 3.9±0.1 
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Table S2. Parameters describing the uptake and elimination kinetics of Zn in the earthworm Eisenia andrei exposed in soil (Lufa 2.2) 

contaminated with different concentrations of ZnCl2 and ZnO nanoparticles (ZnO-NPs) (in μg Zn g-1 dw). Kinetics parameters are related to total 

Zn concentrations measured in the soil; assimilation rate constants (ka1-S; ka2-S), elimination rate constants (ke1-S; ke2-S), R-squared adjusted for 

degrees of freedom (R2
adj).  

Treatment 
Nominal Zn 

concentration 

(μg g-1) 

Estimated parameters*

Uptake phase Elimination phase 

ka1-S ke1-S ka2-S ke2-S R2
adj 

(g soil g-1 body weight day-1) (day-1) (g soil g-1 body weight day-1) (day-1) 

ZnCl2 250 2.5 4.1 13.6 4.6 0.64 

500 1.0 3.0 14.1 5.0 0.56 

ZnO NPs 500 1.0 3.0 13.8 5.1 0.68 

1000 1.0 3.1 14.7 5.1 0.72 

* All kinetics parameters were estimated by fitting the one-compartment model with two different sets of parameters,: ka1-S and ke1-S for the uptake phase, and ka2-S and ke2-S for

the decontamination phase as proposed by Skip et al. (2014). Equations were fitted using the Marquardt method. Asymptotic 95% confidence intervals (CI) (not presented in

the table) for all parameters covered zero, indicating that parameters were nonsignificant.
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Abstract
The energy budget is an indicator of an organism’s overall condition. Changes in energy reserves and/or energy consumption
have been used as biomarkers of toxic stress. To understand the effects of different forms and concentrations of Zn and the costs
of effective Zn regulation by the earthworm Eisenia andrei, we performed a toxicokinetic experiment in which individuals were
sampled over time to determine the available energy reserves (total carbohydrate, protein, and lipid content), energy consumption
(measured at the cellular level and as the whole-animal respiration rate), and internal Zn concentration. The earthworms were
exposed to ZnCl2 or zinc nanoparticles (ZnO-NPs) in Lufa 2.2 soil for 21 days (contamination phase), followed by 14 days of
elimination in clean soil (decontamination phase). Carbohydrates were the only energy reserves with significantly lower levels
following ZnO-NP 1000 treatment than following other treatments (p ≤ 0.00001) in the contamination phase. The total available
energy reserves and protein content did not differ among treatments, but a significant effect of exposure time was observed (p ≤
0.0001). Exposure to Zn (both ions and NPs) increased energy consumption at the cellular level, reflecting the high energy
demand of the stress response. The results indicated that E. andrei can regulate internal Zn concentrations efficiently, regardless
of form or concentration, without considerable impact on energy reserves or respiration rate.

Keywords Energy budget . Zinc . Nanoparticle . Soil . Earthworm .Metabolism

Introduction

Nanoparticles (NPs) exhibit eminent technological potential
that stems from the specific physicochemical properties of
these particles. NPs are used in various industries, such as
the chemical, automotive, cosmetic, textile, and electronic in-
dustries (Hansen et al. 2016). Zinc oxide NPs (ZnO-NPs) are
among the most widely used NPs and have been successfully
incorporated into semiconductors, electronic sensors, solar

voltaic cells, and electrical and optical devices. Moreover,
because of the UVabsorption and antimicrobial and antifungal
properties exhibited by these particles, ZnO-NPs are common-
ly utilized in pharmaceuticals and personal care products
(Stark et al. 2015). NPs also have great potential applications
in agriculture and the food industry via deliberate application
in the form of plant protection products, fertilizers (Khot et al.
2012), or supplements (Swain et al. 2016). The widespread
production, usage, and application of these particles make
NPs a group of pollutants that have a potential impact on
human health and the environment, but this impact has not
been fully elucidated (Lead et al. 2018). According to the
latest report by the United Nations Environment Programme,
nanomaterials are one of the six key emerging issues affecting
the planet (UNEP 2017). Although the quantities of NP that
reach the soil are estimated to be very low (Sun et al. 2014),
the production and usage of NPs are constantly increasing
(Part et al. 2018). Therefore, it is important to assess whether
the entry of NPs into the soil can affect soil organisms and
pose a risk to soil communities.

It has been already recognized that upon reaching the soil,
ZnO-NPs may have a negative impact on soil microorganisms,
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invertebrates, and plants (Hou et al. 2018). Most studies have
found, however, that ZnO-NPs are less toxic than zinc ions to
soil-dwelling organisms (Garcia-Gomez et al. 2015), including
earthworms (Kwak and An 2015). Initially, the dissolution of
zinc ions rather than the direct impact of NPs was proposed as
the mechanism underlying the toxicity of ZnO-NPs (Kool et al.
2011). However, Hua et al. (2014) demonstrated that the toxic-
ity of ZnO-NPs against zebrafish (Danio rerio) embryos result-
ed from the combined effect of the particles themselves and the
dissolved ions released from the NPs. Recently, published stud-
ies on terrestrial organisms have revealed that the toxicity of
ZnO-NPs against plants, microbial communities (Judy et al.
2015), and earthworms (Lahive et al. 2017) may have been
underestimated. For example, Lahive et al. (2017) showed that
Eisenia fetida reproduction was affected to a greater degree
after exposure to engineered NPs (ZnO-NPs, TiO2-NPs, Ag-
NPs) than after exposure to metal salts when earthworms were
exposed to soils amended with sewage sludge from a wastewa-
ter treatment plant treated with NPs or metal salts.

Responding to stress caused by exposure to a toxicant is
usually associated with energetically costly processes of de-
toxification, e.g., synthesis of metallothionein-like proteins or
storage of metals in granules. The energy budget of an organ-
ism is fixed, and therefore, the energetic expense of detoxifi-
cation diminishes the amount of energy available for other
maintenance costs, such as those of growth and reproduction
(Calow 1991). This reduction in resources can be determined
either indirectly, e.g., by measuring reproduction
(Organisation for Economic Co-Operation and Development
2004), or by direct determination of available energy reserves
(De Coen and Janssen 1997). Reproduction is recognized as
an ecologically relevant and sensitive toxicity endpoint and
has already been used to compare the toxicity of ZnO-NPs
with than of Zn ions in earthworms, but with ambiguous re-
sults (Lahive et al. 2017; Romero-Freire et al. 2017). No stud-
ies have been performed to determine the changes in the en-
ergy budget of earthworms exposed to ZnO-NPs. In the ener-
gy budget approach, available energy reserves (Ea), measured
as a sum of the carbohydrate, lipid and protein content, and
energy consumption (Ec), assessed by measuring the electron
transport system (ETS) activity, are determined at the cellular
level. This approach has been applied by several researchers to
measure the effects of metal stress on soil invertebrates
(Bednarska et al. 2013), but only a few studies have examined
the effects of NPs (e.g., TiO2-nano, CuO-nano, Ag-nano)
(Khalil 2015; Gomes et al. 2015a). Moreover, in most studies
that have focused on energy budget and NP toxicity, the inter-
nal metal concentration was not measured, although it seems
that depletion of energy reserves could be associated with
excretion of metals (Holmstrup et al. 2011).

Oxygen consumption, measured as the whole-body respi-
ration rate, is another indicator of metabolic changes that has
been successfully used in studies on the toxicity of metals

(Khan et al. 2007) and NPs (Liang et al. 2017) in earthworms.
The general prediction of models involving metabolically
costly physiological responses is that the metabolic rate
should increase with increasing intoxication (exposure time
and/or concentration) until irreversible pathological effects
impair metabolism itself (Calow 1989). To provide an in-
depth view of the sublethal effects of toxic stress, differences
in actual oxygen consumption (whole-body respiration rate as
the equivalent of metabolic rate) can be related to similar
differences in potential oxygen consumption, a biochemical
measure of potential metabolic activity, using ETS (Martinez
1992).

Our previous study on the toxicokinetics of ZnO-NPs and
zinc ions in the earthworm Eisenia andrei revealed that Zn
was efficiently regulated by the earthworms, regardless of the
form of this metal present in the soil, and the differences in Zn
assimilation and elimination rates between treatments were
connected with exposure concentrations rather than the form
of Zn (Świątek et al. 2017). To understand the effects of dif-
ferent forms and concentrations of Zn on the energy budget of
E. andrei and to determine the energy costs of the detoxifica-
tion process, we designed a toxicokinetic experiment in which
earthworms were sampled periodically to measure energy re-
serves (total lipid, carbohydrate, and protein content), energy
consumption (measured both at the cellular level and as the
whole-body respiration rate), and internal Zn concentrations
after exposure to Zn present in soil in the form of NPs (ZnO-
NPs) or ions (ZnCl2).

Materials and methods

Test species

Earthworms of the species E. andrei were obtained from a
laboratory culture. The earthworms were fed with horse ma-
nure free of any pharmaceuticals and cultured at 20 °C in
darkness. The experiment used 4-month-old adult individuals
with well-developed clitella.

Chemicals

Uncoated ZnO nanopowder with an advertised 25-nm particle
size was purchased from PlasmaChem GmbH, and ZnCl2 was
purchased from Merck Group. Other chemicals used in the
present study were of analytical grade unless otherwise stated.
Trichloroacetic acid (TCA), Bradford reagent, bovine serum
a l b um i n ( BSA ) , g l u c o s e s t a n d a r d s o l u t i o n ,
iodonitrotetrazolium chloride (INT), β-nicotinamide adenine
dinucleotide (NADH), β-nicotinamide adenine dinucleotide
phosphate (NADPH), polyvinylpyrrolidone (PVP),
tr is(hydroxymethyl)aminomethane (Tris base), t-
octylphenoxypolyethoxyethanol (Triton™ X-100), and
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glyceryl tripalmitate were purchased from Sigma-Aldrich®.
CHCl3 (chloroform), CH3OH (methanol), C6H6O (phenol),
NaOH, HCl, H2SO4, MgSO4, and HNO3 (69.9–70.0%;
Baker Instra-Analyzed) were purchased from Avantor
Performance Materials S.A., and H2O2 (30.0%; Baker
Analyzed) was purchased from WITKO®.

Nanoparticle characterization

The size measurements and morphological analyses of the
NPs were performed by transmission electron microscopy
(TEM) using a high-resolution analytical transmission elec-
tron microscope (FEI Tecnai Osiris) equipped with an X-
FEG Schottky field emitter (200 kV). The Z-contrast images
were acquired using a high-angle annular dark-field detector
in scanning TEM mode. Prior to microscopic analysis, the
samples were dispersed in ethanol and dropped on a lacey
carbon film supported on a copper grid (Ted Pella Inc., 300
mesh). The average primary particle diameters (± SD) were
determined by measurement of the particles (N = 500) in ran-
dom fields of ten images using the ImageJ software package.
The hydrodynamic diameters and zeta potentials of the parti-
cles were determined by dynamic light scattering using a
Malvern Zetasizer Nano ZS (Malvern, UK) in deionized water
(nominal concentration 5 mg Zn ml−1). The size distribution
was measured by intensity.

Soil spiking procedure

Standardized Lufa 2.2 loamy sand soil (Lufa-Speyer 2.2,
Germany, 2016) was used, with a reported pHCaCl2 of 5.4 ±
0.2 (mean ± SD), total organic carbon content of 1.61 ±
0.15%, cation exchange capacity of 9.7 ± 0.4 meq 100 g−1,
and maximum water holding capacity (WHC) of 44.8 ± 2.9%
(w/w). Two concentrations of ZnO-NPs (nominal: 500 and
1000 mg Zn kg−1 dry soil, designated as ZnO-NP 500 and
ZnO-NP 1000, respectively), two concentrations of ZnCl2
(nominal: 250 and 500 mg Zn kg−1 dry soil, designated as
ZnCl2 250 and ZnCl2 500, respectively), and one control with
ca. 27 mg Zn kg−1 dry soil, of the natural Zn levels in soil,
were studied. The chosen concentrations corresponded to the
EC25 and EC50 for earthworm reproduction (Heggelund et al.
2014) and represented low and medium values of typical Zn
contamination in urban areas (Stafilov et al. 2010; Gonzalez-
Alcaraz et al. 2018). For equilibration, the soil was spiked 7
days before exposure. For convenience, the test compounds
were introduced into the soil using different methods, but the
mode of application does not influence the distribution of NPs
(Waalewijn-Kool et al. 2012). Zinc chloride (ZnCl2) was ap-
plied as an aqueous solution, and NPs (ZnO) were dosed as
dry powder, followed by the addition of sufficient water to
attain a soil moisture content that was equivalent to 50% of
theWHC. The spiking procedure is fully described in Świątek

et al. (2017). After spiking, to achieve homogenous distribu-
tion, each batch of soil was homogenized carefully.

Experimental design

The test was performed by following the modified OECD
Guideline 317 (Organisation for Economic Co-Operation
and Development 2010), with 21 days of exposure in Zn-
contaminated soil (contamination phase, also described in
the literature as the uptake phase), followed by 14 days of
elimination in control soil (decontamination phase, also de-
scribed in the literature as the elimination phase). Five repli-
cates (round plastic containers filled with approximately 60 g
of wet soil) were prepared per sampling point for each Zn
treatment and control (i.e., animals kept in uncontaminated
soil throughout the experiment). Food was added at the begin-
ning of each phase by mixing 7 mg dry weight of horse dung
per 1 g dry weight of soil prior to introducing the soil into the
test containers. Food was added to ensure earthworm growth
and well-being, as we expected that in an experiment lasting
35 days, food deprivation might act as an additional stressor
(Spurgeon et al. 2003). Before starting the experiment, earth-
worms were placed in empty Petri dishes for 24 h to void the
gut contents of the worms, washed in tap water, and then
weighed to the nearest 0.0001 g and randomly assigned to
treatments, one individual per container. Containers were kept
at 20 °C and 75% relative humidity (RH) under a 16:8 (L:D) h
cycle. Once a week, the soil moisture content was checked by
weighing the containers, and the moisture lost was replenished
with tap water when necessary. The containers were also aer-
ated by this procedure. Before starting the exposure (day 0)
and after 1, 2, 4, 7, 14, 17, and 21 days (contamination phase)
and 22, 23, 28, and 35 days (decontamination phase), five
individuals were sampled from each Zn treatment and control.
At each sampling point, the collected earthworms were rinsed
with tap water and blotted dry on filter paper. Then, the ani-
mals were kept individually for 9 h in Petri dishes lined with
moistened filter paper to void the gut content of the worms.
Afterwards, the worms were placed in respiratory chambers
for an additional 15 h for measurement of respiration. Twenty
four hours after sampling from the soil, (i.e., after 24 h of
depuration), the animals were rinsed, blotted dry, weighed
(to the nearest 0.0001 g), frozen in liquid nitrogen, and stored
at − 80 °C until further analysis.

Whole-body respiration rate

To ensure that they did not escape during measurement, the
earthworms were placed individually in 6-mL tubes closed
with breathable mesh, and then, each tube was placed in a
50-mL glass flask connected to a 30-channel computer-con-
trolled closed-circuit Micro-Oxymax respirometer (Columbus
Instruments, USA). To reduce desiccation, a small piece of
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filter paper moistened with tap water was placed in each tube.
The whole-body respiration rate was measured for 15 h at 3-h
intervals at 20 °C and 16:8 (L:D) h. The respiration rate was
measured as oxygen consumption per hour per earthworm and
then recalculated per gram bodymass for data analysis (μLO2

g−1 h−1). Prior to data analysis, the first measurement point
(the first 3-h interval) for each individual was excluded from
the data because the change in the environment and handling
stress might have temporarily provoked abnormal activity and
respiration rates.Measurements were not corrected for oxygen
consumption by microbes present in the flask and/or earth-
worm feces, as previous studies showed that the contribution
of microbial respiration is negligible (Uvarov and Scheu
2004; Tang et al. 2016).

Energy reserves and energy consumption analysis

Available energy reserves (Ea) were measured by quantifying
the total lipid, protein, and carbohydrate content, and cellular
energy consumption (Ec) was assessed by measuring ETS
activity as described by De Coen and Janssen (1997),
Bednarska et al. (2013), and Bednarska and Stachowicz
(2013) with some modifications for earthworms.
Earthworms were homogenized on ice using a mechanical
Omni tissue homogenizer (TH220-PCR), and measurements
were performed on 96-well plates (Sarstedt) using a μQuant
spectrophotometer (Bio-Tek Instruments).

Each sample was analyzed in triplicate or quadruplicate.
Earthworms were homogenized on ice in homogenization
buffer (0.08 M Tris base-HCl (pH 8.5), 15% (w/v) PVP,
153 μM MgSO4, and 0.2% (w/v) Triton X-100) in a total
volume of 600 μL. The homogenate of each earthworm was
divided into two parts: 150 μL (i.e., ¼ earthworm) was used
for energy consumption (Ec) measurement, and 450 μL (i.e.,
¾ earthworm) was used for both available energy (Ea) and Zn
concentration analysis. For Ea determination, the homogenate
was diluted with demineralized water and used for measure-
ment of total lipid, protein, and carbohydrate levels. For total
lipid content measurements, 500 μL of chloroform, 500 μL of
methanol, and 250 μL of demineralized water were added to
200 μL of diluted homogenate. After centrifugation (1000×g,
5 min, 20 °C), the top phase was removed, and 500 μL of
H2SO4 was added to the remaining lipid extract. After mixing,
the sample was incubated for 15 min at 200 °C. Then, the
sample was cooled to room temperature and diluted with 1.5
mL of demineralized water. The total lipid content was deter-
mined by measuring the absorbance at 400 nm using glyceryl
tripalmitate as a standard. For the total protein and carbohy-
drate content, 100 μL of 15% TCAwas added to 300 μL of
diluted homogenate, and the sample was incubated at − 20 °C
for 10 min. Then, the sample was centrifuged (1000×g, 4 °C,
10 min), and the supernatant was collected for carbohydrate
measurement, whereas the pellet was resuspended in 500 μL

of NaOH, incubated at 60 °C for 30 min, and neutralized with
300 μL of 1.67MHCl. To determine the total protein content,
the sample was incubated (25 °C, 15 min) with Bradford’s
reagent, and the absorbance was measured at 600 nm using
BSA as a standard. To determine the total carbohydrate con-
tent of the supernatant fraction, 5% phenol and H2SO4 were
added to the supernatant at a 1:4:1 ratio. The sample was
incubated for 30 min at room temperature and shaken during
this period, and then, the absorbance was measured at 490 nm
using a standard curve for glucose. The different energy re-
serves for each individual were converted into energetic
equivalents using the energy of combustion (17.5 kJ/g glyco-
gen, 24 kJ/g protein, 39.5 kJ/g lipids) and summed.

Energy consumption (Ec) was determined by measuring
the ETS activity. The homogenate (150μL, i.e., ¼ earthworm)
was centrifuged (1000×g, 10 min, 4 °C) and diluted 5 times
using ice-cold homogenization buffer. ETS was quantified by
adding 150 μL of buffered substrate solution (0.13 mM Tris
base-HCl (pH 8.5), 0.3% (w/v) Triton X-100, 1.7 mMNADH,
250 μM NADPH) to 50 μL of the resulting supernatant. To
start the colorimetric reaction, 100 μL of reagent solution
(INT) was added, and the absorbance was measured kinetical-
ly at 490 nm every 36 s for 3 min at 20 °C. Formazan produc-
tion was determined by measuring the absorbance of the sam-
ple against the blank using ɛ = 15,900 M−1 cm−1. The oxygen
consumption rate was determined from ETS based on the
theoretical stoichiometric relationship, i.e., for each 2 μM
formazan formed, 1 μM oxygen is consumed by the ETS.
The quantity of oxygen consumed was expressed per gram
body mass (μL O2 g

−1 h−1).

Physicochemical analysis

To analyze the Zn concentration, the earthworm tissue homog-
enates and soil samples (three per treatment) were dried at 105
°C for 24 h and weighed to the nearest 0.0001 g. Samples of
homogenized earthworms were digested in 0.5 mL of boiling
HNO3 (69.0–70.0%) and then diluted to 5 mL with 0.2%
HNO3. Soil samples were digested in 10 mL of a 4:1 mixture
of HNO3 and H2O2 and then supplemented with 30 mL of
demineralized water. Zn concentrations in the solutions were
measured using flame atomic absorption spectrometry (AAS)
(Perkin Elmer AAnalyst 200) and expressed in mg kg−1 dry
weight (dw). To determine analytical precision, three blanks
and three samples of a certified reference material (for earth-
worms: Dolt-5 dogfish liver, National Research Council of
Canada, with a certified Zn concentration of 105.3 ± 5.4 mg
kg−1 (mean ± SD); for soil: loamy sand 10 (Sigma-Aldrich),
with a certified Zn concentration of 203 ± 5.29 mg kg−1) were
examined with the samples. The measured Zn concentrations
in the reference materials were within ± 10% and ± 8.2% of
the certified concentrations for the Dolt-5 dogfish liver and
loamy sand 10, respectively.
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Soil samples were additionally characterized for Zn con-
centration in water extracts and extracts after ultrafiltration at
days 0, 7, 14, and 21. The water-extractable Zn concentration
was measured with demineralized water (1:4 w/v). Samples
were shaken for 2 h at 2000 rpm and filtered through cellulose
acetate paper (Eurochem BGD). Zn concentration in ultrafil-
trates, i.e., particle-free water extracts, were determined from
an aliquot of the water extracts. After filtration through
0.45-μm syringe filters (Chemland), samples were centrifuged
in a 3-kDa ultrafiltration device (Amicon Ultra-15 Filters,
Millipore) for 45 min at 4000×g. The 3-kDa pore size is esti-
mated to be 2.1 ± 1.3 nm (Van Koetsem et al. 2017); hence, it
prevents the penetration of nanoparticles through the mem-
brane and at the same time allows the penetration of ions.
Then, the water extracts and ultrafiltrates were acidified with
a drop of HNO3 and analyzed for Zn concentration using
flame AAS (Perkin Elmer AAnalyst 200). To determine ana-
lytical precision, blanks, and standard solutions with known
Zn concentrations were analyzed. The soil pH was measured
potentiometrically with 0.01 M CaCl2 (1:5w/v) at days 0, 7,
14, and 21. Soil samples were shaken for 2 h at 2000 rpm, and
after allowing the floating particles to settle overnight, the pH
was measured using a pH meter. The soil organic matter con-
tent was determined at days 0 and 21 as loss on ignition.

Data handling and statistical analysis

The distributions of all the studied parameters were checked for
normality with Shapiro–Wilk’s W test, and the homogeneity of
variances was checked with Leaven’s test. If the criteria were
not met, the data were either (log or square root) transformed, or
a nonparametric test was used. The effect of exposure time on
Zn concentration in water extracts and ultrafiltrates and the pH
was tested using the Kruskal–Wallis test, and if significant dif-
ferences were observed, a Bonferroni procedure was used to
identify the pattern of differences among exposure days signif-
icant at the 95.0% confidence level. To verify that individuals
assigned to different treatments did not differ in the initial (day
0) body mass, one-way ANOVA was performed. To check
whether earthworms lost body mass during the experiment,
the body mass change (BMC) index was calculated for each
individual based on the mass of the depurated earthworms ac-
cording to the following equation: BMC= (Mn –M0)/M0, where
Mn is the mass of an earthworm at sampling day n (g), andM0 is
the initial mass (at day 0) of the same earthworm (g). The effect
of treatment and time on the BMC index was tested with the
Kruskal–Wallis test for each phase separately, and when signif-
icant differences were found, a Bonferroni procedure was used
to identify the pattern of differences among treatments or sam-
pling days significant at the 95% confidence level. The effect of
treatment and sampling day on carbohydrates, proteins, lipids,
Ea, Ec, and R was tested for each phase (contamination and
decontamination) separately using two-way ANOVA, with

body Zn concentration as a covariate. Day 0, which was com-
mon for all treatments, was excluded fromANOVA to allow for
testing of the interaction between factors. Nonsignificant (p ≤
0.05) interactions and/or covariates were removed from the
model. Where significant differences were observed, a post
hoc least squares difference (LSD) test was used to identify
the pattern of differences among treatments and/or exposure
days. To verify that each of the measured parameters changed
after exposure and returned to the pre-exposure state, one-way
ANOVAwas performed for each treatment separately with time
(limited to days 0, 21, and 35) as a factor. The data were ana-
lyzed statistically using Statgraphic Centurion XVI (StatPoint
Technologies, Inc., version 18).

Results

ZnO nanoparticle characterization

TEM analysis indicated that the particles were spherical (Fig.
S1), and the average primary particle diameter (± SD) was
23.5 ± 7.3 nm (the manufacturer-provided particle size was
ca. 25 nm). High-angle annular dark-field imaging (Fig. S2)
with energy-dispersive X-ray analysis (Fig. S3) confirmed the
chemical composition of the ZnO-NPs. Dynamic light scatter-
ing measurements showed that the particle size changed as
soon as the NPs were submerged in water and aggregates
(ca. 860 nm) were formed. The size distribution and zeta po-
tentials observed using dynamic light scattering measure-
ments are presented in Table S1 and Fig. S4.

Soil physicochemical properties

The measured Zn concentrations (mean ± SD) in the test soil
were in accordance with the nominal concentrations
(Table S2). The zinc concentration in the control soil was
27.2 ± 1.6 mg kg−1 dw. Different patterns of Zn partitioning
were observed for ionic and NP treatments. The average Zn
concentrations in the water extracts were lowest for the ZnCl2
250 treatment (0.63 ± 0.1 mg L−1) and highest for the ZnO-NP
1000 treatment (2.11 ± 0.2 mg L−1). The zinc concentrations
remained approximately constant throughout the contamina-
tion phase in the ZnCl2 250 treatment, decreased in ZnCl2 500
treatment and increased in both ZnO-NP treatments
(Table S2). In the ZnCl2 250 and ZnCl2 500 treatments, the
average Zn concentrations in the ultrafiltrates corresponded to
56–88% and 84–95% of the Zn in the water extracts, respec-
tively. In the ZnO-NP 500 and ZnO-NP 1000 treatments, the
Zn concentrations in the ultrafiltrates corresponded to 30–
68% and 27–54% of the Zn in the water extracts (Table S3).
There were significant differences in soil pHCaCl2 values be-
tween exposure days (Table S4). In general, the soil pH was
lower in soils spiked with ZnCl2 and in the control than in
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soils spiked with ZnO-NPs. For the ZnO-NP treatments and
the control, the pH first increased and then decreased,
resulting in a significantly higher pH at day 7 than at day 21
(Table S4). In the ZnCl2 500 treatment, the pH was similar at
days 0 and 7 but then decreased and increased again, with
significant differences between days 14 and 21. In the ZnCl2
250 treatment, the pH was constant during the course of ex-
posure (Table S4). The average soil organic matter content
was similar for all treatments on day 0 (4.5 ± 0.1%) and day
21 (4.4 ± 0.1%).

Earthworms

All the earthworms survived until the end of the experiment.
The mean initial body mass (± SD) of the earthworms was
0.256 ± 0.04 g (N = 260), with no significant difference be-
tween treatments (p = 0.71). The effect of sampling day on the
BMC index was significant in both the contamination (p ≤
0.00001) and decontamination (p = 0.003) phases, showing
that body mass increased with time (Fig. S5). The effect of
treatment on the BMC index was significant in the contami-
nation phase (p ≤ 0.00001) with earthworms exposed to ZnO-
NP 1000 exhibiting lower BMC index values than those from
other treatments. Although earthworms from the ZnO-NP
1000 treatment exhibited a BMC reduction in the contamina-
tion phase, these worms were able to gain weight in the de-
contamination phase (Fig. S5). In general, earthworms from
all the treatments gained weight in the decontamination phase,
but this weight gain was uneven among the different treat-
ments (p ≤ 0.00001, Fig. S5).

Energy reserves

The average total available energy reserves (Ea) of the earth-
worms (N = 10) at day 0 (before the exposure) consisted of
55% proteins (588.4 ± 55.1 J kg−1), 11% carbohydrates (119.3
± 15,6 J kg−1), and 34% lipids (369.6 ± 109.2 J kg−1). In the
contamination phase, the carbohydrate content was the only
energy reserve component for which a highly significant ef-
fect of treatment was observed (p ≤ 0.00001): the earthworms
from the ZnO-NP 1000 treatment had significantly lower
levels of carbohydrates than those from other treatments
(Fig. 1). Additionally, a marginally significant effect of expo-
sure day on carbohydrate content was noted (p = 0.06). The
protein contents did not differ significantly among treatments
(p = 0.09), but a significant effect of sampling day was ob-
served (p ≤ 0.00001), whereas neither treatment (p = 0.3) nor
sampling day (p = 0.08) affected the lipid content (Fig. 1). The
effect of treatment on Ea was almost significant (p = 0.06),
and a significant effect of sampling day was observed (p =
0.0001). Neither treatment nor sampling day significantly af-
fected Ea or any of the components in the decontamination
phase (Fig. 1). There were no differences among days 0, 21,

and 35 for either Ea or any of the energy reserve components
(p > 0.06), except in the ZnO-NP 500 treatment, in which Ea
was significantly higher at day 21 than at days 0 and 35 (p =
0.02).

Energy consumption and whole-body respiration rate

Ec differed significantly among treatments in both the con-
tamination (p ≤ 0.00001) and decontamination (p = 0.008)
phases, with no effect of sampling day observed (p = 0.1 for
the contamination phase and p = 0.08 for the decontamination
phase) (Fig. 2), but there was a significant correlation with Zn
concentration (as a covariate) in the decontamination phase (p
= 0.02). In the contamination phase, the earthworms from all
the Zn treatments had significantly higher Ec levels than those
from the control, and at the same time, the Ec levels were
significantly lower in the ZnO-NP 1000 treatment than in both
the EC25 treatments (i.e., ZnO-NP 500 and ZnCl2 250). In the
decontamination phase, only earthworms exposed to the
ZnCl2 500 treatment had significantly higher Ec levels than
those from other treatments. With regard to differences among
days 0, 21, and 35, Ec was significantly lower at days 21 and
35 than at day 0 (p = 0.003) for the control, at day 35 than at
days 0 and 21 (p = 0.0003) for ZnCl2 250, and at day 35 than
at day 0 (p = 0.004) for ZnO-NP 1000.

The whole-body respiration rate was similar for all the
treatments in both phases of the experiment, and a gradual
decrease in the respiration rate over time (p < 0.00001) was
observed in the contamination phase (Fig. 2). For each studied
treatment, the respiration rate was significantly lower on days
21 and 35 than on day 0 (p ≤ 0.00001), but no difference was
observed between days 21 and 35.

Discussion

Soil properties

A variety of extraction methods can be used to extract trace
elements from soil (Peijnenburg et al. 2007), but there are no
specific methods recommended for the extraction of NPs, and
different methods have been proposed in the literature
(Rodrigues et al. 2016). In this study, we used a water extrac-
tion method to assess the availability of Zn during the contam-
ination phase. It is generally agreed that this method enables
the extraction of the most labile pool of Zn, which is easily
accessible to soil-dwelling organisms (Garcia-Gomez et al.
2014). It has been suggested that the energy reserves of earth-
worms respond to easily extractable metals to a greater extent
than to strongly bound metals (Beaumelle et al. 2014). The
most labile pool of Zn can be absorbed via the epidermis
(dermal uptake), which was estimated to be ca. 5–70% of
the total Zn uptake in earthworms depending on the Zn
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concentration in soil (Vijver et al. 2003; Laycock et al. 2016),
or via the gastrointestinal tract (oral uptake) with whole soil
matrix. Although a relatively small percentage of the total Zn
content was extracted for both the ionic and NP treatments,
differences in Zn partitioning in the soil were observed for the
studied forms of Zn. Changes in Zn partitioning over time
were observed for both the EC50 treatments (ZnCl2 500 and
ZnO-NP 1000) and the ZnO-NP 500 treatment, but the chang-
es proceeded in different directions: the Zn concentration in
the extract decreased with time in the ionic treatment and
increased in both NP treatments (Tables S2 and S3). This
result is consistent with the study by Romero-Freire et al.

(2017), in which an increase in Zn concentration in porewater
was observed for NP treatments, while a decrease was ob-
served for ZnCl2 treatment during aging (1, 3, 56, and 168
days). Several environmental processes may affect the
partitioning of Zn in NP or ionic forms in soils (Cornelis
et al. 2014). The decrease in Zn concentration in the ionic
treatment may be associated with the predominance of metal
sorption to soil granules and mineral precipitation. In NP treat-
ments, dissolution is most likely responsible for the increase in
Zn concentration in water extracts (Cornelis et al. 2014). Zn
partitioning is inextricably linked to soil acidity (Sauvé et al.
2000), which, in turn, depends on the form of Zn added to the

Fig. 1 Effects of Zn on the available energy reserves (Ea), proteins,
carbohydrates, and lipids in Eisenia andrei earthworms exposed to Lufa
2.2 soil contaminated with different effective concentrations (EC25 and
EC50 for reproduction) of ZnO nanoparticles (NPs) or ions (ZnCl2).
Boxes—lower and upper quartiles, whiskers—extend to the minimum
andmaximum values, plus sign—mean value, center line—median, emp-
ty squares (outliers)—between > 1.5 and 3 times the interquartile range,

squares with crosses (far outliers)—more than 3 times the interquartile
range. Shading indicates day 0, which was shared by all the treatments.
The vertical broken line indicates the start of the decontamination phase.
Different letters indicate significant differences (LSD, p < 0.05), and the
solid horizontal line indicates that there was no difference between the
treatments
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soil. In this study, a relatively low pH was observed for ionic
treatments, and a relatively high pH was observed for NP
treatments, which is consistent with the results of other studies
(Kool et al. 2011; Garcia-Gomez et al. 2015).

Earthworms

In the present study, Zn toxicity in the form of NPs and ions
was investigated via a toxicokinetic experiment at two effec-
tive concentrations (EC25 and EC50 for reproduction). This
framework enabled us to track changes between different
treatments and sampling days during the contamination or
decontamination phases. The energy reserves of E. andrei
measured before the experiment (day = 0) consisted mainly
of proteins (55%) and lipids (34%), with carbohydrates
representing the smallest fraction (11%). These findings are
consistent with those of other studies on different earthworm
species (Laverack 1963; Beaumelle et al. 2014). Although the
contribution of carbohydrates to the total energy reserves was
the lowest, this component of Ea was the only one for which a
clear effect of treatment was observed in the contamination
phase. Carbohydrates are the first energy source mobilized by
organisms under toxic stress (Moolman et al. 2007), and rapid
mobilization of carbohydrates has been previously demon-
strated in earthworms exposed to metals (Bundy et al. 2008;
Holmstrup et al. 2011; Khalil 2015). For example, after sev-
enty days of exposure to sublethal Cu concentrations (10–
480 mg kg−1), increased transcript levels of carbohydrate-

metabolizing enzymes (maltase-glucoamylase, mannosidase)
followed by increased use of glucose and mannose have been
observed in the earthworm Lumbricus rubellus (Bundy et al.
2008). A negative correlation between glycogen content and
the concentrations of Ni, Al, and Zn was also observed in
Dendrobaena octaedra earthworms after 28 days of exposure
to soils from differently contaminated areas (Holmstrup et al.
2011). Khalil (2015), in turn, showed a decrease in carbohy-
drate content in the guts of Pheretima hawayana earthworms
exposed to TiO2-NPs (50 and 100 μg kg

−1) for 28 days. In the
present study, a decrease in carbohydrate levels was observed
in only the highest NP treatment (1000 mg Zn kg−1), and only
in this treatment did the earthworms exhibit weight loss during
the contamination phase. In a metabolomic study on E. fetida
exposed to different NPs, Aslund et al. (2012) proposed glu-
cose as a bioindicator of NP exposure, while Lankadurai et al.
(2015) proposed glucose and maltose as bioindicators of NP
exposure (TiO2-NPs and C60-NPs, respectively). Because the
total carbohydrate content was measured in the present study,
we could not identify whether the decrease was due to changes
in mono- or disaccharide content.

Regardless of treatment, increasing protein content was
observed until the 7th day of exposure, followed by a slight
decrease at days 14 and 21. A similar pattern consisting of an
initial increase after a few days of exposure (between the 2nd
and 4th day of exposure) followed by depletion (between the
4th and 8th day of exposure) was observed for protein levels
in Enchytraeus crypticus exposed to 50 and 70 mg Ag kg−1

Fig. 2 Effects of Zn on the energy consumption (Ec) and respiration rate
(R) in Eisenia andrei earthworms exposed to Lufa 2.2 soil contaminated
with different effective concentrations (EC25 and EC50) of ZnO nanopar-
ticles (NPs) or ions (ZnCl2). Boxes—lower and upper quartiles,
whiskers—extend to the minimum and maximum values, plus sign—
mean value, center line—median, empty squares (outliers)—between >

1.5 and 3 times the interquartile range, squares with crosses (far out-
liers)—more than 3 times the interquartile range. Shading indicates day
0, which was shared by all the treatments. The vertical broken line indi-
cates the start of the decontamination phase. Different letters indicate
significant differences (LSD, p < 0.05). The solid horizontal line indicates
that there was no difference between the treatments
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(EC10 and EC50 for reproduction) in ionic form in Lufa 2.2
soil (Gomes et al. 2015b). Similarly, an increase in protein
content from the 3rd to 7th day was observed for
E. crypticus exposed to EC20 and EC50 for reproduction in
field soil contaminated with various forms of Cu (ions, NPs,
nanowires) (Gomes et al. 2015a). Proteins are constitutive
components; therefore, proteins can fuel metabolism only dur-
ing extreme energy deficiency. Under moderate stress and
suboptimal circumstances, metabolic compensation manifests
as elevated protein turnover, which is associated with the ex-
pression of stress response proteins (Sokolova et al. 2012).
The main protein groups involved in metal detoxification pro-
cesses in earthworms are metallothioneins (MTs) and heat
shock proteins (HSP) (Sturzenbaum et al. 1998). Elevated
levels of MTs were observed in E. fetida after exposure to
1500 mg Zn kg−1 soil (Demuynck et al. 2007). Similarly,
Homa et al. (2005) observed significantly increased levels of
one MT isoform (w-MT2) and two HSP forms (HSP70,
HSP72) in E. fetida coelomocytes after dermal exposure to
1.32 μg Zn cm2. In our study, the increase in protein levels
might have also been due to elevated MT and/or HSP expres-
sion, as these proteins play a crucial role in the homeostasis,
metabolism, and detoxification of metals in invertebrates
(Dallinger 1996; Sørensen et al. 2003), but studying the ef-
fects of different forms of Zn on this endpoint was not the aim
of this study. Surprisingly, in the present study, the lack of
effect of the treatments on protein content indicates that a
similar pattern of changes in protein levels over time was
observed for not only all the Zn treatments but also the control.
This phenomenon may be the result of the response of the
earthworms to changes in the soil type. Sandy or clayey soils
are not favorable conditions for earthworms (Guild 1948), and
not only metal toxicity but also soil texture can affect protein
content in earthworms (Beaumelle et al. 2014). It is probable
that the transfer of earthworms cultured in soil rich in organic
matter and with low mineral fraction into sandy loamy soil
might induce skin (Spurgeon and Hopkin 1996) or gut irrita-
tion, triggering an increase in protein production.

Surprisingly, lipids were not affected by treatment or time
in any of the studied phases, which suggests that earthworms
can easily maintain Zn homeostasis without serious impact on
this energetic component. Lipids are highly efficient storage
components and are expected to be mobilized before or to-
gether with carbohydrates under toxic stress because nonpro-
tein substrates are the preferred energy sources (Smolders
et al. 2003). In previous studies, no changes in lipids were
observed in the potworm E. crypticus exposed to 250 mg
kg−1 (EC10 for reproduction) Cu ions for 8 days in Lufa 2.2
soil (Gomes et al. 2015b). Similarly, no effect of Ni ions on
lipid content was observed for the isopod Porcellionides
pruinosus exposed to 50 and 250 mg kg−1 Ni ions in Lufa
2.2 soil for 28 days of exposure (contamination) and after 14
days of recovery (decontamination) (Ferreira et al. 2015).

An almost significant (p = 0.06) effect of treatment on the
total energy reserves (Ea) was observed in the contamination
phase, with Ea in ZnCl2 250, ZnCl2 500, and ZnO-NP 1000
treatments lower by 11%, 8%, and 6%, respectively, than that
in the control. In contrast, in previous studies on metal toxic-
ity, a clear decrease in Ea has been observed in invertebrates
(Moolman et al. 2007). In general, Ea was lower on days 1 and
2 than at other exposure timepoints, with maximum levels
observed on days 4 and 7. The increase in Ea was mainly
caused by the increased protein levels observed on days 4
and 7. Although there were no significant differences in lipid
content (p = 0.08; Fig. 1) during the contamination phase,
elevated levels of this component were observed on day 4,
which might also have contributed to the increase in Ea. The
increase in available energy reserves with time was also ob-
served for Enchytraeus albidus exposed for 8 days to three
different pesticides (dimethoate, atrazine, and carbendazim),
and this increase was mainly due to increased lipid and protein
levels (Novais and Amorim 2013), as observed in our study.
No differences were observed in carbohydrate, protein, and
lipid levels and Ea for any of the studied treatments between
days 0 (before exposure), 21 (end of the contamination phase)
and 35 (end of the decontamination phase) except for the
ZnO-NP 500 treatment, for which the Ea was higher at day
21 than at day 0 and day 35, indicating that none of the tox-
icants had significant effects on the components of the ener-
getic budget.

Zinc is an essential metal that is efficiently regulated by
earthworms (Świątek et al. 2017; Gonzalez-Alcaraz et al.
2018), and when the intracellular Zn concentration exceeds
the physiological level, the metal is actively pumped out or
bound to zinc-binding proteins (Vallee and Falchuk 1993).
Moreover, excess Zn can be sequestered intracellularly in
the chloragosome granules present in the chloragogen tissue
of earthworms (Morgan and Morgan 1989). Thus, the uptake,
distribution, sequestration, and excretion of excess Zn can
increase the energetic cost, which, in our study, manifested
as an increase in Ec that was observed in all the Zn treatments
in comparison to the control. Interestingly, a higher increase in
Ec was observed for the ZnCl2 250 and ZnO-NP 500 treat-
ments (average increase in comparison to the control: 63%
and 50%, respectively) than for the ZnCl2 500 and ZnO-NP
1000 treatments (average increase in comparison to the con-
trol: 42% and 24%, respectively). The Ec increase was also
observed for E. albidus exposed to Zn and Cd ions at EC50

and EC90 for reproduction in Lufa 2.2 soil (Novais et al.
2013). Similarly, Gomes et al. (2015b) observed an increase
in Ec levels in E. crypticus after exposure to ionic forms of Ag
at EC10 and EC50 and Cu at EC10 (for reproduction) between
the 2nd and 4th day of exposure in Lufa 2.2 soil. As proposed
by Novais et al. (2013) and Gomes et al. (2015b), the in-
creased metabolic activity was probably associated with the
costs of metal detoxification and restoration of cell
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homeostasis. In the present study, no differences in Ec be-
tween the EC50 treatments were observed (in the contamination
phase), and yet, these treatments were characterized by different
carbohydrate levels, demonstrating relatively high consumption
of carbohydrates under exposure to relatively high nominal con-
centrations of Zn. On the other hand, a significantly increased Ec
for the ZnCl2 500 treatment compared to the other treatments
was observed in the decontamination phase, indicating a strong
effect of this treatment on earthworm metabolism even after
completion of exposure. These subtle dissimilarities between
the EC50 treatments in terms of energy consumption and carbo-
hydrate metabolism, i.e., increased energy consumption even
after completion of exposure in the ZnCl2 500 treatment and
decreased carbohydrate contents in the ZnO-NP 1000 treatment,
may indirectly indicate different actions of the studied Zn forms
(ionic vs. NPs), but this aspect can be further explored only by
applying additional targeted cellular or molecular endpoints.

The whole-body respiration rate is an indirect measure of an
organism’s maintenance costs and it is assumed that the metabol-
ic rate should increase with increasing intoxication until irrevers-
ible effects impair metabolism itself (Calow 1991). Inhibition of
oxygen consumption has been observed for earthworms exposed
to metal-contaminated soil (Khan et al. 2007; Liang et al. 2017).
For example, after a 3-week exposure to soil contaminated with
500 mg Zn kg−1, Khan et al. (2007) observed a decreased respi-
ration rate in Lumbricus terrestris. Similarly, a dose-dependent
decrease in the respiration rate was observed forE. fetida exposed
to soil contaminated with nanoscale zerovalent iron (100–
1000 mg kg−1) after 4 weeks (Liang et al. 2017). In the present
study, however, the respiration rate was not affected by any of the
Zn treatments. Therefore, the significant impact of exposure time
manifested as constantly decreasing oxygen consumption is as-
sociated with other factors than metal stress. The respiration rate
of earthworms depends on diurnal rhythms, temperature (Chuang
et al. 2004), season (Phillipson and Bolton 1976), body mass
(Šustr and Pižl 2009), and density (Uvarov and Scheu 2005),
but the effects of all these factors were controlled, as all the
measurements of respiration rate were performed during one sea-
son (summer) in a climatic chamber with a constant temperature
and photoperiod. Additionally, the initial body mass of
earthworms assigned to different treatments was similar. A
probable explanation for the observed decrease in respiration
rate over time might be the response of earthworms to changes
in density. In the culture medium, earthworms were kept in
groups of ca. 100 individuals per box, while in the experiment,
the worms were kept individually. Uvarov and Scheu (2005)
found that the respiration rate of L. rubellus was higher when
the earthworms were kept in pairs and lower when kept individ-
ually. Considering that significant differences were already ob-
served with such a small shift in density (from 2 individuals to 1
individual), it is highly probable that in our study, the shift from
100 individuals in the stock culture to 1 individual in the exper-
iment forced changes in respiration that became increasingly

evident over time. According to Fanslow et al. (2001), whole-
body respiration is a complex physiological process that is more
susceptible to experimental artifacts than Ec (ETS activity). In the
present study, the direct enzymatic process of energy consump-
tion at the cellular level (Ec) was indeed a more sensitive indica-
tor of Zn exposure in E. andrei earthworms than the whole-
organism respiration rate. Thewhole-body respiration rate at days
21 and 35 was significantly lower than that at day 0. This differ-
ence, however, probably resulted from the abovementioned over-
all decrease in respiration rate over time, which probably stems
from factors other than the toxic effect of Zn.

Conclusions

In general, neither different forms of Zn (Zn ions vs. ZnO-
NPs) nor exposure concentrations (EC25 vs. EC50) affected the
total energy reserves (Ea) or the main components of Ea (pro-
teins and lipids), and the only clear effect of Zn was observed
on carbohydrates, which were present at much lower levels in
the ZnO-NP 1000 treatment than in other treatments. The
exposure of E. andrei to Zn (both ions and NPs) caused an
increase in energy consumption at the cellular level, reflecting
the relatively high energy demand of responding to toxic
stress, but no effect was observed at the whole-body level.
In conclusion, it can be stated that E. andrei earthworms can
cope with different forms (ions vs. NPs) of elevated Zn con-
centrations in soil without any serious impact on the energy
budgets of the worms.
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SUPPLEMENTARY MATERIAL 

Świątek, Z.M., Bednarska, A.J., 2019. Energy reserves and respiration rate in the 

earthworm Eisenia andrei after exposure to zinc in nanoparticle or ionic form. Environ. 

Sci. Pollut. Res. 26, 24933–24945. (DOI: 10.1007/s11356-019-05753-3) 

 

FIGURES 

 

Fig. S1 Transmission electron microscopy of PlasmaChem GmbH ZnO nanoparticles 

(ZnO-NPs), which were used to study energy reserves and respiration rate in 

earthworms after exposure to zinc nanoparticles or ions via soil 
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Fig. S2 High-angle annular dark-field (HAADF) imaging of ZnO-NPs (top left), 

energy-dispersive X-ray mapping of background carbon film shown in red (top right), 

zinc from NPs shown in green (bottom left) and oxygen from NPs shown in blue 

(bottom right) 
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Fig. S3 Energy-dispersive X-ray analysis of the ZnO-NPs (area from Fig. S2), showing that the NPs were composed of zinc and oxygen.  

Copper and carbon peaks correspond to the grid onto which the NPs were deposited 
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Fig. S4 Intensity-based size distributions by dynamic light scattering analysis of 5 mg L-1 ZnO-NPs in deionized water 
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Fig. S5 Body mass change (BMC) index of the Eisenia andrei earthworms exposed to Lufa 2.2 soil contaminated with different concentrations of 

ZnO nanoparticles (NPs) or ions (ZnCl2). Boxes – lower and upper quartiles, whiskers – extend to the minimum and maximum values, plus sign 

– mean value, center line – median, empty squares (outliers) – between >1.5 and 3 times the interquartile range. The vertical broken line indicates 

the start of the decontamination phase. a, b – different lowercase letters indicate significant differences between days; Kruskal-Wallis (p ≤ 0.05) 

test with Bonferroni 95.0% confidence level 
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TABLES 

Table S1. ZnO-NPs characterization 

Particle Description Average size (nm) 
Size distribution 

using DLSb (nm) 

Zeta-potential using 

DLSb (mV) 

ZnO Uncoated 

According to 

manufacturer 

Determined using 

TEMa 
862.6 ± 110 -11.1 ± 1.6 

25 23.5 ± 7.3 

aTEM – Transmission electron microscopy, N = 500 

bDLS – Dynamic light scattering, N = 5 
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Table S2. Average (± standard deviation) zinc concentrations measured in Lufa 2.2 soil and water extracts in control soil and soil spiked with 

different concentrations of ZnCl2 or ZnO-NPs; water extracts collected at day (T): 0, 7, 14 and 21 

Treatment 

Zn concentration in soil (μg g-1) Zn concentration in water extracts (μg mL-1) 

Nominal Actual 
T = 0 

(N = 3) 

T = 7 

(N = 4) 

T = 14 

(N = 4) 

T = 21 

(N = 4) 

Control 0 27.2 ± 1.6 0.06 ± 0.01 a 0.07 ± 0.005 a 0.05 ± 0.003 a 0.06 ± 0.01 a 

ZnCl2 
250 282.9 ± 13.6 0.78 ± 0.17 a 0.61 ± 0.08 a 0.55 ± 0.03 a 0.60 ± 0.01 a 

500 538.6 ± 54.4 2.50 ± 0.54 a 1.81 ± 0.15 a 1.53 ± 0.04 ab 1.38 ± 0.06 b 

ZnO-NPs 
500 517.7 ± 22.0 1.10 ± 0.05 a 1.14 ± 0.04 ab 1.24 ± 0.13 ab 1.26 ± 0.02 b 

1000 1062.1 ± 29.5 2.02 ± 0.19 ab 1.97 ± 0.14 a 2.06 ± 0.15 ab 2.38 ± 0.14 b 

a, b – Different lowercase letters indicate significant differences between days within each treatment; Kruskal-Wallis (p ≤ 0.05) test with Bonferroni 95.0% confidence level. 
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Table S3. Average (± standard deviation) zinc concentrations measured in ultrafiltrates, i.e., water extracts after ultrafiltration, in soil spiked with 

different concentrations of ZnCl2 or ZnO-NPs; ultrafiltrates collected at day (T): 0, 7, 14 and 21; % - percentage of total Zn in water extracts 

recovered after ultrafiltration  

Treatment 

Nominal Zn 

conc. in soil  

(μg g-1) 

Zn concentration in ultrafiltrates (μg mL-1) % 

T = 0 

(N = 3) 

T = 7 

(N = 4) 

T = 14 

(N = 4) 

T = 21 

(N = 4) 

T = 0 

(N = 3) 

T = 7 

(N = 4) 

T = 14 

(N = 4) 

T = 21 

(N = 4) 

Control 0 nd nd nd nd nd nd nd nd 

ZnCl2 
250 0.68 ± 0.02 a 0.40 ± 0.03 ab 0.34 ± 0.07 ab 0.34 ± 0.04 b 88 66 62 56 

500 2.37 ± 0.09 a 1.68 ± 0.10 ab 1.36 ± 0.04 ab 1.25 ± 0.09 b 95 93 84 88 

ZnO-NPs 
500 0.35 ± 0.06 ab 0.34 ± 0.02 a 0.40 ± 0.13 ab 0.85 ± 0.07 b 32 30 32 68 

1000 0.63 ± 0.04 ab 0.53 ± 0.07 a 0.63 ± 0.08 ab 1.29 ± 0.17 b 31 27 30 54 

a, b – Different lowercase letters indicate significant differences between days within each treatment; Kruskal-Wallis (p ≤ 0.05) test with Bonferroni 95.0% confidence level.  

nd – not detected, Zn concentrations in ultrafiltrates of control soil were below the detection limit.  
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Table S4. Average pHCaCl2 (± standard deviation) of Lufa 2.2 soil spiked with different concentrations of ZnCl2 or ZnO nanoparticles (ZnO-NPs) 

and control soil, measured at days (T) 0, 7, 14 and 21 

a, b – Different lowercase letters indicate significant differences between days within each treatment; Kruskal-Wallis (p ≤ 0.05) test with Bonferroni 95.0% confidence level.  
 

  

Treatment Nominal Zn concentration (μg g-1 dw) 

pH in soil 

T = 0 

(N = 3) 

T = 7 

(N = 4) 

T = 14 

(N = 4) 

T = 21 

(N = 4) 

Control 0 6.37 ± 0.02 ab 6.44 ± 0.02 a 6.07 ± 0.05 ab 5.82 ± 0.03 b 

ZnCl2 
250 6.25 ± 0.04 a 6.33 ± 0.02 a 6.35 ± 0.03 a 6.36 ± 0.07 a 

500 5.94 ± 0.14 ab 6.11 ± 0.02ab 5.88 ± 0.07 a 6.17 ± 0.02 b 

ZnO-NPs 
500 6.63 ± 0.03 ab 6.69 ± 0.03 a 6.63 ± 0.03 ab 6.24 ± 0.11 b 

1000 6.79 ± 0.01 ab 6.89 ± 0.02 a 6.86 ± 0.02 ab 6.62 ± 0.06 b 
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CHAPTER 4 

 

 

Unravelling the ZnO-NPs mechanistic pathway:  
Cellular changes and altered morphology in the 

gastrointestinal tract of the earthworm Eisenia andrei 
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A B S T R A C T

A major uptake route of nanoparticles (NPs) occurs via the gastrointestinal (GI) tract. When GI tract cells are
exposed, NPs cytotoxic effects are observed that subsequently adversely affect the GI tract morphology and have
consequences for the whole organism. The aim of this study was to understand the mechanism of effects caused
by ZnO-NPs compared to Zn ions on the earthworm Eisenia andrei.

The following aspects of individually exposed earthworms were investigated: 1) qualitative structural al-
terations in the gut epithelium and chloragogen cells of the GI tract, 2) quantitative changes within chloragogen
tissues after 48 h of exposure (using morphometric analysis), and 3) the ADP/ATP ratio in homogenized tissue of
the whole organism after 21 days of exposure to contaminated soil (contamination phase) followed by 14 days of
elimination in clean soil (decontamination phase) to identify possible recovery.

Both ZnO-NPs and Zn ions adversely affect the gut epithelium and chloragogen tissue of earthworms after
48 h of exposure to contaminated soil. Morphometric measurements revealed that the proportions of debris
vesicles in the chloragocytes were significantly lower in worms exposed to ZnO-NPs than in worms exposed to Zn
ions. Moreover, numerous spherite granules were observed in the chloragocytes of ionic Zn-treated worms, but
not the ZnO-NPs-treated worms, suggesting differential regulation of these Zn forms. The Zn cytotoxic effect was
not reflected in ADP/ATP ratio measurements. Our study provides new insights into nano-specific effects that are
distinctive from ion regulation inside the GI tract and furthers our understanding of the relationship between
effects at the cellular and whole-body levels.

1. Introduction

ZnO nanoparticles (ZnO-NPs) are one of the most frequently pro-
duced engineered nanomaterials and have more than 60 applications
worldwide, including uses in electronics, chemical products, technical
products, cosmetics, and pharmaceuticals (DaNa database). Increasing
production and usage of ZnO-NPs are inseparably associated with their
release into the different environmental compartments and may lead to
hazards to the soil ecosystem (Adam and Nowack, 2017; Loureiro et al.,
2018), and hence earthworms and other soil-dwelling organisms (Kwak
and An, 2015; Rajput et al., 2018).

Though there is much research on ZnO-NP toxicity performed with
in vitro studies on different cell cultures (Buerki-Thurnherr et al., 2013;
Yu et al., 2013), such results are difficult to extrapolate to the level of
whole organisms, so-called in vivo systems (Hong et al., 2013). The
combination of tools and endpoints covering effects at different levels

of biological organization (e.g., cellular, organismal) were indicated to
be more desirable and the key for systems (eco)toxicology approach
(Amorim et al., 2015). Therefore, linking the cytotoxic effects observed
at the cell level with the effects observed in the whole organism may
provide additional information of the cytotoxic effects of ZnO-NPs,
leading to an improvement in nanoparticle (NP) hazard assessment.
Cytotoxicity plays an important role in NP studies (Ajdary et al., 2018;
Fröhlich and Fröhlich, 2016). Once in the cellular milieu, NP toxicity
can lead to a number of pathological processes, as NPs do not exhibit a
specific mechanism of action. Hence, differences in toxicity between
ZnO-NPs and Zn ions may be more apparent at the cellular level at the
immediate site of their action.

One of the main routes through which NPs can enter organisms is
the gastrointestinal (GI) tract (oral exposure). The cytotoxic impact of
any substances on the GI tract can be determined by observation of
ultrastructure and/or structural cell alterations with the application of
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either qualitative (Karpeta-Kaczmarek et al., 2016; Lourenço et al.,
2011) or quantitative methods (Amaral and Rodrigues, 2005; Wilczek
et al., 2018). Morphometric analysis is a valuable tool for the de-
termination of quantitative changes within tissues/cells and provides
data suitable for statistical analysis. This method has been successfully
applied to study the toxic effects of nanomaterials in invertebrates
(Calisi et al., 2016; Savić-Zdravković et al., 2018). We hypothesize that
in the case of earthworms, both epithelial cells and chloragogen cells
(chloragocytes) within the GI tract may be directly impacted by NPs
and/or ions, affecting the physiology of the organism.

Different theories have been proposed to explain how the toxicity
and mechanism of action of ZnO-NPs compares with those of ions at the
cellular level. Reactive oxygen species (ROS) generation has been
proposed as the main factor of ZnO-NPs toxicity (Fröhlich and Fröhlich,
2016; Unfried et al., 2007). Excessive ROS production is linked with
oxidative damage, which can lead to mitochondrial dysfunction and
ATP depletion, inhibition of organism respiration and subsequent cell
death (Berg et al., 2002; Yu et al., 2013). Clearly, Zn ions, derived from
ZnO-NPs dissolution or metal salts, can also induce ATP depletion, e.g.,
through inhibition of key enzymes in the glycolytic pathway or by di-
rect contribution to mitochondrial cytochrome c release, resulting in
cell death (Xia et al., 2008). Thus, measurements of ATP levels or its
levels relative to those of other adenine nucleotides (e.g., ADP) can be
an adequate biomarker for comparison of toxicity between metal ions
and NPs (Babczynska et al., 2011; Dziewięcka et al., 2018).

The aim of this study is to understand the nano-specific cytotoxicity
of ZnO-NPs versus that of Zn ions in the earthworm Eisenia andrei. The
research goal is to unravel the mechanistic pathways focusing on 1) if
and how gut epithelium and chloragogen cells of the GI tract are al-
tered, 2) to what magnitude changes within chloragogen tissues are
seen using morphometric analysis after 48 h of exposure, and 3) if the
ADP/ATP ratio at the level of the whole organism is changed after a 21-
day exposure and a 14-day recovery period. To address these research
questions, a similar experimental set up was used as in earlier studies
(Świątek and Bednarska, 2019; Świątek et al., 2017) in which earth-
worms were exposed to ZnO-NPs or Zn ions in Lufa 2.2 soil. The GI tract
was selected as the first barrier for ingested substances, and hence,
exposure might be expressed through structural alterations in the gut
epithelium and chloragogen cells. Considering that investigating the
narrow range of targeted cells under short-term (acute) exposure may
give an imprecise estimation of toxicity, the obtained results for the GI
tract were compared with the state of the cells at the level of the whole
organism using the ADP/ATP ratio measured a few times during long-
term (chronic) exposure.

2. Materials and methods

2.1. Soil spiking procedure

Standardized Lufa 2.2 loamy sand soil (Lufa-Speyer 2.2, Germany,
2017) was used (see Supplementary Materials for details). The effects of
two concentrations of ZnO-NPs (nominal: 500 and 1000 mg Zn kg−1

dry soil, designated ZnO-NPs 500 and ZnO-NPs 1000, respectively), two
concentrations of ZnCl2 (nominal: 250 and 500 mg Zn kg−1 dry soil,
designated ZnCl2 250 and ZnCl2 500, respectively), and one control
with ca. 27 mg Zn kg−1 dry soil (natural Zn level in soil) were studied.
The chosen concentrations corresponded to the EC25 and EC50 for
earthworm reproduction (Heggelund et al., 2014) and represented low
and medium values of typical total Zn contamination in urban areas
(Stafilov et al., 2010; Stefanowicz et al., 2008) and very high con-
centrations of predicted concentrations for ZnO-NPs (Sun et al., 2014).
ZnCl2 (used to represent treatments with ionic Zn) was added as aqu-
eous solutions, and ZnO-NPs were added as a dry powder to the Lufa
2.2 soil. Contaminated soil was mixed with a kitchen robot to obtain
homogeneously spiked soil as practically as possible. After dosing the
soil, demineralized water was added to all treatments to reach a 50%

water holding capacity (WHC) in the soil. Soils were incubated for 7
days at 20 °C before being used in the experiment. The methodology
and results of NP characterization are given in the Supplementary
Materials.

2.2. Soil physiochemical properties

To analyse the Zn concentration in soil at day 0 (start of the ex-
periment), three samples of soil per treatment were dried at 105 °C for
24 h and weighed to the nearest 0.0001 g. Soil samples were digested in
10 mL of a 4:1 mixture of HNO3:H2O2 using microwave digestion (using
the system of Titan MPSTM, PerkinElmer) and then supplemented with
30 mL of demineralized water. Zn concentrations in the solutions were
measured using flame atomic absorption spectrometry (AAS)
(PerkinElmer AAnalyst 200) and expressed in mg kg−1 dry weight
(dw). To determine analytical precision, three blanks and three samples
of a certified reference material (Sand 1, Sigma-Aldrich, with a certified
Zn concentration of 425 ± 9.1 mg kg−1) were examined with the
samples. The measured Zn concentrations in the reference material
were within 2% of the certified concentrations.

The Zn concentrations in water extracts from soil samples and ex-
tracts after ultrafiltration were additionally characterized on days 0, 7,
14 and 21 of the experiment following the method described in Świątek
and Bednarska (2019). The soil pH was measured potentiometrically
with 0.01 M CaCl2 (1:5 w/v) at days 0, 7, 14 and 21. Soil samples were
shaken at room temperature for 2 h at 2000 rpm, and after allowing the
floating particles to settle overnight, the pH was measured using a pH
meter. The soil organic matter content was determined at days 0 and 21
as loss on ignition.

2.3. Experimental design

The experiment was designed following the procedure described by
Świątek and Bednarska (2019). In brief, the toxicokinetic experiment
was performed with E. andrei earthworms (N = 300) exposed for 21
days to Zn-contaminated soil (contamination phase) and then allowed
14 days of elimination in a non-spiked control soil (decontamination
phase). Horse dung (ca. 7 mg dry weight per 1 g dry weight of soil) was
added as a source of food at the beginning of each phase prior to in-
troducing the soil into the test containers. Food was added to ensure
earthworm growth and well-being, as we expected that in an experi-
ment lasting 35 days, food deprivation might act as an additional
stressor (Spurgeon et al., 2003). Before starting the experiment, the
earthworms were acclimated to Lufa 2.2 soil for 24 h, and then they
were placed in empty Petri dishes lined with moistened filter paper for
24 h to void their gut content, washed in tap water and weighed to the
nearest 0.0001 g. Then, worms were randomly assigned to treatments
at one individual per container filled with approximately 60 g of wet
soil. Containers were kept at 20 °C and 75% relative humidity under a
16:8 h light:dark cycle. Once a week, the moisture of the soil was
checked and replenished with tap water when necessary. The details of
the E. andrei earthworm culture conditions are presented in the Sup-
plementary Materials.

2.4. Gut response measurements

For measurements of structural alterations in the gut epithelium and
chloragogen cells of the GI tract using transmission electron microscopy
(TEM), five individuals were sampled from each treatment and the
control after 48 h of exposure. The period of 48 h was selected based on
a previous study showing that the highest concentrations of Zn were
accumulated by earthworms on the 2nd day of exposure (Świątek and
Bednarska, 2019; Świątek et al., 2017). The details of the midgut dis-
section and TEM analysis sample preparation are presented in the
Supplementary Materials.

For qualitative data recording, 7 and 10 pictures were taken on
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average from each treatment for epithelium and chloragogen tissue,
respectively. The structural alterations in the gut epithelium (epithelial
damage, i.e., dilated intercellular junctions, epithelial flattening, and
filling of goblet cells) and chloragogen tissue (shape changes of the cells
and presence of the spherites) were recorded and compared to control
samples (earthworms from uncontaminated soil).

For morphometric analysis, cell images were randomly captured at
3000–8000 x magnification. For each individual, 2–6 chloragogen cells
were captured from two sections of the middle gut. This resulted in
12 cells for the control, 24 cells for ZnCl2 250, 20 cells for ZnCl2 500,
22 cells for ZnO-NPs 500 and 21 cells for ZnO-NPs 1000. For each
chloragogen cell, its area (acell), the area of the chloragosome granules
(aCH), and the area of the debris vesicles (aD) were measured. Both aCH
and aD were divided by acell to correct for the possible effect of the size
of the chloragogen cell. Thereafter, for each earthworm, average ACH/
Acell and AD/Acell ratios were calculated, and those ratios (ACH/Acell;
AD/Acell) were used for further statistical analysis. The areas of all ob-
jects (i.e., acell, aCH, and aD) were determined manually using the
ImageJ software package. Chloragosome granules and debris vesicles
were chosen for measurements because they are easily distinguishable
cytoplasmic organelles involved in ionic regulation and metal seques-
tration (Morgan et al., 2002). The earthworms for which neither
chloragosomes nor debris vesicles were observed in any of the studied
cells were excluded from further analysis. The methodology scheme
applied for quantitative data recording is presented in the Supple-
mentary Materials (Fig. S2).

2.5. ADP/ATP ratio measurements

For ADP/ATP measurements, five individuals were sampled before
the exposure was started (day 0) and 1, 2, 4, 7, 14, and 21 days (con-
tamination phase) and 22, 23, 28 and 35 days (decontamination phase)
later for each Zn treatment and control. At each sampling point, the
collected earthworms were rinsed with tap water, blotted dry on filter
paper, and kept individually for 24 h in Petri dishes lined with mois-
tened filter paper to void their gut content. Thereafter, the worms were
rinsed, blotted dry, weighed to the nearest 0.0001 g, frozen in liquid
nitrogen and stored at −80 °C until further analysis.

Frozen earthworms (whole specimens) were homogenized on ice
using a mechanical Omni tissue homogenizer (TH220-PCR). To remove
proteins from samples, 2% perchloric acid (Sigma-Aldrich, p. a.) in a
1:4 w/v ratio was added, and vortexed samples were placed on ice for
10 min. Next, samples were centrifuged (5 min, 14 000 g, 4 °C), and the
supernatants were neutralized with a mixture of 3 M KOH (Avantor
Performance, p. a.), 0.4 M Tris (Sigma-Aldrich, p. a.), and 3 M KCl
(Avantor Performance, p. a.) to reach pH 7.75–8.0, which is optimal for
luciferase activity (Babczynska et al., 2011; Napolitano and Shain,
2005) and vortexed again. After final centrifugation (5 min, 8000 g,
4 °C), the samples were immediately used for ADP/ATP ratio lumino-
metric measurements using a Bioluminescence Assay Kit, ApoSENSOR
(BioVision Inc.), according to the manufacturer's protocol. Measure-
ments were performed on 96-well plates (OptiPlate-96, PerkinElmer)
using an Infinite 200 PRO plate reader (TECAN).

Following the formula provided by the manufacturer, the cellular
energetic state of each earthworm was calculated and expressed as the
ADP/ATP ratio. According to the manufacturer's manual, the results for
ADP/ATP should distinguish four cell states: proliferation, growth ar-
rest, apoptosis and necrosis. The manufacturer did not specify ADP/
ATP values for the cell states: instead, a qualitative description is given
(see the Supplementary Materials for a detailed description of each
state). Therefore, due to the lack of method standardization, based on
our own results for ADP/ATP ratios and earthworm body mass and
survival, we arbitrarily used the maximum ADP/ATP ratio derived for
earthworms sampled at day 0 (before the exposure) as a threshold to
distinguish between cell proliferation and all other physiological states
of cells (growth arrest, apoptosis and necrosis).

2.6. Data handling and statistical analysis

The distributions of all the studied parameters were checked for
normality with Shapiro–Wilk's W test, and the homogeneity of var-
iances was checked with Levene's test. If the criteria were not met,
values of the modified z-MAD scores greater than 3.5 in absolute value
were treated as outliers and excluded from analysis. Next, the data were
either log or square root transformed, and if these steps failed, a non-
parametric test was used.

The effect of treatment (on each day) or time (within each treat-
ment) on Zn concentration in water extracts and the pH was tested
using the Kruskal-Wallis test, and if significant differences were ob-
served, a Bonferroni procedure was used to identify the pattern of
differences between treatments or among days at the 95.0% confidence
level.

To verify that individuals assigned to different treatments did not
differ in the initial (day 0) body mass, one-way ANOVA was performed.
To check whether earthworms lost body mass during the experiment,
the body mass change (BMC) index was calculated for each individual
based on the mass of the depurated earthworms according to the fol-
lowing equation: BMC = (Mn – M0)/M0, where Mn is the mass of an
earthworm at sampling day n (g), and M0 is the initial mass (at day 0) of
the same earthworm (g). The effect of treatment or time on the BMC
index was tested with the Kruskal-Wallis test for each phase (con-
tamination and decontamination) separately, and when significant
differences were found, a Bonferroni procedure was used to identify the
pattern of differences among treatments or sampling days at the 95%
confidence level. Moreover, to verify whether the BMC index changed
from pre-exposure (day 0) to after exposure (day 21) and recovery (day
35), the Kruskal-Wallis test was separately performed for each treat-
ment with time (limited to days 0, 21 and 35) as a factor.

The effect of treatment on AD/Acell and ACH/Acell was tested using
one-way ANOVA. If significant differences were observed, a post hoc
least squares difference (LSD) test was used to identify the pattern of
differences among treatments. The effect of treatment and sampling day
on the ADP/ATP ratio was separately tested for each phase using two-
way ANOVA with body mass (Mn) as a covariate. Day 0, which was
common for all treatments, was excluded from the ANOVA to allow for
testing interactions between factors. Nonsignificant (p ≥ 0.05) inter-
action and/or covariate were removed from the model. If significant
differences were observed, a post hoc LSD test was used to identify the
pattern of differences among treatments and/or exposure days. To
verify whether ADP/ATP ratios after decontamination (day 35) differed
from those after the exposure (day 21) and returned to the pre-exposure
state (day 0), the Kruskal-Wallis test was performed for each treatment
separately with time (limited to days 0, 21 and 35) as a factor.

In all Kruskal-Wallis tests, the Bonferroni correction for multiple
comparisons was applied. The data were analysed statistically using
Statgraphic Centurion XVI (StatPoint Technologies, Inc., version 18).

3. Results

3.1. Soil physicochemical properties

Zinc concentrations (mean ± SD) measured in the test soil were in
accordance with nominal concentrations, and 19.5 ± 0.3 mg Zn kg−1

dw was found in the control soil (Table S1). In general, zinc con-
centrations in the water extracts were lowest for the control, higher
than that for both EC25 treatments, and highest for both EC50 treat-
ments. The zinc concentrations in the water extracts were significantly
lower on day 21 than on day 14 in the control treatment (p = 0.007). In
the ZnCl2 250 treatment, Zn concentrations were significantly higher at
days 0 and 7 than at day 21 (p = 0.006), while in the ZnCl2 500
treatment, Zn concentrations were higher at day 0 than at day 21
(p = 0.005). No differences between days were observed in the ZnO-
NPs 500 and ZnO-NPs 1000 treatments (Table S1). In the control, ZnCl2

Z.M. Świątek, et al.

73



250 and ZnCl2 500 treatments, the average Zn concentrations in the
ultrafiltrates corresponded to 30–70%, 79–90% and 90–94% of the Zn
in the water extracts, respectively. In the ZnO-NPs 500 and ZnO-NPs
1000 treatments, the Zn concentrations in the ultrafiltrates corre-
sponded to 36–60% and 54–68% of the Zn in the water extracts (Fig.
S3).

The pH measured in soil differed between treatments and days and
was higher in soils spiked with ZnO-NPs than in the soils spiked with
ZnCl2. Significantly lower pH values were observed at day 7 than at
days 0 and 21 in the control (p = 0.007). An increase in pH was ob-
served over time, with higher values at day 21 than at day 0 in the
ZnCl2 500 (p = 0.01) and ZnO-NPs 500 (p = 0.004) treatments and at
day 14 than at day 7 in the ZnO-NPs 1000 treatment (p = 0.002) (Fig.
S4). The average soil organic matter content was similar for all treat-
ments at day 0 (3.5 ± 0.2%) and day 21 (4.6 ± 0.3%).

3.2. Earthworm responses

All the earthworms survived until the end of the experiment. The
average initial body mass (± SD) of the earthworms was
0.31 ± 0.07 g (N = 260), with no significant differences between
treatments (p = 0.65). There was no effect of sampling day on the BMC
index in either the contamination (p = 0.05) or decontamination
(p = 0.7) phase (Fig. S5). Treatment had no effect on the BMC index for
either of the two phases (p = 0.8). There were no differences in the
BMC index (p > 0.03) among days 0, 21 and 35 for any treatments
except ZnCl2 250, in which earthworms weighed more at day 35 than at
day 0 (p = 0.002). Although there were no significant differences in the
BMC index between days and among the treatments in either the con-
tamination or decontamination phases, there was a large variance in
the BMC index in the decontamination phase, suggesting that regardless
of treatment, some earthworms grew unevenly in this phase.

3.3. Midgut epithelium

The midgut epithelium of earthworms consists of two types of cells:
ciliated and gland (goblet) cells. The ciliated cells are narrow and
elongated, and a few of them form a sheath for gland cells.
Regionalization of the cytoplasm is observed with the presence of mi-
tochondria in the apical region, the nucleus in the cell centre, the Golgi
apparatus in the perinuclear region and the endoplasmic reticulum at
the base. The cytoplasm of gland cells is usually filled with vacuoles
varying in dimension and number (Kamat, 1956). In the present study,
the features that noticeably distinguished control epithelial cells from
Zn-treated epithelial cells were a loss of integrity between cells, epi-
thelial flattening, and filling of goblet cells. In comparison with the
junctions in the control (Fig. 1A), dilated intercellular junctions were
observed in all Zn treatments (Fig. 1B–E), with a relatively higher oc-
currence of this phenomenon in the ZnO-NPs 1000 treatment than in
the other Zn treatments (Fig. 1E). Similarly, epithelial flattening, visible
as a corrugation of cell walls, was observed for all Zn treatments, with a
slight flattening of the epithelium in ionic treatments (Fig. 1G and H)
and a more visible flattening in NP treatments (Fig. 1I and J) in com-
parison with the control (Fig. 1F). The gland cells of worms from ZnCl2
500 and ZnO-NPs 500 treatments were visibly larger than the corre-
sponding cells from the control, and this was related to an enlargement
of the intracellular vesicles (Fig. 1M and N). We did not find clearly
separated gland cells in the ZnCl2 250 treatment, and this might be a
result of their low activity (Fig. 1L). Likewise, gland cells from the ZnO-
NPs 1000 treatment were impossible to identify, although in this case, it
was due to substantial destruction of the epithelium (Fig. 1O).

3.4. Chloragogen tissue

The chloragogen tissue of earthworms is a diffuse layer of large,
usually club-shaped cells (chloragocytes) that separate the blood from

the coelomic fluid. The chloragocytes contain an abundance of sphe-
rical granules (chloragosomes), debris vesicles and glycogen (Prento,
1979). In metal-stressed worms, incrustations in the form of spherites
can be observed (Hopkin, 1989). In the present study, four cell shapes
were observed: 1) normal, club-shaped cells, 2) amoeboid-shaped cells,
3) swollen cells, with high numbers of vesicles in the cytoplasm, and 4)
necrotic cells. In the majority of the cells from both EC25 treatments
(ZnCl2 250 and ZnO-NPs 500) (Fig. 2C and G), no serve alterations in
the shape of the chloragocytes were observed in comparison with the
control shapes (Fig. 2A). In general, normal physiological variance
among cells was observed in EC25 treatments and the control, which
was manifested by the presence of club-shaped cells and, to some ex-
tent, detached amoeboid cells. In the case of EC50 treatments (ZnCl2
500 and ZnO-NPs 1000), amoeboid-like cells were predominantly ob-
served (Fig. 2E and I). In all Zn treatments, dead or swollen cells, with
characteristic vesiculation of cytoplasm, were found subjectively in a
smaller number in EC25 treatments (Fig. 2D and H) than in EC50

treatments (Fig. 2F and J). Completely destroyed (necrotic) cells
(Fig. 2H) and/or vesiculation of cytoplasm were distinctive for all Zn
treatments (Fig. 2D, F, H and J) and not observed in the control
treatment. Instead, in the control treatment, a small abundance of
worn-out mature cells was observed that were characterized by an
amoeboid shape, an increased occurrence of the Golgi apparatus and
rough endoplasmic reticulum (Fig. 2B). Regarding cell content, nu-
merous spherites were found in only ionic and not in NP treatments or
control (Fig. S6).

3.5. Morphometric analyses

The average earthworm chloragosome granule (ACH) to cell area
(Acell) ratio was significantly lower in both EC50 treatments than in the
control. Significantly higher ACH/Acell ratios were observed for ZnCl2
250 than for ZnCl2 500 treatment and for ZnO-NPs 500 treatment than
for ZnO-NPs 1000 treatment (p = 0.001). Differences in ACH/Acell ra-
tios were also observed for nominal concentrations of 500 mg kg−1,
with significantly higher values observed for ZnO-NP treatment than for
ZnCl2 treatment (p = 0.001, Fig. 3A). The AD/Acell ratio was sig-
nificantly higher in the ZnCl2 500 treatment than in the other treat-
ments and significantly higher in the ZnCl2 250 treatment than in the
ZnO-NPs 500 treatment (p = 0.002, Fig. 3B).

3.6. ADP/ATP ratio

In the contamination phase, the ADP/ATP ratio did not differ sig-
nificantly among treatments (p = 0.1), and a close to significant effect
of sampling day was observed (p = 0.08), with the highest average
values of the ADP/ATP ratio found at day 14 at ca. 17% higher than
those at day 1 (Fig. 4A and B). In the decontamination phase, neither
treatment (p = 0.1) nor sampling day (p = 0.4) significantly affected
the ADP/ATP ratio (Fig. 4A and C). Comparisons of ADP/ATP ratio
values between days 0, 21 and 35 for each treatment revealed sig-
nificantly higher values at day 21 than at day 0 (p = 0.01) for the
control. In ZnCl2 250, ZnCl2 500, and ZnO-NPs 500 treatments, the
ADP/ATP ratio was significantly higher at day 35 than at day 0
(p ≤ 0.01). In the ZnO-NPs 1000 treatment, the ADP/ATP ratio was
significantly higher at days 21 and 35 than at day 0 (p = 0.001) (Fig.
S7). The ADP/ATP ratio for all earthworms, i.e., regardless of treat-
ment, ranged from 1.2 to 3.8 with 50% of values above 2.3 (the
threshold above which growth arrest starts) for ZnCl2 500, 60% of
values above 2.3 for the control and ZnO-NPs 500, and 70% for ZnCl2
250 and ZnO-NPs 1000 in the contamination phase. In the deconta-
mination phase, the ADP/ATP ratio ranged from 1.6 to 3.8 with 40%
values above 2.3 for the control, 70% for ZnCl2 250, 80% for ZnCl2 500
and ZnO-NPs 500, and 95% for ZnO-NPs 1000.
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4. Discussion

This study shows the mechanistic pathway responsible for differ-
ences in the nano-specific toxicity of ZnO-NPs and Zn ions in the
earthworm E. andrei. We demonstrated a cytotoxic effect of Zn in the
form of NPs and ions in the epithelium and chloragogen tissue of E.

andrei earthworms after their short-term exposure to contaminated soil.
A qualitative study revealed the presence of spherites in only the ionic
treatments, while morphometric measurements showed that the pro-
portions of debris vesicles in the chloragocytes were lower in worms
exposed to NPs than in those exposed to ions, suggesting different
manners of regulating Zn forms. The ADP/ATP measurements did not

Fig. 1. Electron micrographs of the in-
testinal epithelium in Eisenia andrei earth-
worms exposed to Lufa 2.2 soil con-
taminated with different concentrations of
Zn nanoparticles (ZnO-NPs) and ions
(ZnCl2). Epithelial damage with dilated in-
tercellular junctions, epithelial flattening,
and filling of goblet cells is shown in the
left, middle, and right columns, respec-
tively. Note that the dilation of junctions is
marked with an arrow; epithelial flattening
is marked on a small picture in the middle
column with a red curve, and a selected
place is marked with an asterisk; enlarge-
ment of vesicles in goblet cells is marked
with an arrow head. Lumen (l), mitochon-
dria (m), microvilli (mv), vacuoles (v), zy-
mogen granules (zg), Golgi apparatus (G),
rough endoplasmic reticulum (RER), goblet
cell (gc), intestinal epithelium (e), nucleus
(n), basal lamina (bl), muscles (ms). (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)
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indicate the cytotoxic effect of Zn at the whole-body level, with no
differences between Zn treatments and control in either the con-
tamination or decontamination phases. However, compared with pre-
exposure ratios (day 0), increased ADP/ATP ratios were observed for all
Zn treatments except the control at the end of decontamination phase
(day 35). This suggests that even after the completion of Zn long-term
exposure, cellular damage may accumulate, leading to adverse effects
on the physiology of the organism at the whole-body level.

4.1. Zn partitioning in soil

Differences in Zn partitioning and soil pH were observed for the
examined forms of Zn with results consistent with those of previous
studies (Romero-Freire et al., 2017; Świątek et al., 2017). In both ionic
treatments, a significant decrease in the Zn concentration in the water
extract was observed, which might be related to metal adsorption to
organic matter and clay minerals in the solid phase or complexation
with ligands that are large enough to not enter the solution phase of the
extract (Degryse et al., 2009). The lack of changes in the water extract
Zn concentrations in ZnO-NPs 500 and ZnO-NPs 1000 treatments might
be associated with simultaneous, opposing physicochemical transfor-
mations of NPs, such as dissolution and aggregation (Goswami et al.,
2017). Differences between ionic and NP treatments were also observed
for pH, which was clearly lower in ZnCl2 treatments than in NP treat-
ments. This phenomenon may be associated with the metal salt having
higher solubility than NPs; as zinc chloride releases Zn2+, which is
prone to competition with other cations. Soil acidification in metal salt-
amended soils was also observed by García-Gómez et al. (2015) and
Speir et al. (1999).

4.2. Earthworm responses

4.2.1. Qualitative structural changes in the epithelium and chloragogen
tissue

TEM imaging showed pronounced changes in the ultrastructure of
the gut epithelium in the Zn treatments in comparison with that of
control earthworms. A marked intensity of this phenomenon was ob-
served for the treatment with the highest Zn concentration, i.e., ZnO-
NPs 1000. Dilation of the spaces at the basal plasma membrane level
and reduction in thickness of the gut epithelium were observed for all
Zn treatments, with some differences in the intensity of epithelial
flattening between NP and ionic treatments. Enlargement of the in-
tracellular vesicles in gland cells was mainly observed for ZnCl2 500
and ZnO-NPs 500 treatments. Similar to our study, Kaya et al. (2016)
observed hypertrophic gland cells in the epithelium of tilapia (Or-
eochromis niloticus) after they were exposed to small and large
(10–30 nm and 100 nm, respectively) ZnO-NPs at concentrations of 1
and 10 mg L-1. The authors indicated that gland cell hypertrophy, in
which cells increase in volume due to an enlargement of their compo-
nents, might be associated with excessive mucus production. Other
authors discussed that mucus, both excreted outside the body and re-
maining inside the digestive tracts, probably acts as a defence system
when earthworms are exposed to unpleasant or even harmful condi-
tions (Morgan et al., 1999). Therefore, in the present study, gland cell
hypertrophy was most likely associated with a volumetric increase in
vacuoles responsible for mucus production, which can be considered an
adaptive response activated to defend the cell against excessive
amounts of Zn.

Reduction in the epithelial width was predominantly detected in
earthworms exposed to the ZnO nanoform, and to a lesser extent, re-
duction was induced by Zn ions. Such qualitative data do not entitle us,
however, to state that NPs caused a significantly greater effect. Changes
in epithelial thickness have been observed in invertebrates exposed to
both metal ions and NPs (Amaral and Rodrigues, 2005; Bacchetta et al.,
2014; Lourenço et al., 2011). The dilation of intracellular spaces (i.e.,
the changes observed in this study) together with epithelium atrophy

Fig. 2. Electron micrographs of the chloragogen cells (chloragocytes) in Eisenia
andrei earthworms exposed to Lufa 2.2 soil contaminated with different con-
centrations of Zn nanoparticles (ZnO-NPs) or ions (ZnCl2). Cell shapes that were
found in the vast majority of each treatment are presented in the left column.
Cell swelling and vesiculation of the cytoplasm (marked with arrows) are
presented in the right column. Coelomic cavity (cc), chloragosome granule (ch),
debris vesicle (d), mitochondria (m), vacuoles (v), Golgi apparatus (G), rough
endoplasmic reticulum (RER), nucleus (n), spherite granule (s), necrotic cell
(nc).
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were considered initial processes of gut necrosis in E. andrei earth-
worms when exposed to soil contaminated with metals and radio-
nuclides (Lourenço et al., 2011) and L. terrestris earthworms collected
from metal-contaminated volcanic soils (Amaral and Rodrigues, 2005).

While gland cell hypertrophy might be considered an adaptive re-
sponse, both epithelial flattening and the dilation of cellular spaces are
harmful and deleterious, possibly leading to digestion failure (Rocha
et al., 2016), impaired nutrient absorption, and, as a consequence,
weight loss. In our study, no weight loss was noted, but there was also
no weight gain, which may have been partly the result of an impaired
digestive system. Our data indicate that ultrastructure changes in the
gut epithelium seem to be concentration related in E. andrei. Never-
theless, differences between treatments that were determined from
qualitative structural changes in the epithelium seem to be not reflected
in the metabolic state of the cells as determined by the ADP/ATP ratio,
as no differences between treatments, and therefore between Zn forms,
were found for ADP/ATP.

Earthworm chloragogen tissue has received extensive attention in
metal toxicity studies (Andre et al., 2009; Cancio et al., 1995; Morgan
et al., 2002). Chloragogen tissue has been recognized as having many
functions, such as balancing cation and pH levels in the blood and
coelomic fluid; the synthesis of haemoglobin; and, most importantly,
the accumulation and detoxification of metals (Cancio et al., 1995;
Morgan et al., 2002). Similar to the changes observed in the epithelium,
a qualitative study of the chloragocytes revealed that chloragocytes
were visibly different in Zn-treated earthworms than in control earth-
worms, and the most pronounced difference was manifested in vesi-
culation of the cytoplasm. Broad vesiculation of chloragocyte cytoplasm
was likewise observed in E. fetida earthworms exposed for 3–5 weeks to
sublethal concentrations of lead (500 mg kg-1) in soil (Cancio et al.,
1995). Cell swelling, bubble formation and blister formation are typical
characteristic of necrosis (D’Herde et al., 2009); therefore, it is probable

that this type of cell death has also occurred to some extent in all Zn-
treated earthworms in the present study. Although deformation and
vesiculation of chloragocytes, followed by cell death, might result in
impaired metabolic and homeostatic functions in chloragogen tissue,
the changes observed after acute exposure (48 h) were not reflected in
the earthworm metabolism after chronic exposure (21 days) and re-
covery (14 days). Importantly, no differences were observed for those
alterations between the NP and ionic treatments.

One of the most interesting findings in our study, related to cell
content, concerns the presence of spherites in the ionic treatments but
not the NP treatments. Spherites, recognized as concentrically struc-
tured type A granules, are associated with the intracellular precipitation
of calcium and magnesium phosphates and the incorporation of in-
creased concentrations of zinc and lead ions (Hopkin, 1989). Thus, their
presence may be the result of an adaptive mechanism aimed at pro-
tecting against the harmful effects of ionic zinc by binding it in con-
centric granules. The occurrence of spherites only in worms from the
ionic, but not the NP treatments, could be due to: 1) the presence of
NPs, to a certain degree, in the pristine (undissolved) form, with only a
small share of released ions and/or 2) higher availability of Zn ions in
soils with lower pH values. Uneven ion release was reflected in the
percentage of total Zn concentration in water extracts recovered after
ultrafiltration with ca. 2 times lower ion levels in NP treatments than in
ionic treatments at days 0 and 7 (Fig. S2). It seems that in the NP
treatments, ionic Zn concentrations were not high enough to promote
the production of spherite granules, and thus regulation and im-
mobilization of NPs in earthworm chloragocytes occurred in a different
way than they did in the case of ions. Moreover, considering that the
lower the pH, the more Zn ions are available to soil dwelling-organisms
(Spurgeon and Hopkin, 1996; Waalewijn-Kool et al., 2013), the lower
pH values detected in both ionic treatments (ZnCl2 250 and ZnCl2 500)
could have been responsible for the higher Zn availability and thus for

Fig. 3. Average chloragosome granule to cell area
ratio, ACH/Acell (A), and debris vesicles to cell area
ratio, AD/Acell (B), in chloragogen tissue of Eisenia
andrei earthworms exposed to Lufa 2.2 soil con-
taminated with different concentrations of Zn nano-
particles (ZnO-NPs) or ions (ZnCl2). Boxes – lower
and upper quartiles, whiskers – extend to the
minimum and maximum values, plus sign – mean
value, centre line – median, empty squares (outliers)
– between> 1.5 and 3 times the interquartile range,
squares with plus sign (far outliers) – more than 3
times the interquartile range. Different letters re-
present significant differences between treatments
(ANOVA, LSD, p < 0.05).

Fig. 4. ADP/ATP ratio in Eisenia andrei earthworms exposed to Lufa 2.2 soil contaminated with different concentrations of Zn nanoparticles (ZnO-NPs) or ions
(ZnCl2). Boxes – lower and upper quartiles, whiskers – extend to the minimum and maximum values, plus sign – mean value, centre line – median, empty squares
(outliers) – between> 1.5 and 3 times the interquartile range, squares with plus sign (far outliers) – more than 3 times the interquartile range. The vertical broken
line indicates the start of the decontamination phase. The solid horizontal line indicates no significant differences (ANOVA, LSD, p < 0.05) between treatments or
between days.
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the activation of spherite formation only in those treatments.

4.2.2. Morphometric analyses
In unstressed earthworms, chloragocytes (chloragogen cells) are to a

large extent (ca. 40%) filled with a single membrane-bounded organelle
called chloragosomes (Prentø, 1987). Under stress, however, increased
numbers of debris vesicles, which are the final destinations of cellular
organelle remnants and soluble intracellular material, are observed
(Andre et al., 2009). Debris vesicles have been proposed as a manifes-
tation of the lifecycle of chloragosomes; they are visible as organelles in
a variety of degenerative stages, which can be observed especially when
worms are exposed to unfavourable conditions (Andre et al., 2009;
Morgan et al., 2002). The morphometric techniques employed in our
study demonstrated an effective concentration-related decrease in
chloragosome area in relation to cell area. Similar results, with a de-
creased percentage volume fraction occupied by chloragosomes and
inversely correlated with Zn body burdens, were found for the earth-
worm Dendrodrilus rubidus collected from metal-contaminated sites
(Morgan et al., 2002). Morgan et al. (2002) suggested the destruction of
chloragosomes and their replacement by the formation of debris ve-
sicles as a presumable mechanism of metal immobilization and detox-
ification.

The differences in the AD/Acell ratio observed in this study between
the ionic and NP treatments were most likely associated with different
responses of cell components to different forms of Zn and their bioa-
vailability: for increased ionic Zn concentrations, the ratio increased by
7% and 30% in the ZnCl2 250 and 500 treatments, respectively, while
the ratio decreased by 21% and 3% in the ZnO-NPs 500 and 1000
treatments, respectively, compared with the control ratio. Interestingly,
the results in this study were to some extent similar to the results of our
previous study that had a similar experimental design and treatments,
where a significantly lower assimilation rate (ka) and significantly
higher elimination rate (ke) were observed for the ZnCl2 500 treatment
than for the other treatments when the kinetic parameters were related
to the porewater concentrations (Świątek et al., 2017). This was ex-
plained by higher availability of Zn in the ionic treatment, which was
associated with low pH levels. It is therefore probable that in the pre-
sent study, increased debris formation in the ionic treatments was due
to, in general, lower soil pH levels, followed by increased availability of
Zn. Clearly, free available ions must have also been released from the
soil in the ZnO-NPs 1000 treatment as there were no differences in the
AD/Acell ratio between the ZnCl2 250 and ZnO-NPs 1000 treatments.
Nevertheless, it seems that bioavailable Zn caused higher cellular
turnover, i.e., intensified sequestration and detoxification through
debris vesicles. One of the enzymes that might take part in the se-
questration of ions but not NPs is acid phosphatase, as it is associated
with chloragosome activity (Cancio et al., 1995). For instance, Hu et al.
(2012) observed, compared with the control activity, significantly
higher activity of acid phosphatase after a 14-day exposure of E. fetida
earthworms to AgNO3 at 500 mg Ag kg-1 and significantly lower ac-
tivity after exposure to the same concentration of Ag-NPs. Determining
the exact cellular mechanism behind these differences needs to be
further studied.

4.2.3. ADP/ATP ratio
The metabolic state of the cells measured at the level of the whole

organism did not differ among treatments and days, in either the con-
tamination or decontamination phase. Nevertheless, a clear trend of the
ADP/ATP ratio being elevated compared to its day 0 value was found
for all sampling days and treatments, with significant differences be-
tween pre-exposure (day 0) and the last day of exposure (day 21) in the
treatment with the highest nominal Zn concentration (ZnO-NPs 1000)
and the control. Thus, the observed progressive metabolic changes
could be due to not only Zn exposure but also other factors, such as the
response of earthworms to changes in the soil type, handling (Arnaud
et al., 2000) or imbalance in the elemental composition of the studied

soil. On the other hand, the fact that the ADP/ATP ratio remained at
elevated levels after decontamination was completed (day 0 vs. day 35)
in all Zn treatments but not in the control indicates that earthworms
were somehow affected by the previous exposure to Zn. Surprisingly,
these results contradict results from our previous study, where, e.g.,
cellular energy reserves (proteins, carbohydrates and lipids) returned to
their levels before Zn exposure (Świątek and Bednarska, 2019). The
reason is unclear but may be the different sensitivities of different
biomarkers.

In the present study, measurements of the ADP/ATP ratio at the
whole-body level revealed that the metabolic state of the cells from Zn
treatments was only slightly affected by metal exposure, with no dif-
ferences between ions and NPs. Similar ADP/ATP ratios were above 2.3
(i.e., the threshold distinguishing proliferating and non-proliferating
cells) in all studied treatments in the contamination phase (i.e., be-
tween 50 and 70%), while in the decontamination phase, only 40% of
the values were above 2.3 in the control; however, as many as 70–95%
of the values were above that threshold in Zn treatments. This indicates
that at least three-quarters of the cells measured in earthworms from Zn
treatments were in non-proliferation states in the decontamination
phase. Regardless of this high percentage of cells with low viability
and/or death, no injuries or mortality were observed at the whole-body
level; therefore, the threshold value of 2.3 should be treated in this case
as a proxy rather than as a direct indicator of earthworm well-being.
Based on structural alterations in the gut epithelium and chloragogen
tissue and no significant changes in the BMC index (i.e., no weight gain
or loss), it is probable that growth of the cells ceased and that cells died
via programmed death or necrosis more frequently in the epithelium
and chloragogen tissue of the GI tract than in other parts of the body.
Whether the changes observed in the GI tract accumulate under pro-
longed exposure to either EC25 or EC50 values for reproduction, leading
to a reduction in growth, vitality and fitness, needs to be further stu-
died.

5. Conclusions

Zinc as both ions and NPs caused cytotoxic effects in the earthworm
GI tract that were visible as dilated intercellular junctions, tissue flat-
tening, and filling of goblet cells in the epithelium and as cell swelling
and vesiculation of cytoplasm in chloragocytes. The application of an
unsophisticated morphometric method shed light on significantly dif-
ferent proportions of debris vesicles within the chloragocytes, which
depended on the Zn form (ions vs. NPs). Differences were also reflected
in the presence of spherites in ionic but not NP treatments. Both debris
vesicles and spherite formation were probably associated with free Zn
availability. The degenerative changes observed for Zn treatments at
the cellular level in the GI tract were not reflected in changes in the
ADP/ATP ratio. Interestingly, in the earthworms previously exposed to
Zn, the ADP/ATP ratio did not return to its state from before the ex-
posure, indicating a smaller percentage of proliferating cells at the end
of the experiment in Zn treatments than in the control. Our study
provides new insights into the mechanisms of nano-specific effects that
are distinctive from ion regulation inside the GI tract and furthers our
understanding of the relationship between the effects observed at the
cellular and whole-body levels.
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SUPPLEMENTARY MATERIAL 

Świątek, Z.M., Woźnicka, O., Bednarska, A.J., 2020. Unravelling the ZnO-NPs 

mechanistic pathway: Cellular changes and altered morphology in the gastrointestinal 

tract of the earthworm Eisenia andrei. Ecotoxicol. Environ. Saf. 196, 110532. (DOI: 

10.1016/j.ecoenv.2020.110532) 

 

MATERIALS AND METHODS 

Test species 

E. andrei earthworms were obtained from a laboratory culture kept in the 

Institute of Environmental Sciences, Jagiellonian University in Cracow, Poland. The 

earthworms were fed horse manure free of any pharmaceuticals and cultured at 20°C in 

darkness. Adult earthworms of 4.5 months with well-developed clitella were selected 

for use in the experiment. 

Soil spiking procedure 

The Lufa 2.2 soil properties were determined to be a pHCaCl2 of 5.6 ± 0.4, total 

organic carbon content of 1.73 ± 0.27%, and cation exchange capacity of 9.8 ± 0.5 meq 

100 g-1, and the soil was maintained at maximum water holding capacity (WHC) of 45.8 

± 1.9% (w/w). ZnO-NPs (25 nm) were used as a powder without surfactant or a coating 

obtained from PlasmaChem GmbH (Germany). 

Nanoparticle characterization 

Physicochemical properties of the NPs were determined previously (Świątek and 

Bednarska, 2019) and showed that the morphology, primary particle size and 

composition of the NPs were in agreement with the values provided by the 

manufacturer. Nevertheless, to confirm that NPs did not change during storage, 

morphology and size analysis were performed once more by transmission electron 

microscopy (TEM) using a high-resolution analytical transmission electron microscope 

(FEI Tecnai Osiris) equipped with an X-FEG Schottky field emitter (200 kV). Prior to 
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microscopic analysis, the samples were dispersed in ethanol and dropped on a lacey 

carbon film supported on a copper grid (Ted Pella Inc., 300 mesh). The average primary 

particle diameters (± SD) were determined by measurement of the particles (N = 100) in 

random fields of ten images using ImageJ software package. 

Gut response measurements 

The earthworm midgut was dissected under a stereoscopic microscope and used 

for further analysis. The midguts of individual earthworms (N = 5 per treatment) were 

fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer overnight and then in 1% OsO4 

in 0.1 M cacodylate buffer for 1 h at 4°C. After fixation, the tissues were dehydrated in 

an ethanol series and twice in propylene oxide. They were embedded in Poly/bed 812 

(Polysciences) resin, and after polymerization, two ultrathin sections (70 nm) of the 

middle gut were cut with a Leica EM UC7 and collected on single-slot grids coated with 

a formvar film. The sections were stained with uranyl acetate and lead citrate and then 

viewed and photographed with a JEOL 2100HT TEM instrument for structural analysis 

of the midgut cells. 

ADP/ATP ratio measurements 

The states provided by manufacturer can be described accordingly: 

1) proliferation – physiological state in which more cells are formed than are 

undergoing disorders or death; 2) growth arrest – state in which inhibition of cellular 

growth is predominantly observed; 3) apoptosis – programmed cell death, characterized 

by cell shrinkage, decreased volume and cell rounding; and 4) necrosis – cell death, 

characterized by cell swelling with small surface evaginations in the form of bubbles or 

blisters. No ADP/ATP values are given for the abovementioned cell states. Instead, the 

qualitative description is provided as follows: 1) proliferation is associated with 

relatively very low levels of ADP and very high levels of ATP, 2) growth arrest is 

associated with low levels of ADP and increased levels of ATP, 3) apoptosis is 

characterized by high levels of ADP and low levels of ATP and 4) necrosis is connected 

to substantially increased levels of ADP and very low levels of ATP. 
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RESULTS 

ZnO nanoparticle characterization 

TEM analysis showed that the particles were spherical (Fig. S1) with the average 

primary particle diameter (± SD) equal to 24.3 ± 6.2 nm (the manufacturer-provided 

particle size was ca. 25 nm). Full details and results of particle characterization can be 

found in Świątek and Bednarska (2019). 
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FIGURES 

 

Fig. S1 Transmission electron microscopy of PlasmaChem GmbH ZnO nanoparticles (ZnO-NPs), which were used to study cellular changes in 

the intestine and ADP/ATP ratio in earthworms after exposure to zinc nanoparticles or ions via soil. 
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Fig. S2 The methodology scheme applied for quantitative data recording. 
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Fig. S3 Percentage of total Zn concentration in water extracts recovered after ultrafiltration, in soil spiked with different concentrations of ZnCl2 

or ZnO-NPs; ultrafiltrates collected at days 0, 7, 14 and 21.  
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Fig S4 pHCaCl2 of Lufa 2.2 soil spiked with different concentrations of ZnCl2 or ZnO nanoparticles (ZnO-NPs) and control soil, measured at days 

0, 7, 14 and 21. Boxes – lower and upper quartiles, whiskers – extend to the minimum and maximum values, plus sign – mean value, center line 

– median, squares (outliers) – between >1.5 and 3 times the interquartile range, squares with plus sign (far outliers) – more than 3 times the 

interquartile range. A, B – Different uppercase letters indicate significant differences between days within each treatment; Kruskal-Wallis test 

with Bonferroni 95.0% confidence level, (p ≤ 0.01 after Bonferroni correction for multiple comparison). a, b – Different lowercase letters 

indicate significant differences among treatments at each day; Kruskal-Wallis test with Bonferroni 95.0% confidence level (p ≤ 0.0125 after 

Bonferroni correction for multiple comparisons). 
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Fig. S5 Body mass change (BMC) index of the Eisenia andrei earthworms exposed to Lufa 2.2 soil contaminated with different concentrations 

of Zn nanoparticles (ZnO-NPs) or ions (ZnCl2). Boxes – lower and upper quartiles, whiskers – extend to the minimum and maximum values, 

plus sign – mean value, center line – median, empty squares (outliers) – between >1.5 and 3 times the interquartile range, squares with plus sign 

(far outliers) – more than 3 times the interquartile range. The vertical broken line indicates the start of the decontamination phase. Solid 

horizontal line indicates no differences among days and between treatments; Kruskal-Wallis test with Bonferroni 95.0% confidence level, 

(p ≤ 0.025 after Bonferroni correction for multiple comparisons). 
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Fig. S6 Electron micrographs of the chloragogenous tissue in Eisenia andrei earthworm exposed to Lufa 2.2 soil contaminated with different 

concentrations of ions (ZnCl2). Note that spherites (black circle) were observed only in earthworms exposed to ZnCl2 250 (A) and ZnCl2 500 (B) 

treatments. Coelomic cavity (cc), chloragosome granule (ch), debris vesicle (d), mitochondrium (m), nucleus (n), vesicle (v).  
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Fig. S7 ADP/ATP ratio in the Eisenia andrei earthworms exposed to Lufa 2.2 soil 

contaminated with different concentrations of ionic Zn (A, B), ZnO-NPs (C, D) and 

control soil (E). Boxes – lower and upper quartiles, whiskers – extend to the minimum 

and maximum values, plus sign – mean value, center line – median, empty squares 

(outliers) – between >1.5 and 3 times the interquartile range, squares with plus sign (far 

outliers) – more than 3 times the interquartile range. A, B – different lowercase letters 

indicate significant differences between days; Kruskal-Wallis test with Bonferroni 

95.0% confidence level (p ≤ 0.01 after Bonferroni correction for multiple comparisons).  
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TABLES 

Table S1 Average (± standard deviation) zinc concentrations measured in Lufa 2.2 soil and water extracts in control soil and soil spiked with 

different concentrations of ZnCl2 or ZnO-NPs; water extracts collected at day (T): 0, 7, 14 and 21. 

Treatment 

Zn concentration in soil (μg g-1) Zn concentration in water extracts (μg mL-1) 

Nominal Actual 
T = 0 

(N = 3) 

T = 7 

(N = 4) 

T = 14 

(N = 4) 

T = 21 

(N = 4) 

Control 0 19.5 ± 0.3 0.05 ± 0.01 AB a 0.06 ± 0.01 AB a 0.07 ± 0.02 A a 0.03 ± 0.003 B a 

ZnCl2 
250 257.5 ± 6.5 1.03 ± 0.06 A ab 0.93 ± 0.10 A ac 0.84 ± 0.06 AB ac 0.75 ± 0.04 B ac 

500 522.2 ± 15.9 4.71 ± 0.10 A b 3.12 ± 0.09 AB bd 2.89 ± 0.56 AB bd 2.39 ± 0.10 B bc 

ZnO-NPs 
500 513.2 ± 22.7 1.31 ± 0.01 A ab 1.25 ± 0.06 A ad 1.46 ± 0.34 A ad 1.26 ± 0.08 A acd 

1000 1007.5 ± 5.3 2.42 ± 0.02 A ab 2.62 ± 0.29 A bcd 2.27 ± 0.03 A bcd 2.61 ± 0.20 A bd 

A, B – Different uppercase letters indicate significant differences between days within each treatment; Kruskal-Wallis test with Bonferroni 95.0% confidence level, (p ≤ 0.01 

after Bonferroni correction for multiple comparisons) 

a, b – Different lowercase letters indicate significant differences among treatments at each day; Kruskal-Wallis test with Bonferroni 95.0% confidence level, (p ≤ 0.0125 after 

Bonferroni correction for multiple comparisons).  
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ABSTRACT 

In the present study, the effects of zinc nanoparticles (ZnO-NPs) and ions 

(ZnCl2) on the mortality, growth, maturation, and cellular respiration of the earthworm 

Eisenia andrei were assessed. Earthworms were individually exposed for 98 days, 

starting from the juvenile stage, to soils contaminated with either ZnO-NPs or ZnCl2 

(125, 250, 500 and 1000 mg Zn kg-1 dry weight (dw)). Exposure to the highest-

concentration ionic treatments (500 and 1000 mg kg-1) caused 100% mortality, while for 

other treatments, mortality did not exceed 15% at the end of exposure. Compared to the 

control treatment, both 125-1000 mg kg-1 ZnO-NPs and 125 or 250 mg kg-1 ZnCl2 

stimulated earthworm growth. ZnO-NPs and ZnCl2 caused different responses at 

medium Zn concentrations (250 and 500 mg kg-1): earthworms exposed to ionic 

treatment at 250 mg kg-1 were characterized by a significantly lower growth constant, 

lower respiration rate, later inflection point, and higher final body weight than those 

exposed to ZnO-NPs treatments at the same (250 mg kg-1) or twice as high (500 mg kg-

1) nominal Zn concentrations. However, differences were not observed in all examined 

parameters between studied forms when the highest-concentration ZnO-NPs treatment 

was compared with the lowest-concentration ionic treatment, which was likely due to 

the same levels of available Zn concentrations in those treatments. Overall, this study 

indicates that exposure of E. andrei earthworms to medium levels of either ZnO-NPs or 

ZnCl2 results in subtle differences in growth and maturation and pronounced differences 

in cellular respiration. 
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1 INTRODUCTION 

Nanoparticle (NP) pollution is a very important issue that has been studied and 

discussed intensively for the last two decades. Despite their high technological 

potential, concern regarding the unintentional release of nanoparticles (NPs) into the 

environment (Adam and Nowack, 2017), where they can have a negative impact on 

organisms (Lead et al., 2018), is increasing. Zinc oxide NPs (ZnO-NPs) are among the 

most commonly used, with wide application in solar panels, paints and coatings, and 

UV-protection sunscreens (Mirzaei and Darroudi, 2017; Sun et al., 2018). Although the 

predicted environmental concentrations of metallic NPs are very low (Sun et al., 2014) 

in comparison with those of naturally occurring elements (Kabata-Pendias, 1995), 

a prognosis indicated an inevitable increase in NPs in different environmental 

compartments, including soil ecosystems (Adam and Nowack, 2017). Studies on the 

effects of the NP form of metals on soil invertebrates are of great importance, especially 

because NPs are increasingly considered food supplements or fertilizers (Jain et al., 

2018; Swain et al., 2016). 

Concerns about NP toxicity have caused ZnO-NPs to be intensively studied with 

various standard ecotoxicological tests (Hou et al., 2018; Rajput et al., 2018). However, 

some authors indicate that the present standardized methods proposed by the 

Organization for Economic Co-operation and Development (OECD) or the 

International Organization for Standardization (ISO) might not be suitable for NP 

ecological risk assessment (Bicho et al., 2015; Waissi-Leinonen et al., 2015). Current 

test protocols and guidelines developed for soil invertebrates are designed to assess 

mostly short-term toxic effects of chemicals on endpoints such as the avoidance 

behaviour, survival and reproduction of adult organisms (van Gestel, 2012). 

Nonetheless, examination of adult organisms within a short period of time (relative to 

their entire lifetime) may lead to underestimation of toxic effects, as the sensitivity of 

juvenile and adult organisms can differ (Kammenga et al., 1996; van der Ploeg et al., 

2011). Long-term studies and more appropriate endpoints have been recognized to 

provide more ecologically relevant information (Amorim, 2016). For instance, a full life 

cycle test was developed by Bicho et al. (2015, 2016) for the soil enchytraeid 

Enchytraeus crypticus to study effects not only on survival and reproduction but also on 

hatching success and growth. Laskowski (2001), in turn, suggested that whenever 

accumulation of a chemical throughout the life span of an individual is expected, 
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ecotoxicological experiments should cover at least 2/3 of the total life span. Clearly, 

a full life cycle test is feasible for species with short lifespans but not for those that live 

for several years. For example, to evaluate the effects of metals on the intrinsic rate of 

population increase in the earthworm Lumbricus rubellus, which can live up to 10 years, 

Spurgeon et al. (2003) performed specifically designed tests with individuals at 

different life stages. Moreover, different biomarkers can be applied in life cycle studies 

to obtain a broader understanding of toxic effects (Das et al., 2018; Lončarić et al., 

2020; Žaltauskaitė and Sodienė, 2014). 

Although the juvenile period is crucial for the population growth rate, only a few 

authors have focused on the toxic effects of NPs on juvenile earthworms to date. Van 

der Ploeg et al. (2011) examined the C60 NP effect on the L. rubellus growth rate and 

effects on the population growth rate after long-term culturing, from the juvenile to 

adult stage, in contaminated natural soil. The authors showed a decreasing population 

growth rate with increasing C60 concentration (van der Ploeg et al., 2011). 

Subsequently, Das et al. (2018) proved that compared with controls, juvenile Eisenia 

fetida earthworms cultured for 120 days in natural soil contaminated with Ag NPs 

exhibited concentration-dependent decreases in survival and body weight with gut 

histopathological changes and increased enzyme activities at the end of exposure. To 

the best of our knowledge, the first and so far only attempt to assess the toxic effects of 

ZnO-NPs on juvenile earthworms was made by Lončarić et al. (2020), who performed 

a multigenerational test on Dendrobaena veneta in which the effects of ZnO in nano or 

bulk form and the insecticide chlorpyrifos on survival, reproduction, growth rate, and 

molecular biomarkers were studied. Interestingly, no effects on earthworm growth 

dynamics or biomarkers were observed after exposure to solely ZnO-NPs at 

a concentration of 900 mg kg-1 dry weight (dw) soil compared with the control 

(Lončarić et al., 2020). Nevertheless, Lončarić et al. (2020) focused on the toxicity of 

ZnO in either nano or bulk form mixed with chlorpyrifos, and in our study, we 

compared the effects of different forms of Zn (ZnO-NPs vs ZnCl2) over a wide range of 

concentrations. 

The aim of this study was to determine the impact of Zn as NPs or ions on life 

cycle parameters, such as survival, growth rate, and maturation, of juvenile E. andrei 

earthworms after long-term exposure to contaminated LUFA 2.2 soil. Additionally, the 

cellular respiration of earthworms that had developed in Zn-contaminated soil was 

determined by measuring the electron transport system (ETS) activity. Our previous 
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study on the energy budget of E. andrei adults indicated that ETS activity is the most 

sensitive biomarker of toxic exposure to either ZnO-NPs or ZnCl2 (Świątek and 

Bednarska, 2019). 

2 MATERIALS AND METHODS 

2.1 Soil spiking procedure 

Standardized loamy sand soil (LUFA-Speyer 2.2, Germany, 2017) was used (see 

Supplementary Materials for details). ZnO-NPs (25 nm) were used as a powder without 

any surfactant or coating (PlasmaChem GmbH). The primary particle size and elemental 

composition were determined previously (Świątek and Bednarska, 2019). Soil spiked 

with zinc chloride salt (ZnCl2, Merck Group) was used to represent treatments with 

ionic Zn. The effects of four concentrations of ZnO-NPs (nominally 125, 250, 500 and 

1000 mg Zn kg-1 dw soil, designated as ZnO-NPs 125, ZnO-NPs 250, ZnO-NPs 500 and 

ZnO-NPs 1000, respectively), four concentrations of ZnCl2 (nominally 125, 250, 500 

and 1000 mg Zn kg-1 dw soil, designated as ZnCl2 125, ZnCl2 250, ZnCl2 500 and 

ZnCl2 1000, respectively), and one control with natural Zn levels in soil were studied. 

The selected treatments are hereafter referred to as low (125 mg kg-1), medium (250 and 

500 mg kg-1) and high (1000 mg kg-1). Moreover, ZnCl2 250 and ZnO-NPs 500 

corresponded to concentrations causing a 25% decrease (EC25), and ZnCl2 500 and 

ZnO-NPs 1000 corresponded to concentrations causing a 50% decrease (EC50) in 

earthworm reproduction (Heggelund et al., 2014). For convenience, the studied 

compounds were introduced into soil using different methods. ZnCl2 was applied as an 

aqueous solution, and ZnO-NPs were dosed as a dry powder, followed by the addition 

of sufficient water to attain a soil moisture content that was equivalent to 50% of the 

water-holding capacity (WHC). The spiking procedure is fully described in Świątek et 

al. (2017). After spiking, each batch of soil was thoroughly mixed using a kitchen robot 

to achieve a homogenous distribution, and the soil was equilibrated for seven days 

before the start of the experiment. 

2.2 Experimental design 

A juvenile toxicity test was designed based on previous studies performed by 

Spurgeon et al. (2004) and Žaltauskaite and Sodiene (2014). Twenty replicates (round 
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plastic containers filled with approximately 110 g of wet soil) were prepared per Zn 

treatment, and thirty replicates were prepared for the control. E. andrei earthworms (N 

= 190) were removed from culture medium, washed in tap water, blotted dry, weighed 

to the nearest 0.0001 g and randomly assigned to treatments at one individual per 

container. Due to the small size of the worms and their possible mechanical damage 

while being transferred to experimental containers, containers were checked 8 h after 

starting the experiment to replace damaged or dead worms with healthy ones. All 

experimental containers were kept at 20°C and 75% relative humidity (RH) under 

a 16:8 (L:D)-h photoperiod for a total of 98 days (14 weeks). The mortality and growth 

of earthworms were monitored fortnightly. For surviving earthworms, growth was 

assessed by weighing the previously washed and blot-dried worms. Sexual development 

was monitored at days 56, 70, 84, and 98 and recorded following van Gestel et al. 

(1991): earthworms with a full clitellum were marked as adults, and individuals without 

this reproductive structure were marked as juveniles. To ensure that the earthworms had 

sufficient food, horse manure was supplied every second week. At the beginning of the 

experiment and after two weeks, due to the small size of the worms, ca. 0.175 g dw of 

horse manure was added to each container. The amount of added manure was increased 

to ca. 0.26 g dw at days 28 and 42 and to 0.35 g dw for all sampling days thereafter. At 

sampling points, changes in soil moisture were monitored by weighing the containers, 

and tap water was added if necessary. At the end of the experiment, earthworms were 

collected, rinsed with tap water, blotted dry on filter paper, and weighed. Then, the 

animals were kept individually for 24 h in Petri dishes lined with moistened filter paper 

to void their gut content. Afterwards, the worms were again rinsed with tap water, 

blotted dry, weighed, and then frozen in liquid nitrogen and stored at −80°C until 

further analysis. Details about E. andrei earthworm culture are presented in the 

Supplementary Materials. 

2.3 Cellular respiration rate measurements 

The cellular respiration rate was determined by measuring the activity of the 

ETS as described by Świątek and Bednarska (2019). Earthworms were homogenized on 

ice using a mechanical Omni tissue homogenizer (TH220-PCR), and measurements 

were performed in 96-well plates (Sarstedt) using a μQuant spectrophotometer (Bio-Tek 

Instruments). Earthworms were homogenized in 600 μL of buffer (0.08 M Tris base-

99



HCl (pH 8.5), 15% (w/v) polyvinylpyrrolidone (PVP), 153 µM MgSO4, and 0.2% (w/v) 

Triton X-100). Then, 150 µL of homogenate was centrifuged (1000 × g, 10 min, 4°C) 

and diluted, if necessary, using ice-cold homogenization buffer. Each sample was 

analysed in triplicate. ETS activity was quantified by adding 150 µL of buffered 

substrate solution (0.13 mM Tris base-HCl (pH 8.5), 0.3% (w/v) Triton X-100, 1.7 mM 

NADH, 250 µM NADPH) to 50 µL of the resulting supernatant. To start the associated 

colorimetric reaction, 100 µL of reagent solution (INT) was added, and the absorbance 

was measured kinetically at 490 nm every 36 s for 3 min at 20°C. Formazan production 

was determined by measuring the absorbance of the sample against that of the blank 

using ɛ = 15900 M-1 cm-1. The oxygen consumption rate was determined from the ETS 

activity based on the theoretical stoichiometric relationship that for each 2 µM formazan 

formed, 1 µM oxygen is consumed by the ETS. The quantity of oxygen consumed was 

expressed per g body weight (µL O2 h-1 g-1). 

2.4 Soil physicochemical analysis 

To validate the Zn concentration in the test soil, at the start of the experiment 

(day 0), soil samples were collected from three randomly selected test containers per 

treatment. First, soil samples were dried at 105°C for 24 h, weighed to the nearest 

0.0001 g, digested in 10 mL of a 4:1 mixture of HNO3:H2O2 (using the Titan MPSTM 

system, Perkin Elmer) and ultimately supplemented with 30 mL of demineralized water. 

Zn concentrations in the solutions were measured using flame atomic absorption 

spectrometry (AAS, Perkin Elmer AAnalyst 200, detection limit 0.011 mg L-1) and 

expressed in mg kg-1 dw. To determine the analytical precision, three blanks and three 

samples of a certified reference material (Sand 1 CRM048, Sigma-Aldrich; with 

a certified Zn concentration of 425 ± 9.14 mg kg-1) were examined with the soil 

samples. The measured Zn concentrations in the reference materials were within 16% of 

the certified concentrations. 

Soil samples collected at days 0, 14, 56 and 98 were also analysed for Zn 

concentrations in water extracts and pH. The water-extractable Zn concentration was 

measured after shaking the soil samples with demineralized water (1:4 w/v) (for 2 h at 

2000 rpm at room temperature) and filtering through cellulose acetate paper (Eurochem 

BGD). Afterwards, extracts were acidified with HNO3 and analysed for Zn 

concentration using flame AAS (Perkin Elmer AAnalyst 200). To determine the 
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analytical precision, blanks and standard solutions with known Zn concentrations were 

analysed alongside the samples. The soil pH was measured with 0.01 M CaCl2 (1:5 

w/v). The soil samples were shaken for 2 h at 2000 rpm at room temperature, and after 

overnight settling of the floating particles, the pH was measured using a digital pH 

meter. The soil organic matter content was determined at days 0 and 98 as loss on 

ignition. 

2.5 Data analysis 

Distributions of data for all the studied endpoints were assessed for normality 

with Shapiro–Wilk’s W test, and the homogeneity of variances was analysed with 

Levene’s test. If the criteria were not met, the data were either log- or square root-

transformed, or a nonparametric test was used. Because all earthworms exposed to 

ZnCl2 500 and ZnCl2 1000 treatments died before the 56th day, soil was not sampled and 

analysed for days 56 and 98. Only individuals that survived until the end of the 

experiment were considered in the analysis of the endpoints (growth rate parameters, 

body weight comparisons after exposure, maturity assessment, ETS activity).  

The effects of treatment (separately for each sampling day) and time (separately 

for each treatment) on the Zn concentration in water extracts, soil pH, and the organic 

matter content were tested using the Kruskal-Wallis test with Bonferroni correction for 

multiple comparisons. Bonferroni intervals were used to identify differences between 

treatments or between days at the 95.0% confidence level.  

One-way ANOVA was used to verify that the mean initial body mass of 

earthworms did not differ among treatments before starting the experiment (day 0) and 

to test the treatment effect on the final body weights (after voiding the gut) of the 

developed earthworms at the end of the experiment. The initial body weight was not 

corrected for gut load in the present study, as the contribution of the gut load to the total 

weight at this developmental stage can be regarded as negligible (Curry and Bolger, 

1984; Martin, 1986). For an adult E. andrei, the gut load can account for up to ca. 14-

16% of the total weight (this study; Arnold and Hodson, 2007). There is, however, no 

consensus on whether the ratio of gut load-to-body weight is fixed under different 

environmental conditions (Hendriksen, 1991; Jager et al., 2003), as this ratio can 

depend on various factors (Curry, 2007). Therefore, although the body weight with the 

gut load was used to calculate the growth rate during the experiment, the depurated 
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body weight was used to compare final body weights at the end of experiment as the 

depurated body weight was also included in our calculations of oxygen consumption 

(expressed per g body weight). 

Survival curves were compared between treatments with the log-rank test, and 

because significant differences were found (p < 0.0001, log-rank test), pairwise 

comparisons were performed between the control and each Zn treatment, within 

treatments with the same nominal concentrations (ZnCl2 vs ZnO-NPs), and within 

treatments with the same effective concentrations, i.e., either the EC25 (ZnCl2 250 vs 

ZnO-NPs 500) or the EC50 (ZnCl2 500 vs ZnO-NPs 1000). 

Individual growth (measured as wet weight) during the experiment was 

examined by fitting Gompertz growth curves to time series weight values of those 

earthworms that survived until the end of the experiment. The Gompertz growth curve 

describes a sigmoidal pattern of growth and has been previously shown to accurately 

describe earthworm growth (Spurgeon et al., 2004; Žaltauskaitė and Sodienė, 2014). 

The equation adopted from Tjørve and Tjørve (2017) is as follows: 

𝑊𝑊𝑡𝑡 = 𝐴𝐴 + (𝐶𝐶 − 𝐴𝐴) 𝑒𝑒−𝑒𝑒−𝐵𝐵(𝑡𝑡−𝑀𝑀) 

where Wt is the weight at time t, A is the lower asymptotic weight (g), C is the upper 

asymptotic weight (g), B is the Gompertz growth constant (day-1), and M is age at the 

inflection point (days). The lower asymptotic weight (A) was fixed in all calculations 

based on the worm weight measured at day 0. The maximum growth rate (Gmax, g day-1) 

at the inflection point was calculated as B×C/e. One-way ANOVA was used to assess 

the treatment effect on the estimated growth parameters (B, M, Gmax) and the maturation 

weight (g), i.e., the weight at which a fully developed clitellum was observed; if 

significant differences were found, a least significant difference (LSD) procedure was 

used at the 95.0% confidence level. The maturation time (days), i.e., the first sample 

point at which a fully developed clitellum was observed, was compared among 

treatments with the Kruskal-Wallis test, and if significant differences were observed, 

a Bonferroni procedure was used at the 95.0% confidence level. One-way ANOVA was 

used to assess the effect of treatments on ETS activity. The data were analysed 

statistically using Statgraphic Centurion XVI (StatPoint Technologies, Inc., version 18). 
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3 RESULTS 

3.1 Soil total and water-extractable concentrations 

The measured total Zn concentrations in the soil were in accordance with 

nominal values (Table S1) and the total Zn concentration in the control soil was 27.5 

± 1.7 mg kg-1 dw (average ± standard deviation, SD; n=3). Significantly lower water-

extracted Zn concentrations were observed with the ZnO-NPs 125 treatment than with 

the ZnCl2 1000 treatment at day 14 (p = 0.004). Additionally, significantly lower water-

extracted Zn concentrations were observed with ZnO-NPs 125 than with ZnO-NPs 1000 

at days 56 and 98 (p ≤ 0.008). After the Bonferroni correction for multiple comparisons 

was applied (p ≤ 0.006), the difference in the water-extracted Zn concentrations 

between days proved to be nonsignificant for each treatment. Nevertheless, in general, 

a slight decrease in water-extractable concentrations was noted over the 98-day 

exposure period in all treatments (Table S1). 

3.2 Soil pH and organic matter content 

The soil pH was predominantly higher in soils contaminated with ZnO-NPs than 

in those with ZnCl2. The pH was significantly lower with the ZnCl2 500 and ZnCl2 1000 

treatments than with the ZnO-NPs 1000 treatment at days 0 and 14 (p ≤ 0.002). On day 

56 in the control and ZnCl2 125 treatments and on day 98 in the ZnCl2 125 and 

ZnCl2 250 treatments, the pH was significantly lower than that in the ZnO-NPs 1000 

treatment (p ≤ 0.005). After applying the Bonferroni correction for multiple 

comparisons (p ≤ 0.006), differences in the pH values between days appeared to be 

nonsignificant. Nevertheless, in general, a slight increase was observed for ionic 

treatments, while a decrease followed by an increase in pH levels was observed for NP 

treatments over the exposure period (Table S2). Regarding soil organic matter content, 

there were no differences between treatments (p = 0.9). Although an increase in organic 

matter content was observed from day 0 (4.4 ± 0.21%) to day 98 (5.8 ± 0.42%) (average 

± SD), after the Bonferroni correction for multiple pairwise comparisons was applied 

(p ≤ 0.006), differences appeared to be nonsignificant for all treatments. 
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3.3 Mortality 

In the ZnCl2 500 and ZnCl2 1000 treatments, mortality reached 100% by days 56 

and 28, respectively. Three of 20 earthworms exposed to the ZnO-NPs 500 treatment 

died (15% mortality), while in the remaining treatment groups, mortality did not exceed 

5% during exposure. Survival curves for different exposure conditions (9 treatments) 

differed significantly (p ≤ 0.0001). Pairwise comparisons of survival curves revealed 

that both ZnCl2 500 and ZnCl2 1000 treatments showed significantly increased mortality 

in comparison to the control (p < 0.0001, log-rank test) and NP treatments with the 

same nominal concentrations (p < 0.0001). No differences in survival curves were 

found between EC25 treatments (ZnCl2 250 vs ZnO-NPs 500) (p = 0.08), but the curves 

for the treatments with concentrations corresponding to the EC50 (ZnCl2 500 vs ZnO-

NPs 1000) differed significantly (p < 0.0001) (Table S3). 
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Table 1. Gompertz parameters (A – lower asymptotic weight, fixed from data (g), C – upper asymptotic weight (g), B – Gompertz growth 

constant (day-1), M – age at the inflection point (days)), body weight (g), and maturation time (days) of E. andrei cultured over the period of 98 

days in control soil or soils contaminated with either ZnCl2 or ZnO-NPs. Values are presented as the average ± standard deviation. 

Treatment 
Nominal Zn 
concentartion (mg 
kg-1) 

A C B M 
Body weight after 
98 days  Maturation time 

  (g) (g) (day-1) (days) (g) (days) 

Control 0 0.037 0.86 ± 0.184 0.024 ± 0.0050 a 49 ± 13.2 a 0.54 ± 0.076 a 87 ± 8.2 a 

ZnCl2 
125 0.036 0.76 ± 0.177 0.035 ± 0.0118 cd 36 ± 9.7 cd 0.60 ± 0.067 bc 76 ± 17.7 ab 

250 0.038 0.92 ± 0.185 0.029 ± 0.0057 b 42 ± 8.5 ab 0.64 ± 0.064 c 82 ± 15.9 ab 

ZnO-NPs 

125 0.035 0.75 ± 0.106 0.034 ± 0.0059 cd 34 ± 7.2 d 0.57 ± 0.063 ab 66 ± 17.5 b 

250 0.032 0.81 ± 0.199 0.033 ± 0.0070 cd 36 ± 8.5 cd 0.58 ± 0.086 ab 67 ± 16.6 b 

500 0.033 0.76 ± 0.124 0.039 ± 0.0091 d 34 ± 6.4 cd 0.57 ± 0.099 ab 81 ± 19.1 ab 

1000 0.030 0.82 ± 0.226 0.032 ± 0.0115 bc 40 ± 9.6 bc 0.57 ± 0.093 ab 73 ± 16.9 ab 

a, b – Different lowercase letters indicate significant differences between treatments 
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3.4 Body weight and growth 

The mean body weight of the worms used in the experiment was 0.035 ± 0.0100 

g, which did not differ between treatment groups (p = 0.2). The final body weights of 

the earthworms at the end of exposure differed significantly between treatments 

(p = 0.004), with significantly lower body weights observed in the control than in the 

two ionic treatments (ZnCl2 125 and ZnCl2 250) and significantly higher body weights 

in the ZnCl2 250 treatment than in all ZnO-NPs treatments (ZnO-NPs 125, ZnO-NPs 

250, ZnO-NPs 500, and ZnO-NPs 1000), which did not differ between each other 

(Table 1). 

The Gompertz growth constant (B; day-1) values were significantly higher 

(p < 0.0001) for all Zn treatments than for the control. Growth constants were also 

significantly higher in the ZnCl2 125, ZnO-NPs 125, ZnO-NPs 250, and ZnO-NPs 500 

treatments than in the ZnCl2 250 treatment. Moreover, the B values were higher in the 

ZnO-NPs 500 than in the ZnO-NPs 1000 (Table 1). Thus, significant differences in 

growth constants were found between EC25 treatments (ZnCl2 250 vs ZnO-NPs 500) 

and between treatments with the same nominal concentration of 250 mg Zn kg-1, with 

higher values for NP treatments than for ionic treatment. 

The age of the earthworms at the inflection point (M; days), i.e., the point at 

which the maximum growth rate was observed, was lowest for the ZnO-NP 125 

treatment, and this inflection point occurred significantly (p < 0.0001) earlier than the 

inflection point observed for the control, ZnCl2 250 and ZnO-NP 1000 treatments. The 

highest M values were observed for the control, and they were identical only to those of 

the ZnCl2 250 treatment. Significantly more days to reach maximum growth were 

needed for worms in the ZnCl2 250 treatment than for worms in the corresponding 

treatments with the same nominal (ZnO-NPs 250) and effective (ZnO-NPs 500) 

concentrations (Table 1). 

The highest maximum growth rate (Gmax, g day-1) was observed for worms in the 

ZnO-NPs 500 treatment, which was significantly higher than the rates for all other 

treatments except for the ZnO-NPs 250 treatment (p < 0.0001). The lowest maximum 

growth rate was observed for the control, which differed significantly from the rates for 

all other treatments (Fig. 1). Significant differences in the maximum growth rate were 

identified between EC25 treatments (ZnCl2 250 vs ZnO-NPs 500) but not between 

treatments with the same nominal concentrations (ZnCl2 250 vs ZnO-NPs 250) (Fig. 1). 

106



 

Fig. 1 Effects of Zn on the maximum growth rate (Gmax; g day-1), maturation weight (g), and 

electron transport system (ETS) activity (µL O2 h-1 g-1 body weight) in Eisenia andrei 

earthworms cultured on LUFA 2.2 soil contaminated with different concentrations of ZnO 

nanoparticles (ZnO-NPs) or ions (ZnCl2) for 98 days. Boxes – lower and upper quartiles, 

whiskers extend to the minimum and maximum values, plus sign – mean value, centre line – 

median, empty squares (outliers) – between >1.5 and 3 times the interquartile range, and dashed 

box – control. Different letters indicate significant differences (ANOVA; LSD, p < 0.05) 
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3.5 Maturation 

By day 56, only 7% of the control earthworms had matured (i.e., the earthworms 

matured with a developed clitellum), whereas 32% and 20% of worms had matured in 

ZnCl2 125 and ZnCl2 250 treatments, respectively. At this point of exposure, the highest 

percentage of mature earthworms (60%) was found in the ZnO-NPs 125 treatment, 

followed by 47%, 24%, and 32% in the ZnO-NPs 250, ZnO-NPs 500, and ZnO-NPs 

1000 treatments, respectively. At the end of the experiment, in the control, ZnCl2 125, 

and ZnCl2 250 treatments, 90%, 84%, and 100% of the worms were adults, respectively, 

while in all ZnO-NPs treatments, 74-80% of the worms were fully developed. 

Maturation required significantly more time for the control animals than for the worms 

in the ZnO-NPs 125 and ZnO-NPs 250 treatments (p = 0.001), and no other differences 

between treatments were found (Table 1). 

The highest maturation weight was observed with the ZnCl2 250 treatment, 

while the lowest maturation weight was observed with the ZnO-NPs 125 treatment 

(p = 0.02; Fig. 1). Worms in the ZnCl2 250 treatment had significantly higher 

maturation weights than those in the control, ZnO-NPs 125, ZnO-NPs 250, and ZnO-

NPs 1000 treatments, which did not differ from each other. The maturation weight did 

not differ between EC25 treatments (ZnCl2 250 vs ZnO-NP 500) or between ionic 

treatments (ZnCl2 125 vs ZnCl2 250). 

3.6 ETS activity 

ETS activity, i.e., cellular respiration, was similar between ionic (ZnCl2 125 and 

ZnCl2 250) and ZnO-NPs 1000 treatments but significantly (p < 0.0001) lower with 

these treatments than with all other treatments in which ETS activity was measured 

(control, ZnO-NPs 125, ZnO-NPs 250, ZnO-NPs 500), which did not differ between 

each other (Fig. 1). 

4 DISCUSSION 

The present study is the first to compare the responses of earthworm E. andrei in 

terms of mortality, growth, maturation, and cellular respiration to long-term exposure to 

ZnCl2 or ZnO-NPs. The two highest concentrations (500 and 1000 mg kg-1) of Zn 

applied in ionic form caused 100% mortality among juvenile worms after 8 and 4 
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weeks, respectively, whereas at the same Zn concentrations applied as NPs, mortality 

did not exceed 15% after 14 weeks of exposure. For comparison, Heggelund et al. 

(2014) determined that the LC50 (lethal concentration causing 50% mortality) values for 

the adult E. fetida earthworms exposed for 28 days to soils contaminated with either 

ZnCl2 or ZnO-NPs were 718 ± 73.6 and 589.5 ± 72.7 mg Zn kg-1 for ZnCl2 but >>1669 

and >>2094 mg Zn kg-1 for ZnO-NPs in soils with low and medium pH values, 

respectively. Our results confirm previous findings of higher sensitivity of juveniles 

than adults to metals or NPs (Spurgeon and Hopkin, 1996; Spurgeon et al., 2004; van 

der Ploeg et al., 2011). Moreover, higher toxicity of ions than NPs was observed in our 

study, which has already been reported by several authors for other invertebrates (Bicho 

et al., 2017; Notter et al., 2014). For instance, Bicho et al. (2017), in their study with 

E. crypticus exposed to CuCl2 and CuO nanomaterials in a specially designed full life 

cycle test, observed 100% mortality of enchytraeids at concentrations of 400 and 800 

mg Cu kg-1 dw LUFA 2.2 soil when they were exposed to ions and no mortality for 

those that were exposed to even 1600 and 3200 mg Cu kg-1 dw soil in a nanomaterial 

form. 

For ions, 500 mg kg-1, i.e., the EC50 for reproduction, was lethal to juvenile 

earthworms, but the same effective concentration in NP form (1000 mg kg-1) caused 

only 5% mortality at the end of exposure. Moreover, the effects of ZnO-NPs 1000 

treatment on growth parameters (B, M, Gmax), maturation time, and ETS activity were 

similar to those observed for low-concentration ionic treatments, i.e., ZnCl2 125 and 

ZnCl2 250. The reason may be the similar bioavailability of Zn at different nominal Zn 

concentrations in ionic and NP treatments stemming from the different pH values 

observed with both ionic treatments compared to ZnO-NPs 1000 treatment. In general, 

the lower the pH is, the higher concentrations of dissolved metals are bioavailable to 

soil-dwelling organisms (Rutkowska et al., 2015). In our study, no differences between 

Zn concentrations in water extracts were observed between the ZnCl2 treatments and 

ZnO-NPs 1000 treatment, but significantly lower pH values were observed with the 

ZnCl2 125 treatment at days 56 and 98 and the ZnCl2 250 treatment at day 98 than with 

the ZnO-NPs 1000 treatment. Thus, the lack of differences in the studied parameters (B, 

M, Gmax, maturation time, and ETS activity) between the ZnCl2 125 and ZnO-NPs 1000 

treatments and between the ZnCl2 250 and ZnO-NPs 1000 treatments is probably 

a result of pH-related processes in the soil matrix that lead to similar levels of available 

Zn in those treatments, thus causing the same effects in earthworms. 
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Significantly higher Gompertz growth constants and maximum growth rates 

were observed for two ionic treatments (ZnCl2 125 and ZnCl2 250) and for all NP 

treatments than for the control. An explanation for growth stimulation, i.e., increased 

B and Gmax values, under exposure to metal might indicate Zn deficiency in the control 

treatment. Zinc is an essential element that is a component of more than 80 different 

enzymes operating in a variety of aspects of cellular metabolism, and its deficiency can 

lead to organism dysfunction (Rainbow, 2007; Valko et al., 2005). The concentration of 

27.5 mg Zn kg-1 dw soil used in our control could be below the optimal concentration 

for E. andrei. A study by Posthuma and Notenboom (1996) indicated that the E. andrei 

earthworm actively assimilates Zn to average levels of ca. 114.7 mg kg-1 when exposed 

to six different field soils with Zn concentrations ranging between 10.6 and 28.2  

mg kg-1 dw soil. Moreover, the bioconcentration factors estimated for soils with 

concentrations above 20 mg Zn kg-1 were 3.8-6.6, whereas for soil with 10.6 mg Zn kg-

1, the factor was 52.4, indicating intensified uptake of Zn upon exposure to low levels of 

Zn. Neuhauser et al. (1984) indicated that low concentrations of Co (17.6 and 25.9 mg 

kg-1 dw soil), another essential metal, promoted weight gain and cocoon production in 

the earthworm Dendrobaena octaedra compared with the control (9.4 mg kg-1 dw soil), 

while high concentrations (82.5 and 91.9 mg kg-1 dw soil) caused a lag in early growth 

compared to other groups. Similar results were revealed for copper by Spurgeon et al. 

(2003), who observed an increase in the intrinsic rate of population growth rate (r) in L. 

rubellus exposed to moderately elevated Cu concentrations compared with the control. 

Additionally, Cu stimulated the growth and sexual development of the E. andrei 

earthworm at concentrations of 10 and 18 mg kg-1 in comparison with the control (6.2 

mg kg-1), with the concentration of Cu appearing suboptimal (van Gestel et al., 1991). 

We are unaware of data concerning the effect of zinc deficiency on earthworm growth 

and development, but generally, insufficient levels of essential elements in the 

environment have been well proven to limit the physiological functions and 

development of organisms (Fraústo da Silva and Williams, 2001; Lam and Wang, 

2008). 

Cellular respiration (ETS activity) was significantly decreased in only two cases 

of ionic (ZnCl2 125 and ZnCl2 250) treatments and with the ZnO-NP 1000 treatment. At 

the same time, however, the growth constant and maximum growth rate were lowest for 

the control worms. Moreover, the control earthworms took the most time to develop 

a clitellum and reach their maximum growth rate, i.e., they were characterized by the 

110



latest inflection point of the treatments. On this basis, we should consider the respiration 

rate (ETS activity) obtained for the control as a result of Zn deficiency rather than the 

base level for non-exposed earthworms. Following this line of reasoning, we cannot 

exclude that the respiration rates measured for worms in the ZnO-NPs 125, ZnO-NPs 

250, and ZnO-NPs 500 treatment groups were a result of stress since they were not 

different from that of the control, which could have been a result of the direct action of 

NPs, which can cause oxidative stress (Sonane et al., 2017). Importantly, McKee and 

Filser (2016) point out that in some cases, the toxicity of NPs towards soil organisms 

might be visible only after prolonged exposure. Alternatively, the cellular respiration 

measured for ZnCl2 125, ZnCl2 250 and ZnO-NPs 1000 might be regarded as basal 

respiration associated with the protective role of ionic Zn (Marreiro et al., 2017). 

Regardless of the definition of ETS activity in terms of the basal level, clear differences 

were observed in the responses of the worms cultured on the soils contaminated with 

different Zn forms (ZnCl2 vs ZnO-NPs), especially at low and medium concentrations. 

Comparisons of treatments with the same medium nominal Zn concentrations 

revealed a significantly higher growth constant and earlier inflection point in the ZnO-

NPs 250 treatment than in the ZnCl2 250 treatment; a significantly lower maturation 

weight and lower final body weight were also observed in the ZnO-NPs 250 treatment 

than in the ZnCl2 250 treatment. Similar differences were observed between EC25 

treatments, with significantly higher B and Gmax values and lower M values and final 

body weights with ZnO-NPs 500 treatment than with ZnCl2 250 treatment. In general, 

faster growth and maturation in low- and medium-ZnO-NPs treatments were probably 

associated with increased energy turnover observed as increased oxygen consumption 

measured as ETS activity. Interestingly, even though the worms in the ZnO-NPs 250 

and ZnO-NPs 500 treatments had the highest maximum growth rate, only three-quarters 

of them reached sexual maturity at the end of exposure. In contrast, all worms from the 

ZnCl2 250 treatment, which had relatively low growth parameters, fully developed 

a clitellum during the experiment. Relying solely on the present study, elucidating 

whether the observed pattern of effects was due to only the direct action of different 

forms of Zn on earthworm physiology or other contributing factors that were not 

considered here, such as food quality or the strong antimicrobial properties of ZnO-NPs, 

is difficult. Nevertheless, different patterns of growth, energy consumption and to some 

extent maturation were observed for NPs and ions, especially for treatments with the 

same medium nominal concentration (ZnCl2 250 vs ZnO-NPs 250) or the EC25 
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treatments (ZnCl2 250 vs ZnO-NPs 500). In support of this result, Bicho et al. (2017) 

observed clear differences between CuCl2 and CuO nanomaterials in a full life cycle test 

with E. crypticus: ions affected hatching and survival, whereas nanomaterials impaired 

growth, maturation and reproduction. We cannot exclude that the patterns observed in 

the present study for NPs and ions at the juvenile and young adult stages may be 

reflected in subsequent life stages, for example, as differentiated reproductive outputs 

(Spurgeon et al., 2003). Therefore, in the next step, the effects observed here should be 

evaluated under other experimental conditions to answer the questions that arose in this 

study. 

5 CONCLUSIONS 

Overall, the obtained results indicate different responses of E. andrei 

earthworms, from newly hatched to fully developed earthworms, exposed to ZnO-NPs 

and ions for long periods of time. Higher toxicity was observed for ZnCl2 than for NPs 

at the same nominal concentrations: exposure to ZnCl2 500 and ZnCl2 1000 resulted in 

100% mortality. Different response patterns were mainly reflected in ETS activity but 

also in growth parameters, especially between treatments with the same nominal 

concentrations (ZnCl2 250 vs ZnO-NPs 250) and EC25 treatments (ZnCl2 250 vs ZnO-

NPs 500). The lack of differences in growth parameters (B, M) and cellular respiration 

between ionic treatments (ZnCl2 125 and ZnCl2 250) and the highest NP treatment 

(ZnO-NPs 1000) were most likely associated with similar levels of available Zn 

concentrations in those treatments. Distinct differences in growth and maturation were 

observed between the control and Zn-treated earthworms, and the fact that the control 

performed worse can be explained by the essential role of Zn in organismal functioning 

and its deficiency in the control soil. 

The differences in the patterns observed for different endpoints seem to be due 

to a combination of Zn essentiality, fate and the toxicity of different forms (ions vs 

NPs), which are all related to the solubility, transformation, and availability of Zn ions 

and ZnO-NPs in soil and inside the organism. 
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MATERIALS AND METHODS 

Soil characteristics 

The reported physicochemical properties of LUFA 2.2 soil were pHCaCl2 5.6 

± 0.4, total organic carbon content 1.73 ± 0.27%, cation exchange capacity 9.8 ± 0.5 

meq 100 g-1, and maximum water-holding capacity (WHC) 45.8 ± 1.9% (w/w). 

Test species 

Earthworms of the species E. andrei were obtained from a laboratory culture 

kept in the Institute of Environmental Sciences, Jagiellonian University, in Kraków, 

Poland. The earthworms were fed horse manure free of any pharmaceuticals and 

cultured at 20°C in darkness. The experiment used 2- to 3-week-old juvenile individuals 

with an average (± standard deviation, SD) weight of 0.035 ± 0.0100 g. 
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TABLES 

Table S1. Total and water-extractable zinc concentrations (average ± standard deviation) in LUFA 2.2 soil at different nominal Zn 

concentrations applied as ZnCl2 or ZnO-NPs; water extracts collected at days (t): 0, 14, 56 and 98. 

Treatment 

Total Zn concentration in soil (mg kg-1) Zn concentration in water extracts (mg L-1) 

Nominal Actual 
t = 0 

(N = 3) 

t = 14 

(N = 3) 

t = 56 

(N = 3) 

t = 98 

(N = 3) 

Control 0 27.5 ± 1.7 <LOD <LOD <LOD <LOD 

ZnCl2 

125 147.6 ± 1.2 0.9 ± 0.09 A 0.9 ± 0.16 AB 0.6 ± 0.08 AB 0.6 ± 0.10 AB 

250 263.7 ± 4.9 3.1 ± 0.30 A 2.3 ± 0.30 AB 1.3 ± 0.19 AB 1.5 ± 0.30 AB 

500 524.6 ± 94.9 5.4 ± 0.26 A 4.9 ± 0.13 AB NA NA 

1000 1083.6 ± 61.5 8.1 ± 0.33 A 8.1 ± 0.44 B NA NA 

ZnO-NPs 

125 129.5 ± 1.4 0.7 ± 0.28 A 0.5 ± 0.15 A 0.4 ± 0.01 A 0.5 ± 0.14 A 

250 278.0 ± 20.5 1.2 ±0.08 A 1.0 ± 0.09 AB 0.8 ± 0.05 AB 0.8 ± 0.19 AB 

500 529.4 ± 27.3 2.8 ± 0.15 A 2.3 ± 0.66 AB 1.3 ± 0.29 AB 1.6 ± 0.30 AB 

1000 1041.8 ± 29.2 4.6 ± 0.66 A 3.9 ± 1.08 AB 3.0 ± 1.59 B 3.0 ± 0.6 B 

A, B – Different uppercase letters indicate significant differences between treatments for each day; Kruskal-Wallis test with a 95.0% Bonferroni confidence interval  

(p ≤ 0.0125 after Bonferroni correction for multiple comparisons); <LOD – below limit of detection; NA – data not available due to high mortality in those treatments. 
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Table S2. pHCaCl2 (average ± standard deviation) of LUFA 2.2 soil in control and different treatments with ZnCl2 or ZnO nanoparticles (ZnO-

NPs), measured at days (t) 0, 14, 56 and 98. 

A, B – Different uppercase letters indicate significant differences between treatments on each day; Kruskal-Wallis test with 95.0% Bonferroni confidence level (p ≤ 0.0125 

after Bonferroni correction for multiple comparisons); NA – data not available due to high mortality in those treatments. 

Treatment Nominal Zn concentration (mg kg-1) pH in soil    

  

t = 0 

(N = 3) 

t = 14 

(N = 3) 

t = 56 

(N = 3) 

t = 98 

(N = 3) 

Control 0 5.9 ± 0.02 AB 6.0 ± 0.03 AB 5.7 ± 0.04 A 6.2 ± 0.06 AB 

ZnCl2 

125 5.7 ± 0.01 AB 5.9 ± 0.04 AB 5.6 ± 0.13 A 6.1 ± 0.06 A 

250 5.5 ± 0.02 AB 5.8 ± 0.04 AB 5.9 ± 0.02 AB 6.1 ± 0.11 A 

500 5.2 ± 0.03 A 5.6 ± 0.07 A NA NA 

1000 5.1 ± 0.05 A 5.5 ± 0.09 A NA NA 

ZnO-NPs 

125 6.4 ± 0.01 AB 6.2 ± 0.07 AB 6.1 ± 0.02 AB 6.4 ± 0.03 AB 

250 6.4 ± 0.03 AB 6.2 ± 0.05 AB 6.2 ± 0.04 AB 6.4 ± 0.02 AB 

500 6.4 ± 0.02 AB 6.2 ± 0.06 AB 6.3 ± 0.02 AB 6.5 ± 0.02 AB 

1000 6.7 ± 0.01 B 6.4 ± 0.04 B 6.6 ± 0.03 B 6.6 ± 0.01 B 
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Table S3. Pairwise comparison of survival curves for E. andrei earthworms after long-

term (98 days) exposure to control soil and soils contaminated with different 

concentrations of Zn applied as ZnCl2 or ZnO-NPs. Log-rank test, chi-square value and 

p-value. 

Comparison Treatments chi-square p-value 

control vs 

ZnCl2 

control vs ZnCl2 125 0.0001 1.0 

control vs ZnCl2 250 0.7 0.4 

control vs ZnCl2 500 54.1 < 0.00001 

control vs ZnCl2 1000 46.0 < 0.00001 

control vs  

ZnO-NPs 

control vs ZnO-NPs 125 0.7 0.4 

control vs ZnO-NPs 250 0.1 0.8 

control vs ZnO-NPs 500 2.1 0.2 

control vs ZnO-NPs 1000 0.1 0.8 

nominal vs 

nominal 

ZnCl2 125 vs ZnO-NsP 125 0.7 0.4 

ZnCl2 250 vs ZnO-NPs 250 1.0 0.3 

ZnCl2 500 vs ZnO-NPs 500 43.3 < 0.00001 

ZnCl2 1000 vs ZnO-NPs 1000 38.3 < 0.00001 

EC25 vs EC25 ZnCl2 250 vs ZnO-NPs 500 3.2 0.08 

EC50 vs EC50 ZnCl2 500 vs ZnO-NPs 1000 43.3 < 0.00001 
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DISCUSSION 

Nanotechnology is widely used in many industries, and the application of 

nanoparticles (NPs) undoubtedly brings many solutions that would not be possible 

without them. Nevertheless, possible side effects of NPs release into the environment 

should be thoroughly evaluated, especially considering the predicted fast increase in 

their use in industry and daily life. Soil pollution with NPs may be hazardous, yet the 

effects of NPs on soil-dwelling organisms are not fully elucidated. In the previous four 

experimental chapters, the toxicokinetics and toxicity of Zn – in a form of zinc oxide 

nanoparticles (ZnO-NPs) or zinc chloride salt (ZnCl2) to the earthworm E. andrei – 

were examined. The toxicokinetic study showed that earthworms can regulate Zn 

efficiently regardless of its form (ZnO-NPs vs ZnCl2) present in soil (Chapter 2). 

Moreover, almost no changes in energy reserves and respiration rate were associated 

with exposure to either ZnO-NPs or Zn ions, except for the slight yet significant 

decrease in carbohydrate content observed at the highest NPs treatment (ZnO-NPs 

1000) in the contamination phase, and the increase in cellular respiration rate observed 

at the highest ionic treatment (ZnCl2 500) in the decontamination phase, in comparison 

with all the other treatments.  

As such, it can be concluded that earthworms can cope with elevated Zn 

concentrations in soil, irrespectively whether exposed to ZnO-NPs or ZnCl2, without 

severe impact on their energy budget (Chapter 3). Investigation of targeted cells in the 

gastrointestinal tract using qualitative measurements showed that treatments with ZnO-

NPs and Zn ions caused similar toxic effects in comparison with the control. On the 

other hand, quantitative measurements of chloragogen tissue, which belongs to the 

gastrointestinal (GI) tract, revealed differences between NPs and ionic treatments 

manifested in a different share of chloragosome granules and debris vesicles present in 

chloragogen cells, i.e. chloragocytes. The observed differences were explained by the 

different regulation of ZnO-NPs and Zn ions at the cellular level within the gut.  

The findings from the gut examination were not reflected, however, at the whole 

body level in the ADP/ATP ratio levels (used as a proxy of the metabolic status of the 

cells) (Chapter 4). The long-term exposure of earthworms – from juvenile to adult stage 

– revealed a significant increase in growth rate after the exposure to soil treated with Zn 

at concentrations 125 and 250 mg kg-1 in the ZnCl2 treatments and 125, 250, 500 and 
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1000 mg kg-1 in the ZnO-NPs treatments in comparison with the control (Chapter 5). 

Significant differences were observed between worms exposed to ZnO-NPs and ZnCl2 

treatments at medium Zn concentrations, with higher growth constant and shorter time 

to reach maximum growth observed for the ZnO-NPs 250 than for the ZnCl2 250 

treatment, followed by significantly lower maturation weight and lower final body 

weight in the ZnO-NPs 250 than in the ZnCl2 treatments. The pronounced differences 

between the studied forms (NPs vs. ions) were observed in cellular respiration rates at 

low and medium Zn concentrations, with significantly higher rates observed for NPs at 

Zn concentrations 125, 250 and 500 mg kg-1 than for ZnCl2 at 125 and 250 mg kg-1. No 

differences were found between the lowest ionic (125 mg kg-1) and the highest NPs 

(1000 mg kg-1) treatments in any of the studied parameters, suggesting a strong impact 

of soluble bioavailable Zn (Chapter 5).  

In the following pages (Chapter 6) I will first discuss the results presented in the 

above-mentioned chapters, with particular emphasis on recent findings on NPs toxicity 

towards earthworms and related soil-dwelling species, as well as some methodological 

issues related to earthworms’ ecotoxicology. Later, I will refer to the hazard assessment 

based on the European Commission regulations associated with Zn limits in sewage 

sludge and soil and, finally, in the part I will present the concluding remarks of this 

research. 

Toxicokinetics and cellular regulation 

The toxicokinetics of metals is usually described with a one-compartment model 

which treats an organism as a ‘black box’ assimilating a metal from medium (e.g. soil) 

at the assimilation rate ka and eliminating it form the whole body at the elimination rate 

ke (Skip et al., 2014). A similar approach was adopted in this study (Chapter 2) and 

other toxicokinetic studies on nanoparticles (Diez-Ortiz et al., 2015b; Topuz and van 

Gestel, 2015; Tourinho et al., 2016). At the time of publication of Chapter 2, apart from 

Laycock et al. (2016) there was no other research investigating ZnO-NPs toxicokinetics 

in soil organisms. Laycock et al. (2016) examined toxicokinetics of ionic Zn and ZnO-

NPs in the earthworm Lumbricus rubellus using stable isotope labelling, which enabled 

to distinguish ions from nanoparticles, but the study lasted only 72 h, thus for an 

unrealistically short exposure time.  
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Although the approach presented in Chapter 2 undoubtedly has its share in 

broadening the knowledge about toxicokinetics of NPs, the complex nature of NPs 

requires consideration of additional factors, e.g. speciation of NPs within medium 

and/or organisms (Baalousha et al., 2016). Modelling NPs uptake and elimination 

should take into account the transformation of NPs, in particular solubility (Baalousha 

et al., 2016), as the ionic form of a metal derived from a nanoparticle is considered to be 

far more toxic than the particle itself (Notter et al., 2014). The transformation of NPs 

can begin in a medium (e.g. soil, water) (Rodrigues et al., 2016), where NPs can, for 

example, aggregate, intearact with organic matter or dissolve (Cornelis et al., 2014). 

Therefore, from soil NPs can be taken up by an organism in particulate form (pristine 

NPs) and/or ionic form. Also, in the organism NPs can undergo various transformations 

– from dissolution (Ivask et al., 2017) to corona formation (Hayashi et al., 2013). For 

instance, an in vitro study with synchrotron radiation-based X-ray absorption near edge 

structure (XANES) spectroscopy revealed that cellular speciation of Zn after ZnO-NPs 

dissolution in the organism led to the creation of various compounds (e.g. Zn-cysteine, 

Zn-citrate, Zn-acetate) (Ivask et al., 2017). Consequently, Baalousha et al. (2016) 

indicated that both forms (ions and NPs) might be eliminated from the body. 

An even more advanced conceptual framework of kinetic models was presented 

by van den Brink et al. (2019), who not only included the dissolution of NPs in soil 

and/or organism but also took into account other factors, e.g. growth dilution effect of 

an organism, storage fraction, i.e. storage of part of the accumulated metal, and biogenic 

formation of particulate materials. Importantly, biosynthesis of NMs was, for example, 

observed in Lumbricus rubellus earthworms exposed for 11 days to soil spiked with 

salts, whereupon luminescent quantum dots were observed within the earthworms’ gut 

(Stürzenbaum et al., 2013). Both Baalousha et al. (2016) and van den Brink et al. (2019) 

pointed out that more complex modelling of NMs biokinetic is required, noting also that 

the derivation of parameters for different processes may be difficult, or sometimes even 

infeasible. The reason is that the validation of complex models requires detailed 

methods and tools for the NPs characterisation and quantification within the medium 

and organism, e.g., single particle inductively coupled plasma mass spectrometry (SP-

ICP-MS) or asymmetrical flow field flow fractionation ICP-MS (AF4-ICP-MS) 

(Mitrano et al., 2012). Nevertheless, these methods are currently out of reach for most 

researchers. According to my best knowledge, up till now there is only one study in 
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which the toxicokinetic of different forms of metal (Ag) was examined using SP-ICP-

MS (Baccaro et al., 2018). Baccaro et al. (2018) studied the kinetic of Ag in the Eisenia 

fetida earthworm with distinguishing between the ionic, nanoparticulate and biogenic 

form of this metal (Ag-NPs, AgNO3 and Ag2S-NPs).  

Although in the research presented in Chapter 2, only total Zn concentrations 

were measured, without differentiation into ions and NPs, they were measured in both 

soil and porewater. The porewater hypothesis assumes that the effects caused by a given 

metal are associated with the fraction of this metal present in the porewater, not in solid 

phase (van Gestel, 1997). The soil porewater can be indicative of the bioavailable 

fraction of dissolved metal and metal complexed with ligands (Peijnenburg and Jager, 

2003) also in toxicokinetic studies on NPs (van den Brink et al., 2019). The assimilation 

kinetics calculated in my own study (Chapter 2) were significantly different between all 

treatments, regardless of whether they were estimated based on total concentrations in 

soil or on diluted Zn concentrations in porewater. Nevertheless, we concluded that those 

differences were associated with exposure concentrations rather than with the form of 

the metal (ZnCl2 vs ZnO-NPs). Moreover, the elimination kinetics were similar in 

treatments with the same effective concentrations (ZnCl2 250 vs. ZnO-NPs 500 and 

ZnCl2 500 vs. ZnO-NPs 1000) in relation to soil concentrations. Interestingly, however, 

the elimination kinetics calculated based on the porewater concentration were 

significantly higher for the ZnCl2 500 treatment in comparison with the other 

treatments. While assimilation is proportional to the external (exposure) concentration, 

the elimination is proportional to the internal concentration.  

In light of all the studies presented in this thesis, it is also probable that the 

available ionic Zn present in the water phase in the ZnCl2 500 treatment affected the 

internal Zn concentration, enforcing higher elimination. This process was to some 

extent reflected in the significantly higher values of AD
/Acell ratio, used as a proxy of 

debris vesicles share in the cellular surface, observed for the ZnCl2 500 treatment in 

comparison with other treatments (Chapter 4). Debris vesicles in chloragogen tissue are 

described as heterogeneous organelles containing remnants of other organelles in a 

degenerative stages, e.g. damaged mitochondria or nuclei, as well as being terminal 

subcellular destinations for metals (Andre et al., 2009; Morgan et al., 2002; Morgan and 

Turner, 2005). Biochemical subcellular fractionation of the Aporrectodea caliginosa 

earthworms, collected from non-polluted soil, revealed that Zn was mainly distributed 
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between two fractions: tissue, cell membrane and intact cell fraction and cytosolic 

fraction which includes proteins (Vijver et al., 2006). Beaumelle et al. (2015), using the 

same technique as Vijver et al. (2006), found that upon exposure for 21 days, in in 

thirty-one contaminated soils with Zn concentrations ranging from 40.4 to 1004.2 mg 

kg-1 dw, A. caliginosa distributed available Zn mainly (92.1%) in debris fraction, 

i.e. tissue, cell membrane and intact cell fraction. This is in accordance with my results 

(Chapter 4) and suggest that upon elevated ionic Zn exposure, higher organelle turnover 

is expected due to organelle damage, which results in increased debris production.  

While this is true for Zn in ionic form, yet a different mechanism of regulation is 

expected for ZnO in nanoparticulate form. Li et al. (2011) found that Zn from ZnO-NPs 

was mainly distributed in organelles and cytosol of E. fetida after the exposure for 96 h 

to 100 mg ZnO kg-1 in agar. The authors concluded that ZnO-NPs seem to cross the 

membranes of the earthworms’ gastrointestinal tract but are not taken up intracellularly 

into the cells and their internal (e.g. mitochondrial) membranes. This mechanism is 

contrasting to the regulation of ionic Zn (Li et al., 2011). It could be assumed that 

a higher share of Zn from ZnO-NPs in cytosolic fraction observed by Li et al. (2011) 

might be associated with binding to proteins, which compose protein coronas around 

NPs (Canesi et al., 2017; Elechalawar et al., 2020; Hayashi et al., 2013). Although in 

the study presented in Chapter 3 no differences in protein content between earthworms 

exposed to ZnO-NPs or ZnCl2 were found, the NPs-corona formation seems to be the 

promising target for investigation of cell-nanoparticle interaction (He et al., 2015). The 

understanding of biological implications of corona formation around NPs in 

invertebrates’ biological fluids is still in its infancy (Canesi et al., 2017; Hayashi et al., 

2013). However, Canesi et al. (2017) in their revision article indicated that NPs-coronas 

formed by the E. feitda earthworm and Mytilus galloprovincialis mussel are 

characterised by unique protein components for each species. This is very important 

considering that the identification of proteins specific for the formation of NPs-coronas 

has been recognised as an essential step in studies on bio-distribution and toxicity of 

NPs (Elechalawar et al., 2020).  

In conclusion, the lack of differences in the toxicokinetics of Zn in E. andrei 

exposed to soils contaminated with either ZnO-NPs or ZnCl2, as presented in Chapter 2, 

most probably results from various simultaneous processes, transformations and 

interactions that Zn undergoes in soil and inside the organism, resulting in the same 

129



toxicokinetics pattern observed at the whole body level. I believe that by considering 

such an ecophysiological perspective, the evaluations of toxicokinetics gain in their 

ecological relevance. Moreover, the study form Chapter 4 offers a novel insight into the 

different effects of ZnO-NPs and Zn ions on cellular organelles, being an important step 

in the determination of the subcellular fate of nanomaterials and their regulation in 

comparison with ions using in vivo study. 

Toxicity – biomarkers of NPs toxic stress 

The physiochemical properties of engineered NMs, when compared to their bulk 

counterparts and other chemicals, make ecotoxicological studies problematic as a risk 

assessment framework designed for conventional chemicals may be insufficient for 

handling NMs. The properties of NMs imply that the effects caused by them, and as 

a consequence the metrics to measure those effects, may be different from the effects 

(and metrics) known for bulk counterparts and conventional chemicals (Amorim et al., 

2015). Researchers continuously modify and improve standard testing with the 

application of other than standard endpoints and novel biomarkers for NMs risk 

assessment (Scott‐Fordsmand et al., 2017). While some authors search for valid 

biomarker of toxicity and mechanism of action caused by ZnO-NPs in genotoxic studies 

(Scherzad et al., 2017), others indicate metabolomics as a sensitive approach for NMs 

toxic stress evaluation (He et al., 2020; Lankadurai et al., 2015; Whitfield Åslund et al., 

2012). For example, to explain toxicodynamic differences between ZnO-NPs and Zn 

ions at the molecular level in Enchytraeus crypticus, He et al. (2020) used non-targeted 

metabolomics. Moreover, High-Throughput Screening (i.e. a method comprising 

automatic and miniaturised screening of large compound libraries, e.g. microarrays for 

thousands of gene expression levels) was suggested to be a potentially useful tool in 

both toxicological (Karlsson et al., 2015) and ecotoxicological (Amorim et al., 2015) 

studies of NMs.  

Although the relation of sensitive markers (measured e.g. at the molecular level) 

with population level is not always self-evident, various parameters may provide 

additional information and build up the knowledge on the mode of action of NMs 

leading to an improvement of NMs hazard assessment (Scott‐Fordsmand et al., 2017). 

There is no known single mechanism of action of NMs and therefore a variety of 

biomarkers have been applied to assess their toxic effects in different organisms 
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(Bondarenko et al., 2016; Exbrayat et al., 2015; Hou et al., 2018). It was suggested by 

Amorim et al. (2015) that engineered NPs may have an impact on the dynamic energy 

budget of an organisms. Nevertheless, such a presumption was not clearly confirmed by 

our research on E. andrei (Chapter 3). The exposure of earthworms to either ZnCl2 or 

ZnO-NPs did not have any severe impact either on the total energy reserves (measured 

as the sum of protein, carbohydrate and lipid contents) or energy consumption 

(measured as the respiration rate at the whole body level). Previous studies recognised 

that for NPs, one of the most commonly identified modes of action is oxidative stress 

with ROS generation, affecting cell respiration and metabolism as well as promoting 

inflammation. Extremely toxic levels of oxidative stress can cause mitochondrial 

membrane damage and electron chain dysfunction (Manke et al., 2013). In fact, in our 

study (Chapter 3), from among all the studied parameters of the energy budget, only the 

cellular respiration, measured as Electron Transport System (ETS) activity, turned out 

to be sensitive biomarker of Zn exposure. The ETS activity levels were, however, 

significantly higher in all Zn treatments than in the control animals, with no differences 

between the ZnO-NPs and ZnCl2 treatments, not being thus indicative of higher NPs 

toxicity towards oxidative functions than ionic toxicity. 

Mechanistically-based responses, e.g. activity of specific enzymes, are often 

used for NPs toxicity assessment (García-Gómez et al., 2020, 2014b; Hu et al., 2010; 

Li et al., 2019), albeit the results are not always conclusive. For instance, a recent in 

vivo study of ZnO-NPs toxicity in E. fetida performed in OECD soil showed an 

increase in ROS content, superoxide dismutase (SOD) activities and malondialdehyde 

(MDA) content after exposure to concentrations of 10, 50 and 250 mg ZnO kg-1 dw for 

7, 14, 21, and 28 days, in comparison with the control, which was explained by the 

authors as an effect of oxidative stress (Li et al., 2019). However, in the study on E. 

fetida exposed to natural soil or two types of sewage sludge contaminated with 125, 

250, 500, and 1000 mg ZnO kg-1 dw, no changes in enzymatic activities of SOD, 

catalase (CAT) and glutathione-S-transferase (GST) were observed after 28 days of 

exposure in comparison with the control (García-Gómez et al., 2014b). Moreover, 

neither García-Gómez et al. (2014b) nor Li et al. (2019) compared the results obtained 

for ZnO-NPs treatments with ionic form of Zn. Such a comparison of toxicity effects 

caused by NPs with effects observed for ionic forms seems to be especially crucial for 

those NPs which are prone to transformations, given that chemically stable metallic NPs 
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have no significant cellular toxicity, whereas NPs with ability to oxidisation, reduction 

or dissolution are cytotoxic for cellular organisms (Auffan et al., 2009). This applies to 

ZnO-NPs, for which the observed effects might be due to Zn2+ release.  

Despite the fact that several authors have suggested that ZnO-NPs toxicity is 

solely based on the Zn2+ release, the exact mechanism underlying the toxicity of NPs is 

not fully understood, hence many authors seek clarification at the cell level by studying 

cytotoxicity (cf. Buerki-Thurnherr et al., 2013; Khanna et al., 2015; Xia et al., 2008), 

often by using histopathological methods (cf. Adeel et al., 2019; Das et al., 2018; 

Lahive et al., 2014). Cytotoxicity plays an important role in NPs studies. Already at the 

cellular uptake stage ZnO-NPs and Zn ions can reach cell milieu by various pathways. 

While Zn ions can reach the cell matrix via zinc transporter proteins (Sekler et al., 

2007), there are several uptake mechanisms proposed for NPs, such as phagocytosis, 

micropinocytosis, receptor-mediated endocytosis and diffusion of nanoparticles through 

the cell membrane (Fröhlich and Fröhlich, 2016; Kettler et al., 2014). The processes at 

the cellular level may lead to NP transformations, free energy release, surface 

restructuration and dissolution followed by various toxic effects (He et al., 2015).  

This prompted me to focus on the toxic effects observed at the cellular level 

within the gastrointestinal (GI) tract of E. andrei (Chapter 4) after exposure to ZnO-

NPs or ZnCl2. The GI tract was selected since it is a first barrier for ingested substances, 

being thus the first line of the defence within an organism. The risk of oral uptake of 

engineered NPs has been recognised for humans (Fröhlich and Roblegg, 2012), it is 

therefore probable also for other organisms, including soil species. Considering that a 

combination of tools and endpoints covering effects at different levels of biological 

organisation (e.g. cellular, organismal) is most desirable and key for a system 

(eco)toxicology approach (Amorim et al., 2015), the effects observed within the 

earthworm GI tract were related to those observed at the whole body level measured as 

ADP/ATP ratio. Short-term (48 h) exposure to soil contaminated either with ZnO-NPs 

or ZnCl2 revealed significant damage in the gut epithelium and chloragogen tissue of 

E. andrei in comparison with the control (Chapter 4). The results from the qualitative 

study (Chapter 4) indicated that at the cellular level, both forms of Zn caused damage to 

the GI tract of worms exposed to sub-lethal concentrations, whereas the results from the 

quantitative study (Chapter 4), together with the occurrence of spherites only in ionic 

treatments, revealed that mechanistic pathways of the studied forms of Zn can be 
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different at the cellular level. The results observed for the GI tract were not reflected, 

however, in the ADP/ATP ratio, as there were no differences between the ZnO-NPs and 

ZnCl2 treatments, suggesting that either observations of cellular alterations within the 

body may not be visible at the level of the entire organism or the sensitivity of 

ADP/ATP ratio is too low in this particular case. As mentioned above, sometimes 

different toxicity studies of ZnO-NPs on Eisenia sp. using the same biomarkers give 

a different outcome (García-Gómez et al., 2014b; Li et al., 2019).  

Nevertheless, similarly to the qualitative study presented in Chapter 4, Lahive et 

al. (2014) detected cuticle loss from the body wall and some loss of gut epithelium 

integrity in E. fetida after 28-day exposure to Lufa 2.2 soil contaminated with CeO2 NPs 

(10000 mg Ce kg-1 dw), even though no effect was observed on mortality and 

reproduction. The histological assay of the chloragogen tissue of E. fetida after 

exposure for 120 days to natural soil contaminated with Ag-NPs (10 mg kg-1 (soil) / mg 

L-1 (aqueous media)) showed that layers of chloragogen tissue were hyperplastic and 

detached from the intestinal wall, although exposure to even higher level of Ag-NPs (50 

mg kg-1 / mg L-1) did not reveal any apparent lethal effect on earthworms (Das et al., 

2018). Adeel et al. (2019), in turn, observed abnormalities in the epithelium layer, its 

microvilli and mitochondria, as well as adverse effects on the gut barrier of E. fetida 

after 28-day exposure to field soil contaminated with NiO-NPs (1000 mg Ni kg-1 dw). 

Moreover, the authors observed significant weight loss and decrease in reproduction 

output after exposure to 500 and 1000 mg Ni kg-1 dw in comparison with the control 

(Adeel et al., 2019). On the other hand, no response was observed in avoidance test after 

exposure of worms for 56 days to a wide range of NiO-NPs concentrations: 0, 5, 50, 

200, 500 and 1,000 mg kg-1 (Adeel et al., 2019).  

In general, histopathological alterations and cellular changes within particular 

tissue/cell of an earthworm body seem to be sensitive biomarkers of exposure to NPs. 

However, it is important to examine: (1) whether those alterations would build up under 

prolonged exposure causing deleterious effects at the population level (noting that for 

the organismal level, in short-term exposure, usually they are not hazardous); (2) 

whether they cause the same effects as other forms of particular metal (ions, bulk form) 

at the same nominal and/or effective concentrations, and (3) whether they cause effects 

at concentrations which are predicted to be found in the environment. 
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Standard testing – room for improvement 

Long-term vs. short-term studies 

Long-term studies, which cover a substantial part of the organism’ lifespan, were 

recognised to be very important in ecotoxicological studies (Laskowski, 2001; van 

Gestel, 2012), also for earthworms (Spurgeon et al., 2003). Such investigations are of 

great importance due to the fact that many deleterious effects cannot be predicted based 

on the short-term studies (Gonçalves et al., 2017). The juvenile traits (survival and 

length of juvenile period) were indicated as highly sensitive for earthworm population 

growth rate (Kammenga et al., 2003), thus some authors focused only on this part of 

earthworm lifetime (Spurgeon et al., 2004; Žaltauskaite and Sodiene, 2014). The 

importance of long-term studies in NPs risk assessment was also stressed for other soil-

dwelling and aquatic invertebrates (Bicho et al., 2017; Diez-Ortiz et al., 2015a; Waissi-

Leinonen et al., 2015). Nevertheless, the standard testing methods proposed by the 

Organization for Economic Co-operation and Development (OECD) and International 

Organization for Standardization (ISO) to examine the effects of toxic substances in 

soil organisms focus mainly on such endpoints as avoidance behaviour, survival and 

reproduction of adults (van Gestel, 2012).  

In the study presented in Chapter 5, we performed a long-term non-standard 

experiment in which juvenile earthworms were cultured for 98 days on Lufa 2.2 soil 

contaminated with either ZnO-NPs or ZnCl2 at range of concentrations designed as the 

control (0 mg Zn kg-1), low (125 mg Zn kg-1), medium (250 and 500 mg Zn kg-1), and 

high (1000 mg Zn kg-1). The experimental design of this study enabled tracking of the 

earthworms’ growth and maturation, which are not regular endpoints in standard 

ecotoxicological tests on earthworms. Interestingly, differences between ZnO-NPs and 

ZnCl2 treatments were observed when the worms were exposed to the same nominal Zn 

concentrations. At the concentration of 250 mg kg-1, earthworms from the NPs 

treatment had significantly higher growth rate, lower inflection point, lower final body 

weight, lower maturation weight and higher ETS activity in comparison with the ionic 

treatment. Moreover, at medium and high Zn concentrations (500 and 1000 mg kg-1) 

significantly higher mortality was observed in the ionic treatments (100%) (ZnCl2 500 

and ZnCl2 1000) than in the NPs treatments (less than 15%) (ZnO-NPs 500 and ZnO-

NPs 1000) at the end of exposure. The most interesting findings, however, were related 
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to ETS activity, i.e. cellular respiration, which after long-term exposure (Chapter 5) was 

in contradiction to the results obtained after subjectively short-term (21-day) exposure 

of adults (Chapter 3), where no differences between studied forms were detected at any 

applied concentrations.  

It is possible that long-term exposure uncovered different responses of the 

earthworms to the studied Zn forms (ZnO-NPs vs. ZnCl2), which were not visible after 

short-term exposure. McKee and Filser (2016) stressed that in the case of engineered 

nanomaterials, toxic effects might manifest only after a longer period of time and not in 

short-term studies, therefore, long-term exposure of soil organisms appears to be more 

appropriate in NPs toxicity studies. The long-term exposure (96 h, considered long-term 

due to the short life cycle of nematodes) of Caenorhabditis elegans to artificial 

sediment contaminated with either ZnO-NPs or ZnCl2 at concentration 600 and 2000 

mg Zn kg-1 sediment dw, likewise showed differences in responses to ZnO-NPs and 

ZnCl2, particularly associated with oxidative stress (Huang et al., 2019). The authors 

observed that exposure to ZnO-NPs caused significantly higher intracellular ROS 

generation at 2000 mg Zn kg-1 than after exposure to the ionic treatment with the same 

nominal concentration. A subsequent molecular study revealed that metallothionein 

(mtl-1) gene expression was significantly higher in Zn-treated (2000 mg Zn kg-1) 

nematodes than in the control, and gene expression was significantly higher by ca. 40% 

in the ZnO-NPs treatment than in the ZnCl2 treatment (2000 mg Zn kg-1) (Huang et al., 

2019). Huang et al. (2019) concluded that long-term exposure to ZnO-NPs induced 

oxidative stress and that nanoparticulate effect cannot be excluded.  

It is therefore probable that different responses in cellular respiration observed in 

the ZnO-NPs and ZnCl2 treatments in our study might have been a result of higher 

oxidative stress in NPs treatments. On the other hand, the multigenerational test on the 

Dendrobaena veneta – in which the effects of ZnO in nano or bulk form and insecticide 

chlorpyrifos on survival, reproduction, growth rate and molecular biomarkers were 

studied – did not show any effects on the growth dynamic of juvenile earthworms 

exposed only to ZnO-NPs at concentration 900 mg kg-1 dw in comparison with the 

control (Lončarić et al., 2020). It should be noted, however, that the experimental 

design used by Lončarić et al. (2020) was substantially different than ours, as after 

reproduction of adults in contaminated soil (OECD, 2004) the authors transferred 

juveniles to clean soil, after which juvenile weight was measured. Moreover, the authors 
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focused only on nanoparticulate and bulk form of ZnO at one exposure concentration 

(900 mg kg-1), whereas in our long-term study we focused on the comparison of ZnO-

NPs with ionic form of Zn at different concentrations. Long-term, multigenerational 

studies with different exposure concentrations, in particular covering predicted 

environmental concentrations, should therefore complement our and the above-

mentioned data of ZnO-NPs toxicity in earthworms. Such an approach, complementary 

to traditional ecotoxicological studies, could result in an improved prediction of how 

different forms of metals affect soil-dwelling organisms and, as a consequence, could 

improve strategies for conservation and management of soil systems. 

Ecological relevance: acclimation, medium and Zn essentiality 

Although long-term studies mimic environmental conditions better than short-

term studies, simply because of their duration, one must not forget about other 

important factors affecting NPs toxicity, e.g., properties of soil or experimental medium 

and acclimation of the studied organisms to the experimental conditions. Ecological 

relevance of the ecotoxicological testing with earthworms as model organisms have 

been under debate, and both ecologists (Fründ et al., 2010) and ecotoxicologists 

(Spurgeon et al., 2003) have their specific recommendations. Correspondingly, McKee 

and Filser (2016) indicated the significance of experimental conditions in NMs toxicity 

testing. Therefore, although ecological relevance in ecotoxicology is not a new topic, 

I would like to point out a few issues that were part of my research and seemed to be 

important for the interpretation of collected data.  

The OECD tests on earthworms require acclimation of organisms to 

experimental soil/medium for 24 – 72 h (OECD 2004, 2010). In the study presented in 

Chapter 3 I observed that in both Zn-treated and control earthworms protein content 

increased over time during the first week of exposure (contamination phase), and then 

already in the second week of the contamination phase slowly decreased, until it 

reached levels from before the exposure at the end of the decontamination phase. The 

results were explained by the changes in soil type (worms were acclimated to Lufa 2.2 

soil for 24 h before exposure): the transfer from culture medium rich in organic matter 

(ca. 80 – 90%) and moistened (> 80% WHC), with almost no sand fraction, to Lufa 2.2 

sandy loamy soil (ca. 4 – 5% organic matter, 50% WHC, and ca. 75% sand fraction 

according to USDA classification) might have induced skin or gut irritation, followed 
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by an increase in protein content. It seems that for reproduction or bioaccumulation 

studies, a short acclimation to new soil before the exposure may be suitable, but for 

biomarker studies longer than 24 h acclimation may be needed. Likewise, a longer 

acclimation period was suggested by Fründ et al. (2010), who recommended one week 

of acclimation to test conditions.  

My last study, presented in Chapter 5, revealed another issue, namely probably 

too low levels of Zn in Lufa 2.2 control soil in relation to the nutritional demand of the 

earthworms. This was manifested in increased growth rate and faster maturation of all 

Zn-treated earthworms in comparison with the control earthworms. Zinc, being an 

essential element, plays key role in organisms as a catalyst, structural ion and regulatory 

ion (Stefanidou et al., 2006), hence its shortage can lead to organisms’ malfunction 

(Lam and Wang, 2007; Zhang et al., 2015). I am not aware of available data on Zn 

nutritional requirements of E. andrei, but based on the available data on high values of 

bio-concentration factor calculated for E. andrei exposed to soils with low Zn levels 

(Posthuma and Notenboom, 1996), it is possible that this species requires far more Zn 

than available in the Lufa 2.2 soil used in the studies presented in this thesis. Despite the 

fact that Lufa 2.2 soil is a natural excavated soil, considered as a standard soil (Bastos et 

al., 2014), it might be not fully suitable for earthworms, especially for Eisenia spp. 

which – being an epigeic species – inhabits wild habitats rich in organic matter and full 

of nutrients compost. The natural background concentration of essential metals is an 

important issue in ecotoxicological studies, especially when studying the toxicity of 

different forms (nanomaterial, ion or bulk) of metals, which may have different effects 

at different concentrations. While in aquatic ecotoxicology the chemistry of media 

proposed as standard in OECD and ISO tests have been developed with consideration of 

elements limiting effects (Elendt, 1990; Price et al., 1989), such a solution has not been 

applied in soil ecotoxicology, probably due to soil matrix complexity. 

Fortunately, in a number of the latest publications on NPs toxicity towards soil-

dwelling organisms, the conditions have better mimicked those found in the 

environment, with consideration of test duration, medium and/or exposure 

concentrations (Liu et al., 2018; Lončarić et al., 2020; Oleszczuk et al., 2019). For 

instance, Liu et al. (2018) established soil micro-ecosystems containing garden and 

potting soil mixed with wastewater effluent with environmental levels of aged Ti, Zn 

and Ag nanoparticles at the following extractable metal concentrations in the soil: 439.2 
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± 24.4 mg Ti kg-1 dw, 9.0 ± 0.5 mg Zn kg-1 and 73.3 ± 13.7 µg Ag kg-1. The effect of 

aged nanoparticles present in the effluent was studied on the microbial community, the 

plant Arabidopsis thaliana and the earthworm E. fetida after 95 days of exposure. The 

application of waste effluent collected from local waste water treatment plants enabled 

the tracking of potentially harmful effects which could have been caused by the usage 

of this effluent in arable fields. Moreover, the usage of a micro-ecosystem composed of 

plants, microbiome and earthworms provided information about possible interactions 

between the studied organisms.  

Hazard assessment 

One of the most probable ways for metallic NPs to reach soil is through 

fertilisation with sewage sludge – more precisely with biosolids (Collivignarelli et al., 

2019; Part et al., 2018) or direct fertilisers (Milani et al., 2015). In the present thesis, 

ZnO-NPs were administered to soil in pristine form, whereas in biosolids ZnO-NPs may 

undergo various transformations which can change their properties and, as 

a consequence, toxicity (Lahive et al., 2017; Part et al., 2018). Moreover, Zn present in 

biosolids derived from a waste water treatment plant can originate not only from metal 

salts and engineered NMs, but also other substances containing Zn. Nevertheless, it is 

worth comparing the Zn levels used in this study with Zn concentrations allowed in 

biosolids and soils amended with biosolids in the European Union (EU) (Collivignarelli 

et al., 2019; Hudcová et al., 2019). The use of sewage sludge (biosolids) within the EU 

is currently regulated by Directive 86/278/EEC (EUR-Lex Council Directive, 1986), 

which provides limits for certain metals in sludge for use in agriculture and in soil as 

a consequence of sludge application. For Zn, the limit values in sludge range from 2500 

to 4000 mg kg-1 dw, and for soil from 150 to 300 mg kg-1 dw when soil pH is 6 – 7 

(EUR-Lex Council Directive, 1986). Moreover, based on the EU regulation, each 

member country has its own national limits which in some cases are even more 

restrictive: for example, both in Poland and Portugal the limit for Zn concentrations in 

biosolids is 2500 mg kg-1. For soils treated with biosolids, the allowed concentrations 

are 80 – 180 mg kg-1 in Poland and 150 – 450 mg kg-1 in Portugal. Different specific 

limits apply to different soil types in Poland and to different soil pHs in Portugal 

(Collivignarelli et al., 2019). The Zn concentrations used in the studies presented in 

Chapter 2, 3 and 4, i.e., 250, 500 and 1000 mg kg-1, exceed thus far more permitted soil 
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limits in Poland, while only the lowest concentration (250 mg kg-1) was within the 

limits for Portugal and the EU.  

Two out of the four concentrations (125, 250, 500, and 1000 mg kg-1) used in the 

study described in Chapter 5 were within the range of concentrations permitted in 

Portugal and the EU, while only one was within the range permitted in Poland. 

Consequently, my findings regarding the negative impact of metal NPs on soil 

organisms – based on evaluations done using overwhelmingly high metal 

concentrations – should be treated with criticism when related to the functioning of 

natural ecosystems. On the other hand, however, it should be emphasised that my study 

was designed with a mechanistic approach, using concentrations that allowed me to 

compare toxicokinetics and to identify the toxic effects of ZnO-NPs in comparison with 

ionic Zn. 

In general, the 21-day exposure of adult E. andrei earthworms to concentrations 

well above those permitted in soil administered with biosolids did not reveal significant 

differences in Zn toxicokinetics (Fig 1A) or in energy reserves, energy consumption and 

ADP/ATP ratio between earthworms exposed to either ZnO-NPs or ZnCl2 (Fig. 1B, C). 

However, the 48-h exposure resulted in significant differences between the studied 

forms in the quantitative study of chloragogen cells (Fig. 1E), suggesting different 

regulation pathways of NPs and ions in cells of the GI tract. The most pronounced 

differences between ZnO-NPs and ZnCl2 were observed in the long-term study (Fig. 

1F). After the exposure to high Zn concentrations (500 and 1000 mg kg-1), being well 

above Zn concentrations allowed by the EU in soils treated with biosolids 

(Collivignarelli et al., 2019), 100% mortality was observed in the ZnCl2 treatments and 

only 15% mortality in the ZnO-NPs treatments at the end of exposure. Interestingly, at 

the concentration of 250 mg kg-1, which is within the range of Zn concentrations 

allowed by the EU to be present in soils treated with biosolids, significantly higher 

growth rate, lower inflection point, lower final body weight and maturation weight, as 

well as higher cellular respiration rate were observed in ZnO-NPs in comparison with 

the ZnCl2 treatment. Clearly, this simple comparison does not take into account 

a number of important interactions and transformations, which both Zn in ionic and 

nanoparticulate forms can undergo, but it points to an important aspect of NPs toxicity, 

namely that negative effects may not be concentration-dependent as in the case of metal 

salts. Biphasic dose-response – indicating higher toxicity at lower NPs concentrations 

139



followed by a decrease at the highest concentration tested – has been recognised by 

several authors (Bell et al., 2014; Ghosh et al., 2016). Moreover, the effects may appear 

only after long-term exposure (McKee and Filser, 2016).  

In summary, most of the results show no toxic effects of ZnO-NPs toward 

earthworms in short-term exposure to sub-lethal concentrations. Special caution should 

be taken, however, in case of long-term exposure, when different earthworm life stages 

(juveniles, adults) can be subjected to different forms of Zn present in soil (NPs and 

ions). More elaborate studies are therefore required to address this topic. 

 

140



Figure 1. Scheme of the research presented in the thesis. The research encompasses the toxicokinetic study of Zn (A); changes in the energy reserves and 

energy consumption (B); changes in ADP/ATP ratio (C); changes in the gastrointestinal tract examined with qualitative and quantitative methods (D); 

mortality, growth rate, and cellular respiration (E) in the earthworm Eisenia andrei after exposure to either ZnO-NPs or ZnCl2. The orange frame indicates the 

part of the research in which different responses to NP and ionic forms of Zn were observed at either the same nominal or effective concentrations.  
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CONCLUSION 

In this thesis a comprehensive assessment of the toxicokinetics and toxicity of 

Zn nanoparticles in the soil-dwelling E. andrei earthworm was presented. The results 

obtained for ZnO-NPs were compared against the ionic form of Zn. The mechanistic 

studies presented in four research chapters have broadened the knowledge on the widely 

discussed topics in ecotoxicology, namely: 1) the toxicokinetics of different metal 

forms; 2) the energetic costs associated with exposure to a stressor, i.e. changes in 

energy reserves and energy consumption; 3) cellular responses to stress in the targeted 

tissues and at the whole-body level; 4) the effects of a long-term exposure to ZnO-NPs 

or ZnCl2 on earthworms, cultured from juvenile to adult stage in contaminated soil, on 

mortality, growth, maturation and cellular respiration rate.  

The study addresses the widely discussed and studied problem of emerging 

stressors appearing in the environment to which engineered nanomaterials belong. 

Understanding the toxicokinetics and toxicity of a metal in NPs form, in comparison 

with ionic form, in addition to its value for fundamental science, is key for Ecological 

Risk Assessment (ERA) of NPs for soil-dwelling organisms. According to the European 

Union Observatory for Nanomaterials (EUON, 2019), which tracks the status of test 

guideline developments for regulatory purposes, new documents, developments or 

enlargement of the OECD guidance documents are expected for testing nanomaterial 

behaviour in soils and the effects in terrestrial organisms. Thus, the studies presented in 

this thesis can hopefully be used by decision makers when determining new thresholds 

for permitted ZnO-NPs concentrations in soils or developing new guideline documents 

for earthworm testing.  
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